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Foreword
The ACS Symposium Series was first published in 1974 to provide a

mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.

ACS Books Department
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Preface
Agricultural products influence most aspects of life, including food and feed,

feedstocks for bio-based products, and everyday materials, such as fuels, textiles,
and furniture. Advances in technology are necessary to address the future global
needs from agriculture. Nanotechnology is a promising field focused on the unique
chemical properties of materials with a dimension of 1–100 nm. Nanotechnology has
the potential to revolutionize agricultural and food systems with various applications
including food safety, quality, product traceability, better nutrient delivery systems,
enhancing packaging performance, and improving agricultural and food processing.
This volume of the ACS Symposium Series focuses on the unique challenges of
applying nanotechnology to benefit the agriculture sector and the food industry.

This book is based on a series of nanotechnology-related symposia sponsored
by the Division of Agricultural and Food Chemistry at spring ACS national meetings
between 2009 and 2013. During this period tremendous progress was made on
practical applications of nano-based technologies to address agricultural problems,
including those in the areas of food safety, development of new value-added
biomaterials, and nutraceutical/flavor delivery. This book initiated from the interest
of symposium speakers to share their work with wider audiences. Fourteen chapters
were selected and written for this special issue. The chapters were developed
independently and are arranged according to topic. The authors are from a wide
range of disciplines and include food scientists, chemists, engineers, biologists,
medical researchers, and physicists.

The goal of this book is to provide the perspectives of scientists working with
nanotechnology to address agricultural problems. The research presented within
this book was conducted in proper laboratory environments meeting facility, local,
and national safety standards. Applied nanotechnology research benefits from the
proactive and concurrent efforts by the safety community to provide guidance and
assess risks associated with nanomaterials as the technology develops. Challenges
remain for more broad utilization of nanotechnology in the field, including more
thorough assessment of occupational risks of exposure to nanomaterials, regulation,
and public support of nanotechnology in daily lives.

We are extremely grateful to the authors and peer-reviewers for contributing
their expertise to this book. The editors would like to thank the Division of
Agricultural and Food Chemistry for providing venues for the symposia and
financial support. We are also thankful to ACS publications (Tim Marney, Arlene
Furman, Bob Hauserman, and Ashlie Carlson), James Oxley (previous symposium
co-organizer), and the contributors and participants of the symposia. It has been a
pleasure to work with dedicated people possessing the talent and strong desire to
advance this field.
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Chapter 1

Gold Nanotechnology for Targeted
Detection and Killing of Multiple Drug
Resistant Bacteria from Food Samples

Paresh Chandra Ray,* Sadia Afrin Khan, Zhen Fan,
and Dulal Senapati

Department of Chemistry, Jackson State University,
Jackson, Mississippi 39217, U.S.A.

*E-mail: paresh.c.ray@jsums.edu. Fax: 601-979-3674.

Contamination of food like lettuce, egg, and peanut butter
by pathogenic bacteria is very common in this world. Since
last decade, food technology is facing another challenge due
to the infection of multiple drug resistant bacteria (MDRB).
This demands an ultrasensitive sensing technology for the
rapid detection from food and new approaches for the killing
of bacterial pathogens without using the currently available
antibiotics. This chapter deals with the basic concepts and
critical properties of the gold nanostructures that are useful for
the MDRB sensing and killing. Herein, we discuss our recent
reports on bio-conjugated gold nanomaterial based strategies
for the MDRB detection from food samples. We also discuss
the photothermal applications of gold nanotechnology for
MDRB killing.

Introduction

Despite modern treatment processes, contamination of food by pathogenic
bacteria like Salmonella, E. coli is very common in this world (1–5). Salmonella
outbreak from eggs is one of the biggest food contaminations in 2010 (1–5). On
the other hand, E. coli outbreak in ground beef, lettuce and vegetables is common
for the food industry (1). The worldwide food production industry is worth about
578 billion US dollars and often food recalls due to the presence of pathogenic
bacteria contamination are becoming an economical problem for the food industry.

© 2013 American Chemical Society
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As a result, there is a high demand for the development of rapid, sensitive, and
reliable assay to identify harmful pathogens from food samples (6–10). Though
the currently existing conventioonal methods are selective and sensitive, since
they rely on a series of enrichment steps, they are too slow from the perspective
of industrial needs (3–8). As a result, scientists have been searching for the
alternative methods for decades (5–12). In the last five years, we have reported the
development of gold nanomaterial based highly sensitive assay for the detection
of different pathogens. Although it is currently in the initial stage, current gold
nanomaterial-enabled detection strategies from food samples show promise, but
the technology needs further development to meet industrial demands (13–20).
In terms of detection of bacteria from water, the use of nanotechnology has led
to the production of selective, rapid & sensitive multi-analytes assays (21–30).
Due to the presence of large surface area, a large number of target-specific
recognition elements such as antibody, aptamers and peptides can be attached
to the gold nanomaterial surface, which allows selective and sensitive sensing
of different pathogens (31–47). Since gold nanostructures possess unique shape
and size-dependent optical properties, gold nanosystem became very attractive
in their use in technological system for diagnostic applications (38–55). Due to
the lack of toxicity, scientists have shown great interest to use gold nanosystems
for sensing and imaging (50–60). As a result, bio-conjugated gold nanoparticles
can be used for several pathogens simultaneously as well as selectively even at
the single bacterium level (60–65). The purpose of this overview is to provide the
current status of the field with a focus of work from our laboratory and include a
vision for future applications of gold-nanoparticles for food safety.

Since the development of penicillin in the 1940s, antibiotics are responsible
for saving countless human lives (2–10). There are around 42 billion U.S. dollars
sales of antibiotics every year in the USA alone. However, due to the intensive
use of the antibiotics, human pathogens are becoming resistant to many available
antibiotics (2–10). According to the World Health Organization (WHO) (2). there
may be another 1-2 decades left for people to use the existing antibiotics. All the
above facts clearly indicate that the new approaches for the treatment of infectious
bacterial pathogens that do not rely on traditional therapeutic regimes, is very
urgent for our society’s health care. One promising method, still in its initial stage,
is to use nanomaterial-based photothermal killing of harmful bacteria selectively
(17–23). In the last few years, we have shown that unique size and shape dependent
optical properties of gold nanomaterials can be used for the selective non-invasive
photothermal lysis applications for MDRB and other pathogens (17–23). In this
book chapter, we summarize the recent promising reports mainly from our group
and suggest future strategies to identify, target or destroy pathogens.

Label-Free Colorimetric Sensing

Since last one decade, scientists are working on the development of simple
colorimetric assay for bacteria. As we know, solid material exhibits vibrational
modes which are associated with the collective oscillations of their atoms (10–18).
In the case of noble metals like gold, as the size is reduced to a few nanometers
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scale, which is comparable to the wavelength of light, a new very strong absorption
is observed (18–25). It is due to the collective oscillations of the electrons in
the conduction band from one surface of the particle to the other and known as
localized surface Plasmon resonances (LSPR) (25–32).

In the presence of LSPR, electric fields near the particle’s surface are
greatly enhanced and the particle’s optical extinction reaches maximum at the
plasmon resonant frequency at visible and NIR wavelength depending on the
size and shape of gold nanoparticles (32–40). Due to the huge surface plasmon
enhancement, absorption cross-sections of noble gold nanoparticles are 5-7 orders
of magnitude more than any available organic dye molecules (22–25, 58–61). As
a result, each metal nanoparticle can be considered as an optical probe equivalent
to several million dye molecules (40–47). Due to the above fact, very high
detection sensitivity can be achieved using gold nanoparticle based assays. Since
the colors of gold nanoparticle solutions are highly dependent on the interparticle
distance of nanoparticles, the working principle of the gold nanoparticle based
colorimetric sensor is based on the fact that when individual gold nanoparticles
come into close proximity, due to the interparticle plasmon coupling, a distinct
color change is usually observed (10–20).

Scheme 1. Schematic representation shows the synthesis of anti-E. coli
antibody-conjugated nanorod. (Reprinted with permission from Ref. (20),

Copyright 2009, American Chemical Society.)

In 2005, Berry et. al. (16) reported that due to the strong electrostatic
interactions, cetyltrimethylammonium bromide (CTAB)-functionalized gold
nanorods can conformally deposit to form a monolayer on Bacillus cereus. We
have reported (20) gold nanorod based colorimetric detection assay for E. coli
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bacteria. At first we have modified the gold nanorod with anti-E. coli antibody, as
shown in Scheme 1. The working principle for our colorimetric assay is based on
the fact that E. coli bacteria are more than an order of magnitude larger in size
(1−3 μm) than the anti-E. coli antibody-conjugated gold nanorods. In the presence
of E. coli bacteria, several gold nanorods conjugate with one E. coli bacterium, as
shown in Figure 1. As a result, anti-E. coli antibody-conjugated gold nanorods
undergo aggregation in the presence of bacteria (20). Due to the aggregation in
the presence of bacteria, the interparticle distances of nanoparticles decrease. As
a result, the color change takes place (as shown in Figure 1). This bioassay is
rapid, takes less than 15 min from bacterium binding to detection and analysis,
and is convenient and highly selective. This color change is also due to the change
of the refractive index near the nanoparticle surface in the presence of bacteria.
As the refractive index near the nanoparticle surface increases, the nanoparticle
extinction spectrum shifts to longer wavelengths. In our case, when antibody
attached nanoparticles conjugate with one bacteria through antigen-antibody
interaction, local refractive index on the nanoparticle surface increases and as a
result, a red-shift in the plasmon mode is expected.

Figure 1. (A) Schematic representation of anti-E. coli antibody-conjugated
nanorod-based sensing of E. coli bacteria. (B) TEM image of anti-E. coli
antibody-conjugated nanorods before the addition of E. coli bacteria. (C)

Photograph showing colorimetric change upon the addition of E. coli bacteria
(104 cfu/mL), and (D) TEM image demonstrating aggregation of the gold
nanorods after the addition of E. coli bacteria (103 cfu/mL). (Reprinted with
permission from Ref. (20), Copyright 2009, American Chemical Society.)
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Next, we have reported (21) bio-conjugated egg shape gold nanomaterial
assay for the selective sensing of salmonella bacteria. In this case, at first we
have modified the nanoparticles with anti-salmonella antibody (as shown in
Scheme 2), for selective salmonella bacteria detection. Our reported experimental
data have shown that the sensitivity of colorimetric assay for Salmonella
detection is 104 bacteria cells/mL (21), which is comparable to the detection limit
(104−105cfu/mL) of ELISA. Our reported result shows that oval shape gold nano
particle based bioassay is rapid, takes less than 5 min from bacterium binding
to detection and analysis. It is also convenient and highly selective. Next, to
understand whether our oval shape gold nanoparticle based colorimetric assay is
highly selective, we have also found out how our colorimetric assay responded to
the addition of E. coli bacteria to anti salmonella antibody conjugated oval shape
gold nanoparticle. As shown in Figure 2C, no color change has been observed
even after the addition of 106 E. coli bacteria. Similarly, we have not observed
any color change when we added 106 Salmonella typhimurium bacteria to anti
E. coli antibody conjugated oval shape gold nanoparticles. On the other hand, a
distinct color change was observed when we added 106 E. coli bacteria to anti-E.
coli antibody conjugated oval shape gold nanoparticles.

Scheme 2. Schematic representation showing antibody-conjugated
nanotechnology-driven approach using oval shape gold nanoparticle to

selectively target Salmonella bacteria. (Reprinted copyright permission from
from Ref. (21), Copyright 2010, Wiley- VCH.)
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Figure 2. A) TEM picture of the freshly prepared oval shape gold nanoparticle.
B) Photograph showing colorimetric change upon the addition of (from left to
right) 10, 50, 100, 500, 1000, 5000, 10000, 50000, 100000, 500000 CFU/mL of
Salmonella bacteria. C) Photograph showing colorimetric change upon the
addition of i) 106 E. coli bacteria to anti Salmonella antibody conjugated oval
shape gold nanoparticles, ii) 106 salmonella bacteria to anti E. coli antibody
conjugated oval shape gold nanoparticles, iii) 103 E. coli bacteria to anti E.
coli antibody conjugated oval shape gold nanoparticles, iv) 106 E. coli bacteria
to anti E. coli antibody conjugated oval shape gold nanoparticles. D) TEM
image demonstrating the formation of bigger microbial clusters in the presence
106 cfu/mL Salmonella bacteria. E) TEM image of Salmonella bacteria in the
presence of anti E.coli antibody conjugated oval shape gold nanoparticles.
(Reprinted with permission from Ref. (21), Copyright 2010, Wiley- VCH.)
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Figure 3. A) Schematic representation showing our gold nanotechnology-driven
colorimetric approach for the rapid selective screening of MDRB Salmonella
bacteria from infected lettuce. B) Photograph showing colorimetric change

upon the addition of infected lettuce on antibody-conjugated gold nanoparticle.
Lettuce was infected by B1) 102CFU/gm MDRB Salmonella, B2) 106 CFU/gm
Salmonella ser. Agona bacteria, B3) 106CFU/gm E. coli bacteria, B4) the mixture
of 106CFU/gm Salmonella ser. Agona and 106CFU/gm E.coli, B5) the mixture
of 106CFU/gm Salmonella ser. Agona and 102CFU/gm MDRB Salmonella, B6)
the mixture of 106CFU/gm Salmonella ser. Agona and 103CFU/gm MDRB
Salmonella, B7) 103CFU/gm MDRB Salmonella. (Reprinted with permission

from Ref. (22), Copyright 2011, Royal Society of Chemistry.)

Next, to understand whether our gold nanotechnology based assay can
detect MDRB from food samples, we have tested the selectivity and sensitivity
of our assay using MDRB Salmonella DT104 infected romaine lettuce. We
have reported (22) the selectivity and sensitivity of our colorimetric assay
using ampicillin, chloramphenicol, streptomycin, sulfonamides, and tetracycline
antibiotics drug resistant (MDRB) S. typhimurium DT104 (ATCC 700408)
infected romaine lettuce. For this purpose, we purchased lettuce from a local
vender (Jackson, Mississippi, USA) and then chopped them into small pieces.
After that, the chopped lettuces were infected with Salmonella DT104. This
MDRB Salmonella DT104 infected lettuce samples were used for MDRB
detection. Figure 3 shows the selectivity and sensitivity of our colorimetric assay
result, when antibody-conjugated gold nanoparticles were mixed with various
concentrations of MDRB S. typhimurium DT104 infected lettuce samples. The
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color change is mainly due to the aggregation of antibody conjugated star shape
gold nanoparticle in the presence of S. typhimurium DT104, as shown in Figure
4. Next, to understand whether our gold nanoparticle based colorimetric assay
is highly selective, we have also tested if our colorimetric assay responded to
the addition of Salmonella ser. Agona or E. coli O157:H7 bacteria infected
lettuce. As shown in Figure 3, no color change has been observed even after the
addition of lettuce sample infected by106 CFU/gm Salmonella ser. Agona or E.
coli bacteria to M3038 antibody conjugated popcorn shape gold nanoparticle.
Since M3038 antibody conjugated star shape nanoparticle does not bind with
Salmonella ser. Agona or E. coli bacteria, as shown in Figure 4, no color change
has been observed. We have also tested for the mixture of bacteria, as shown in
Figure 3. Our result clearly shows that the color change is observed only when
MDRB 103 CFU/gram or more of Salmonella DT104 are present. The sensitivity
of this colorimetric assay was 103 CFU/gram.

Figure 4. TEM image showing A) monoclonal M3038 antibody-conjugated
popcorn shape gold nanoparticles before the addition of MDRB. B) Aggregation
of gold nanoparticles as well as the formation of microbial clusters in presence
of 105 CFU/mL MDRB Salmonella. C) Very little binding is observed in the

presence of 106 CFU/mL Salmonella ser. Agona bacteria. D) Plot demonstrating
the absorption spectral change in the presence of 105CFU/mL MDRB Salmonella
DT104. (Reprinted with permission from Ref. (22), Copyright 2011, Royal

Society of Chemistry.)

8

D
ow

nl
oa

de
d 

by
 2

13
.1

09
.9

0.
30

 o
n 

O
ct

ob
er

 1
4,

 2
01

3 
| 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 S
ep

te
m

be
r 

25
, 2

01
3 

| d
oi

: 1
0.

10
21

/b
k-

20
13

-1
14

3.
ch

00
1

In Advances in Applied Nanotechnology for Agriculture; Park, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2013-1143.ch001&iName=master.img-005.jpg&w=334&h=250


Figure 5. A) Plot shows SERS intensity from bacteria conjugated nanoparticle
after magnetic separation and re-suspension with PBS. All the observed Raman
signals are directly from Salmonella DT104. No SERS signal has been observed
from supernatant, which is mainly PBS. (B) Plot shows SERS intensity variation
from different concentrations of MDR Salmonella DT104. All the reported

concentrations are before the magenic separation. (Reprinted with permission
from Ref. (65), copyright 2012, Wiley-VCH.)

9

D
ow

nl
oa

de
d 

by
 2

13
.1

09
.9

0.
30

 o
n 

O
ct

ob
er

 1
4,

 2
01

3 
| 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 S
ep

te
m

be
r 

25
, 2

01
3 

| d
oi

: 1
0.

10
21

/b
k-

20
13

-1
14

3.
ch

00
1

In Advances in Applied Nanotechnology for Agriculture; Park, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2013-1143.ch001&iName=master.img-006.jpg&w=231&h=403


Label-Free SERS Sensing
The possibility of observing Raman signals, which are normally very weak,

with enhancements on the order of 108−1014 allow surface enhanced Raman
spectroscopy (SERS) to be unique for ultrasensitive pathogen sensing (51–58). In
addition to sensitivity, one of the other important features in case of SERS is the
specificity that usually can be achieved by controlling the chemistry around the
metal surface (59–65). As a result, SERS based sensor for the bacteria is highly
valuable. Premasiri et. al. (41) reported SERS probe based on gold nano particle
aggregate covered glass chips for the detection of microorganisms through their
Raman spectra analysis. They have shown that the enhancement of intensity
factors can be greater than 104 per bacterium.

Very recently, we have reported (65) the detection of MDRB Salmonella
bacteria using SERS, without any tagged dye. The largest Raman scattering
enhancements are observed when molecules are residing in the fractal space
between aggregated colloidal nanoparticles (51–55). As shown in Figure 4, our
data clearly show that the MDR Salmonella DT104 helps to generate “hot spots”
through aggregation of the multifunctional M3038 antibody nanoparticles via
antigen-antibody interaction. It is the perfect condition to use SERS spectra
as “fingerprint” for whole MDRB organism, as shown in Figure 5. Also, in
nano-popcorn, like nano-star, the central sphere acts as an electron reservoir while
the tips are capable of focusing the field at their apexes, which provides huge field
enhancement of scattering signal.

Figure 5 shows the SERS spectra from the suspensions of the nanoparticle-
Salmonella conjugates after magnetic separation. Since the bacteria cell wall
consists of proteins, lipids, carbohydrates, one can expect to see the SERS spectra
from the vibrational mode of the above compositions. Vibrational assignments of
the observed SERS peak are shown in Figure 5. Our observed SERS bands are in
good agreement with the Raman bands reported for different microorganisms in
the literature (41, 65).

The Raman enhancement, G, was measured experimentally by direct
comparison with normal & SERS Spectra as shown below (51–56),

where ISERS is the intensity of a 1460 cm-1 vibrational mode in the surface-
enhanced spectrum in the presence of Salmonella DT104, and IRaman is the
intensity of the same mode in the bulk Raman spectrum from only bacteria.
Mbulk is the number of bacteria used in the bulk, Mads is the number of bacteria
adsorbed and sampled on the SERS-active substrate. Mbulk was calculated using
colony counting. For Mads calculation, after magnetic separation, we have also
performed colony counting. All spectra are normalized for the integration time.
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An enhancement factor estimated from the SERS signal and normal Raman signal
ratio for 1460 cm-1 band is approximately 8.5 × 107. No significant changes in
Raman frequencies were observed in comparison to the corresponding SERS
and Raman bands. To evaluate the sensitivity of our SERS probe, different
concentrations of MDR Salmonella DT104 from one stock solution were
evaluated. As shown in Figure 5B, the SERS intensity is quite sensitive to the
concentration of MDR Salmonella DT104. Our experimental results clearly
demonstrate that the sensitivity of our popcorn shape nanoparticle based label-free
SERS probe is as low as 100 CFU/mL MDR. Our data also indicate that SERS
can be used as a finger print for MDRB.

Scheme 3. Schematic representation showing bacteria conjugated nanoparticle
based photothermal hyperthermic destruction of MDRB. (Reprinted with
permission from Ref. (22), Copyright 2011, Royal Society of Chemistry.)

MDRB Killing Using Photothermal Process
Gold nanoparticles of different sizes and shapes with optical properties

tunable in the visible to near-infrared can be used for the hyperthermic destruction
of MDRB using NIR light (30–50), as shown in Scheme 3. When the light
of appropriate wavelength is absorbed by bacteria conjugated desired gold
nanoparticles, absorbed light will be converted into heat by rapid electron-phonon
relaxation followed by phonon-phonon relaxation. This highly localized heat
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generated by the gold nanoparticle attached with bacteria can be used to
destroy MDRB selectively by disrupting the cell membrane. For photothermal
destruction, gold nanoparticles serve as “light-directed nano heaters”, which
is very useful for the selective laser photothermolysis of pathogens (15–23,
30–33, 65). Gold nanoparticles are known to absorb light several millions of
times stronger than the organic dye molecule and, as a result, in the presence
of light, temperature rises on the order of a few tens of degrees (15–23, 30–33,
38). As shown in Figure 6, this photothermal hypothermia process destroys
MDRB via cell damage using different thermal effects such as denaturation
of proteins/enzymes, induction of heat-shock proteins, metabolic signaling
disruption, endothelial swelling, microthrombosis, etc. (15–23, 30–33, 38).

When the incident laser frequency overlapped with the plasmon absorption
maximum of the gold nanoparticles conjugated pathogens, the selective heating
and destruction of MDRB can be achieved at a much lower laser powers than
that required to destroy healthy bacteria to which bio-conjugated nanoparticles do
not bind specifically. Zharov et. al. (19) reported localized killing of S. aureus
in vitro by combining laser and photo-thermal technique. Later, Norman et. al.
(17) reported photothermal killing using gold nanorods that have been covalently
linked with antibodies to selectively destroy Pseudomonas aeruginosa,which was
obtained from the upper respiratory tract of sinusitis patients.

Table 1. Laser irradiation time to kill 100% MDRB in lettuce samples

Concentration of MDRB (CFU/gm)
in lettuce samples

Laser Irradiation Time (minutes) to
Kill 100% Bacteria

102 6

103 9

104 14

105 20

106 25

107 30

(Reprinted with permission from Ref. (23), Copyright 2011, Royal Society of
Chemistry.)

All initial studies did not demonstrate the selectivity of their assaywith respect
to other pathogens, which is very important before this technique can be used
for real life sample. In 2010, we have reported selective photothermal killing of
salmonella bacteria using antibody conjugated popcorn shape gold nanoparticle
in the presence of 670 nm light exposure (21). As shown in Figure 6, our result
shows that when oval shape gold nanoparticles are attached to bacterial cells, the
localized heating that occurs during 670 nm irradiation is able to cause irreparable
cellular damage within 15 minutes light exposure.
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Figure 6. TEM image demonstrating irreparable damage of single bacterial cell
surface when anti–Salmonella antibody coated NP conjugated S. typhimurium
bacteria were exposed to 676 nm NIR radiation for 10 minutes. B) TEM image
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demonstrating irreparable damage of cluster of bacterial cell surfaces when NP
conjugated S. typhimurium bacteria were exposed to 670 nm NIR radiation for
10 minutes. C) Colonies of S. typhimurium bacteria demonstrating the presence
of the live bacteria after exposure to 670 nm light for 10 minutes for C1) 5 x
104 / ml S. typhimurium bacteria without NP. C2) 5 x 104 / ml S. typhimurium
bacteria in the presence of anti–Salmonella antibody coated NP. D) Colonies
of bacteria demonstrating the selectivity of our photo thermal lysis process.
D1) 106/ml E.coli bacteria in the presence of anti–Salmonella antibody coated
NP. D2) 106/ml S. typhimurium bacteria in the presence of anti–Salmonella
antibody coated NP. E) Plot demonstrating % of live bacteria after exposure to
670 nm lightforo 5 x 105 bacteria/ml at different time intervals. (Reprinted with

permission from Ref. (21), Copyright 2010, Wiley- VCH.)

To understand whether our oval shape gold nanoparticle based photo thermal
lysis assay is highly selective, we have also performed experiments to find out
how our assay responds to the addition of 106/ml E. coli bacteria to anti salmonella
antibody conjugated oval shape gold nanoparticle. As shown in Figure 6, most of
the E. coli bacteria remain alive even after 15 minutes of irradiation using 670 nm
light.

On the other hand, 97% bacteria were killed whenwe used salmonella bacteria
instead of E. coli bacteria. So our experimental results clearly show that our
bioconjugated oval shape gold nanoparticle based photo-thermal lysis process is
highly selective (21). On the basis our results, it is clear that a nanotechnology-
driven approach for rapid detection and treating antibiotic resistant bacteria is
feasible.

After that, to demonstrate that our gold nanotechnology based assay can kill
MDRB from the food sample, we have reported (23) a photothermal assay to kill
MDRB using MDRB Salmonella DT104 infected romaine lettuce, as shown in
Figure 7. Our selective photothermal lysis of MDRB Salmonella typhimurium
DT104 is based on the fact that monoclonal M3038 antibody- conjugated popcorn
shaped gold nanoparticles can readily and specifically bind with Salmonella
typhimurium DT104 bacterium O-antigen, through antibody–antigen recognition.
Figure 7C shows the time dependent photothermal killing of MDRB Salmonella
typhimurium DT104, which clearly shows that 100% bacteria can be killed with
20 minute of exposure to 670 nm light. Table 1 shows how the laser irradiation
time varies with the concentration of bacteria (CFU/gm) to kill 100% of MDRB
from MDRB infected lettuce sample.

As shown in Table 1, 100 % of bacteria can be destroyed by 6 to 30 minutes
of laser irradiation treatment, depending on the MDRB concentration (102 -107
CFU/gm). Though we have shown bio-conjugated gold nanotechnology based
photothermal killing of MDRB in food sample, it is fair to admit that at this
relatively early stage of development, we have to do much more before it can be
used for daily life food sample.
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Figure 7. (A) Schematic representation showing the monoclonal M3038 antibody
conjugated popcorn shaped gold nanotechnology-driven approach to selective
photothermal killing of MDRB Salmonella. (B) Colonies of MDRB Salmonella
DT104 (B1) before and (B2) after exposure to 670 nm light with 200 mW cm2
power for 20 minutes in the presence of monoclonal M3038 antibody-conjugated
popcorn shaped gold nanoparticles . (C) Plot showing time dependent effect of
photothermal lysis when antibody attached popcorn shaped gold nanoparticle
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conjugated Salmonella DT104, Salmonella Agona bacteria were treated using
200 mW/cm2 670 nm light. (Reprinted with permission from Ref. (23), Copyright

2011, Royal Society of Chemistry.)

Conclusion and Outlooks

In this chapter, we have discussed the great potential of bio-conjugated
gold nanomaterials for the possible application of MDRB diagnostics from
food sample and photothermal killing of MDRB. Our results demonstrate that
beautiful plasmonic properties of metal nanoparticles are useful for bacteria
labeling and photothermal killing. We have reported that after conjugation with
bacteria specific aptamer/antibody, gold nanoparticle can be used for label-free
sensing of MDRB very selectively. We have shown that bio-conjugated gold
nanomaterials also can serve as “nanoscopic heaters” in the presence of suitable
wavelength light, which can be very useful for the selective killing of MDRB
without antibiotics. Though the use of bio-conjugated gold nanomaterial for
MDRB sensing from food sample and selective photothermal killings are only
just the beginning, it represents one of the highly promising areas of scientific
inquiry into the food technology field. We believe that it will likely lead to the
development of exciting techniques or powerful combinations of existing ones
for MDRB detection from food sample & killing.

While there are several advantages of using gold nanomaterial based assays,
there still remain a number of challenges which needs to be solved before it
will be useful for MDRB detection and killing from food sample. Development
of reproducible synthetic procedures will help to produce nanomaterials with
systematically precise size, shapes, compositions and with specific absorption and
light-scattering properties, which will make these materials ideal for multiplexed
bacterial detection and killing. Additionally, techniques for surface modification
and patterning will need to be advanced. Even after 15 years of extensive
nanomaterial research, it is quite hard to precisely control the number of functional
molecules on the surface of nanoparticles, which clearly indicates that we need to
develop better strategies for uniform surface modification as well as reproducible
functionalization. Problems of nonspecific binding, nanoparticle aggregation and
environmental stability need to be addressed, before it can be used for sensing
from food sample in the presence of competing targets. In parallel for each study,
toxicity and side effects need to be addressed in a serious and systematic way
as a function of nanoparticle size, shape, and surface coating. As a result, an
understanding of biological response and environmental remediation is necessary
before they can be useful in food processing technology.
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Chapter 2

Nanocolloid Substrates for Surface-Enhanced
Raman Scattering (SERS) Sensor

for Biological Applications

Jaya Sundaram,1 Bosoon Park,*,1 and Yongkuk Kwon2

1United State Department of Agriculture, Agricultural Research Service,
Russell Research Center, Athens, Georgia 30605, U.S.A.
2Animal and Plant Quarantine Agency, Anyang, Korea

*E-mail: bosoon.park@ars.usda.gov.

Raman spectroscopy gives light scattering to detect and
characterize various properties of biological materials; however,
since Raman scattering signals are very weak, methods for
fabricating surfaces with patterned, roughened substrates are
primarily needed to enhance the signals. Preparation of stable
substrates using simple methods is a current priority in SERS
research. Biopolymer encapsulated with silver nanoparticle
(BeSN) substrate was prepared by reducing silver nitrate into
silver using trisodium citrate with addition of polyvinyl alcohol
as a stablizer. Optical properties of biopolymer based silver
nanoparticles were analyzed with UV/Vis spectroscopy as well
as hyperspectral imaging microscopy. UV/Vis spectra showed
plasmon resonance absorption at 460 nm; distinct plasmon
resonance peak from the hyperspectral imaging spectral
profile explained homogeneous nature of SERS substrates.
SERS signals of trans-1,2-bis(4-pyridyl)ethylene (BPE) and
Rhodamine 6G were measured to check substrate repeatability.
Good signal repeatability was observed with less noise and
spot-to-spot variation from substrates prepared at various times.
The SERS substrates were used to detect and differentiate
two different serotypes (Typhimurium and Enteritidis) of
Salmonella spp. In addition to Salmonella spp., other foodborne
pathogens such as E. coli, Listeria innocua, Staphylococcus
aureus and also Salmonella Infantis were detected using the
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BeSN SERS substrates. SERS spectral data were obtained with
a HeNe laser of 785 nm excitation, between 400 and 1800cm-1

from 15 different spots of a target sample on the substrate at
three different times. Principal component analysis (PCA) was
carried out to differentiate Salmonella serotypes, resulting in
a total of 98% variation among the serotypes. SERS spectral
comparison of different serotypes indicated that they have
similar cell wall and cell membrane structures which were
identified by spectral regions distinctively between 520 and
1050 cm-1. Major differences between serotypes were observed
between 1200 and 1700 cm-1 which represents biochcemical
characteristics of DNA and RNA components of the cells.

Introduction

Salmonella are Gram-negative, facultative bacteria of the family
Enterobacteriaceae (1). Improper cooking, reheating, and handling of food may
lead to Salmonella outbreaks (2). Salmonella Typhimurium is responsible for
most cases of salmonellosis in the United States. During past several years,
a Salmonella outbreak was linked to peanut butter contamination that caused
329 illnesses, and Salmonella tainted eggs caused 1,200 illnesses. Also, it was
reported that poultry and poultry products are the major sources of Salmonella
contamination (3). Since Salmonella can grow and survive even in adverse
environmental conditions (low nutrient concentrations and temperatures between
5.9 °C and 54 °C), control of Salmonella in food processing industries is a major
concern in terms of food safety (4). Food safety depends on ability to detect and
differentiate foodborne pathogens that cause severe outbreaks. Conventional
microbiological identification methods are time consuming and labor intensive
(5). Since food is a complex matrix, it is difficult to directly detect the presence
of bacterial pathogens in the food matrices. Thus, development of methods for
rapid detection of foodborne pathogens on the food continues and being high
priority for food industries. Furthermore, rapid pathogen detection would be very
beneficial in quality control during large scale food processing and production
operations.

Various technologies such as Fourier transform infrared spectroscopy (FTIR)
as well as Raman spectroscopy have been studied for pathogen detection based
on their optical characteristics. Raman spectroscopy techniques provide spectral
information furnished by molecular vibrations that are provided by both mid- and
near-infrared spectral regions. Molecular bonds directly affect the vibrational
spectra and give specific fingerprints that can be used to characterize the target
samples (6–10). The advantage of Raman spectroscopy is that Raman spectrum
for water molecules is very weak. Since water is the major component in most
biological samples such as foodborne bacteria, use of optical methods with FTIR
are limited in identification and characterization of biological materials. While,
Raman spectroscopic method can be applied to detect foodborne pathogens (11,
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12) without interuption of water. Raman spectra also produce sensitive peaks
formed by carbon-carbon bond than other infrared spectroscopic methods (13, 14),
which helps in biological sample identification.

Raman spectroscopy gives inelastic light scattering to characterize various
properties of analytes molecules. In Raman spectroscopy, the inherent weakness
of Raman signals can be found with an increase of 6 or more order of magnitude
through surface enhaced Raman scattering (SERS). SERS gives large signal
enhancement of Raman scattering of the sample molecules that are placed on
certain rough metal surfaces (15–17). Surface plasmon on the substrate of
roughened surface allows a part of plasma energy applied through excitation
wavelength to radiate and enhance the scattered signals; whereas, smooth surfaces
lose the excitation energy as heat and do not provide scattered signal enhancement.
Plasmon is the electron excitation of a metal conductor. If this excitation is
restricted on the conductive metal surface, it is called surface plasmon. This
surface plasmon can either propagate on grating/rough surface or localize on
spherical particle surface. Thus, it is necessary to have surface roughness/grating
or curvature for surface plasmonic excitation under the light (18–22). SERS
effects are characterized by two different mechanisms. One is as excitation of
surface plasmon which creates local electromagnetic field enhancement, and the
other one is adsorption of analyte molecules on the substrate surface. Based
on electromagnetic theory, SERS signal enhancement depends on many factors
such as excitation wavelength, optical properties of the substrate as well as their
surface morphology (22–26).

Metals such as silver, gold and copper have been identified as suitable
SERS substrate metals. Many different methods such as vacuum evaporation,
lithography to make nanoparticle array, laser ablation, electrode deposition,
and colloid preparation (27–30) have been developed and proposed to prepare
metal substrates with nanostructures for SERS. Each method has advantages and
disadvantages to fullfill the requirements as substrate, such as optical properties,
reproducibility, surface morphology, stability, and signal enhancement factors
(31). Among various methods, colloidal nanostructures prepared with gold and
silver metals have been most frequently used. Although gold, silver and copper
are used for SERS nanosubstrates, silver has been identified as universal substrate
metal due to its broad plasmon resonance in visible-near infrared region and its
higher stability than gold.

Also it was found through many experiments that the most intense Raman
scattering signals were observed with silver metal (31–34). Several forms of silver
nanostructures such as silver nanorod, dendrite, nanowire, silver nanoparticle
colloid (35–42) are being used for SERS research. Several different methods
including chemical reduction, photo-induced reduction, and laser ablation
are used for silver nanoparticle colloid preparation. Among those methods,
chemical reductions of silver nitrate solutions to synthesize silver nanoparticle
colloids are the commonly used methods for development of SERS substrates.
Nanostructures used as SERS substrates to analyze biological samples, such as
foodborne pathogens and toxins, mainly depend on their plasmonic resonance
scattering. Such plasmonic resonance depends on not only shape but also size
of the nanoscale metal structures. Thus, spherically shaped metal nanoparticles
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provide high energy level plasmonic resonance, which gives enhanced scattering
signals (43). Spherical nanoparticles provide signal enhancement in the order of
approximately 106. For certain samples, it is possible to get signal enhancement
as high as from 1010 to 1011.

Research on silver colloidal nanoparticles has been extensively conducted to
characterize analytes for SERS applications. Since it is relatively easy to prepare
spherical silver nanoparticles from metal salt through the chemical reduction
process, many researchers have used this process to fabricate nanosubstrates to
detect different biological samples (44). Silver colloids contain nano size (10-100
nm) spherical or quasi spherical shaped nanoparticles. Most common agents for
reducing silver nitrate salt are tri sodium citrate (called Lee-Meisels method) (45)
or sodium borohydride (Creighton method) (46). Sometimes fructose is also used
as reducing agent (47). However silver nanoparticles in colloidal suspension
have instability, resulting in formation of nanoparticle aggregation and gives
short shelf-life for substrates. Particle aggregation also develops hot spots on
the substrate surface and leads to poor signal enhancement (48). Aggregation of
metal nanoparticles can be controlled by introducing stabilizers such as polymers
during the synthesis of metal nanoparticles. Polymers such as poly (vinyl
pyrrolidone), gelatin, sodium poly (D-L glutamic acid), and polyvinyl alcohol are
good stabilizers because of their thermal stability and chemical resistance. These
chemicals are water soluble and biodegradable (49). Therefore, adding them
to silver colloidal suspensions protects nanoparticle aggregation and increases
the substrate stability and shelf-life. Since research efforts for affordable SERS
substrate fabrication are being conducted as biosensing tools to detect pathogens
and biochemical contaminants, development and characterization of potential
SERS substrates are extremely important.

Therefore, in this paper we report fabrication of novel biopolymers
encapsulated with silver nanoparticles (BeSN), optical and morphological
characteritics of nanoparticles using UV-Visible spectroscopy, hyperspectral
microscopic imaging, and Transmission Electron Microscopy (TEM). Also,
standard chemicals, namely trans-1,2-bis(4-pyridyl)ethylene (BPE) and
Rhodamine 6G dye were used to measure SERS signal enhancement efficiency
of BeSN. Another major focus of this paper is to prove the concept of a
biopolymer encapsulated with silver nanoparticles as a SERS substrate to detect
and differentiate two serotypes (Typhimurium and Enteritidis) of Salmonella.
Futher confirmation of BeSN SERS substrate efficiency in detection of other food
borne pathogens has been investigated with Salmonella Infantis, E,Coli, Listeria
innocua and Staphylococcus aureus.

Fabrication of Biopolymer Nanocolloidal SERS Substrate

In reference with authors previously published work (45), 2% solution
of polyvinyl alcohol (PVA) with molecular weight of 98,000 (Sigma Aldrich
Chemicals, St. Louis, MO, USA) was prepared in deionized distilled water
by stirring and heating simultaneously until temperature of solution to be 60
°C. PVA was used to increase the stability of substrate. One- hundred mg of
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silver nitrate (AgNO3, Sigma Aldrich Chemicals, USA) was added to the PVA
solution, followed by adding 20 ml of 1% trisodium citrate (Sigma Aldrich
Chemicals, USA) solution (46) to reduce silver nitrate to silver. The reduced
silver nanoparticles encapsulated the polyvinyl alcohol nanoparticles to make
biopolymer encapsulated with silver nanoparticles (BeSN), which composed
of core of biopolymer nanoparticle surrounded by shell of silver nanoparticles.
Figure 1 shows the flow diagram for preparation of BeSN. Figure 2 shows the
schematic of single BeSN. It shows that inner core is PVA polymer nanospheres
and the outer shell layer is silver nanoparticle obtained from citrus reduction (45,
46).

Figure 1. Flow diagram of biopolymer encapsulated with silver nanoparticle
(BeSN) preparation.
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Figure 2. A schematic of biopolymer encapsulated with silver nanoparticles
(BeSN).

Relatively uniform biopolymer encapculated with silver nanoparticles
are shown in Figure 3a. TEM micrographs (Figure 3a and 3b) show the
silver encapsulated nanoparticles (BeSN) and PVA particles without silver
encapsulation. Both figures illustrate that nanoparticles are monodispersed
without particle aggregation. The role of PVA has stabilized the nanoparticles
without aggregation. Negatively charged silver ions obtained through the citrate
reduction process, adsorbed onto the positively charged PVA particles and created
silver encapsulated biopolymer hybrid nanoparticles (BeSN). By comparing the
Figure 3a and 3b, it is clear that silver nanoparticles covered the biopolymer
nanoparticles to make a shell on the core of biopolymer. During this process,
PVA was expected to prevent the aggregation of silver nanoparticles and to
stabilize the particles in colloidal solution. The final particle size and stability
of formed nanoparticles are influenced by the molecular weight of PVA, the
amount of PVA in solution to encapsulate, and the amount of silver ions produced
by reduction reaction. It could be noted that the role of PVA is very important
to keep the nanocolloidal solution stable without any particle aggregation for
several months at room temperature. This is confirmed by the Figure 3c, which
shows pictures of BeSN prepared at different times, with and without biopolymer.
Stability of these BeSN prepared at different times was confirmed through their
plasmonic absorption in the electromagnetic spectrum at the UV/Vis range. It
gave an absorption peak very close to the value obtained from a freshly prepared
sample of the some composition. If there is nanoparticle aggregation after the
storage period, the interparticle distances become smaller than the diameter of
the individual nanoparticles and it gives plasmon resonance to red shift and
absorption peak at a longer wavelength region.

Optical Characteristics of Biopolymer Nanocolloidal SERS
Substrates

Optical Characteristics with UV-Visible Spectroscopy

Optical properties of BeSN was analysed with UV-Visible (UV/Vis)
absorption spectroscopy and hyperspectral microscopic imaging. UV/Vis
spectroscopy is one of the widely used techniques for structural and optical
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characterization of silver nanoparticles (48–51). UV/Vis absorption spectra are
very sensitive to particle size and its aggregation. It measures silver nanoparticle
plasmonic resonance intensity. Silver nanoparticles have strong plasmonic
absorption in the visible region due to the surface plasmon resonance. Silver
biopolymer nanoparticles were diluted with deionized distilled water to 1:20
ratio (1 part of nanoparticle suspension and 20 parts of water). Diluted sample
was exposed to UV/Vis light and the absorption spectra were recorded from
350 nm to 600 nm (figure 4). Free electrons in silver metal nanoparticles
give surface plasmonic resonance absorption band when a light wave hits the
metal nanoparticle (52, 53). Plasmon resonance is shifted into visible region of
electromagnetic spectrum of silver metal. When the frequency of electromagnetic
field is resonant with the free electron motion, a strong absorption takes place.
This absorption strongly depends on the size and shape of silver nanoparticle (52,
53). The UV/Vis absorption spectra of BeSN is shown in Figure 4. It shows the
peak of plasmon resonance absorption band at 460 nm. The stability of silver
biopolymer nanoparticles is observed by measuring the absorption peak after 9
months of storage. Absorption peak position was observed at 457 nm. Absorption
peaks between 400 – 480 nm is the normal characteristics of silver nanoparticle
in UV/Vis region. Biopolymer encapsulated silver nanoparticles fabricated in this
study also gave strong absorption peak in the visible region, which also confirms
that silver nanoparticles were on the outer core of biopolymer particle as a shell
to respond to the exposure of UV/Vis light.

Figure 3a. TEM image of biopolymer encapsulated with silver nanoparticle
(BeSN).
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Figure 3b. TEM image of biopolymer without silver nanoparticle encapsulation.

Figure 3c. Silver nanoparticle prepared at different period of time: (a)
BeSN prepared on January 2012; (b)BeSN prepared on May 2011; (c)Silver

nanoparticle prepared on May 2011 without biopolymer.
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Figure 4. Plasmonic absorption of BeSN in electromagnetic spectrum in UV/Vis
range.

Substrate Characterization with Hyperspectral Microscopic Imaging

The hyperspectral microscopic imaging (HMI) method was used to measure
scattering characterization of BeSN. HSI with a metal-halide light source
was used for measurement of light scattering from BeSN. HSI analysis gives
plasmon excitation map of the silver surrounding the biopolymer nanoparticle
and its spectral distribution. Approximately 10 µl of diluted sample (1 part of
nanoparticle suspension with 20 parts of water) was coated on glass microscopic
slides after a prewash with methanol followed by air drying. After complete
drying, one micro liter of PBS buffer (7.4 pH) was dropped on the dried sample
and covered by a cover slip with firm pressure with fingers. The sample slide
was scanned with 100x objective lens under the darkfield illuminating metal
halide light source. Hyperspectral images were focused well to obtain the sharp
and clear image of photon emission as bright light spots comes from the BeSN,
which was scattered by the light source. Hyperspectral images were captured
with a acousto-optic tunable filter (AOTF)-based HMI system with 4 nm spectral
resolution between 450 and 800 nm. The gain and exposure time for image
acquisition were 4 and 250 ms, respectively. The hyperspectral image gives
details about the BeSN plasmon resonance effect and plasmon resonance profile
to evaluate the scattering intensity of substrate for SERS use.

HMI allowed photon excitation and did mapping of plasmonic excitation with
spectral resolution of 4 nm. In theory, the light emission from metal nanoparticles
is due to the excitation of localized surface plasmon (54, 55). Figure 5 shows
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an image of hundreds of light induced photon emission due to the plasmonic
excitation of nanoparticles which are visible as blue dots in Figure 5. This figure
also shows some green dots, which might be from some other particles other than
BeSN, however there are significantly less of these particles than BeSN. Surface
palsmon resonance (SPR) from metal nanoparticles is very intense and a sensitive
imaging technique under darkfield illumination (56–58). Thus, the frequency of
light corresponding to plasmonic resonance is scattered by BeSN and examples
of images of SPR scattering of BeSN with darkfield background are shown in
Figure 5.

When the nanoparticles are scanned at different wavelength ranges, the
interaction between light and nanoparticle varies with wavelength as well as
electric field (53). Changes in electric field causes change in the electromagnetic
field surrounding the particles and generates thousands of electromagnetic bands.
The incident light illuminates these bands and HMI captures these electromagnetic
bands as images with corresponding intensities (59). The light emissions called
plasmonic excitation obtained by the HMI technique is displayed in Figure 5.
Photon induced emission spectral profiles from BeSN nanoparticle at specific
wavelength and PVA biopolymer nanoparticle are shown in Figure 6. The sharp
Plasmon resonance peak indicates the homogeneous nature of nanoparticles.
Multiple profiles were colleted from various parts of the HMI image and it
shows that all were overlapped. This is evidence for homogeneity of BeSN. The
intensity profile of HMI from BeSN is much higher than biopolymer alone.

Figure 5. Hyperspectral microscope imaging of plasmonic excitation from BeSN.
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Figure 6. Surface plasmon resonance (SPR) spectral profile of biopolymer
encapsulated with and without silver nanoparticles.

Reproducibility and Repeatability of BeSN Substrates
The repeatability and reproducibility of BeSN were evaluated by collecting

SERS signals fromRhodamine 6G dye samples. Substrates used in this experiment
were prepared at different time using same protocol. The surface uniformity of
BeSN substrates was evaluated by SERS singal mapping of 5x5 µm area on a
empty substrate, coated on a stainless steel plate.

Biopolymer encapsulated with silver nanoparticles were coated on a clean
stainless steel plate of 1.75 cm diameter by thermal evaporation (60-70°C) under
the chemical hood. After complete evaporation of water, these particles were
used as SERS substrates. SERS signals were collected with confocal Raman
spectrometer (HR800 LabRam, Jobin-Yvon-Horiba, Edison, New Jersey, USA).
A laser excitation wavelength of 785 nm was produced by HeNe 20 mW laser
source with a CCD detector (1024x256 pixels of 26 µm). Samples were scanned
with a confocal hole size of 100 µm with a 50x magnification. Confocal was
used to adjust the depth and corresponding focal plane at the top of surface. The
substrates which were made at different times was scanned with mapping mode
over an area of 5x5 µm to assess the uniformity of substrates. Likewise, SERS
spectral data were collected using Rhodamine 6G dye (Sigma Aldrich, USA),
adsorbed on substartes. Three substrates from two different batches were used for
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collecting SERS signals of Rhodamine 6G from the five different spots on each
substrate. Since dyes produced strong signals, it was possible to verify SERS
signal enhancement as well as detection limit of SERS. The concentration of
Rhodamine 6G for analyzing repeatability and reproducibility of BeSN substrates
was 10-6 M.

Figure 7 shows the Raman mapping spectral profiles from empty substrates
without any reference analytes over an area of 5x5 µm. The gap between two
spectral profiles represents the variation of scanned area on substrates. Usually,
more gap bewteen two spectra represents larger variation on the surface uniformity
of substrates. The gap obtained from BeSN is minimum that indicates overall
surface uniformity of the substrate. In general, surface uniformity generates
less noise, resulted in higher SERS signal enhancement with less spot to spot
variation. Figure 8 shows mean and standard deviation of SERS signals from
Rhodamine 6G sample at 10-6M concentration, for repeatability test of susbtares.
In this case, SERS mean intensity was obtained from 10 replicates with two
substrates prepared at different time and 5 different spots on each substrate. The
standard deviation of spectra in this figure demonstrated that the substrates have
reliable signal repeatability. This confirmed that there are little spot-to-spot and
batch-to-batch variation on the substrates.

Figure 7. Mapping spectral profile of BeSN substrate without any analytes.
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Figure 8. Mean and standard deviation of Rhodamine G at 10-6 M concentration
(n=10; 5 spots in each on two substrates).

Figure 9. SERS spectra of BPE with various concentrations (n=10; 5 spots on
each substrate with two different batch).

33

D
ow

nl
oa

de
d 

by
 M

IC
H

IG
A

N
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

30
, 2

01
3 

| 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 S

ep
te

m
be

r 
25

, 2
01

3 
| d

oi
: 1

0.
10

21
/b

k-
20

13
-1

14
3.

ch
00

2

In Advances in Applied Nanotechnology for Agriculture; Park, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 



Figure 10. SERS intensity obtained from BeSN substrates at C=C band of BPE
with different molar concentrations.
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SERS with BeSN Substrates for Chemical Constituents

Figure 9 shows the average SERS signal obtained from trans-1,2-bis(4-
pyridyl)ethylene (BPE) with various concentrations using same procedure as
Rhodamine 6G dye samples. In figure 9, SERS signals obtained from the
characteristics of chemical confirmation bands (e.g., 1200 cm-1, for C=C for BPE)
were highly enhanced.

The major phenomena that confine SERS analytes within the electromagnetic
field are physisorption and chemisorptions through a self-assembled monolayer
of the respective analytes. These two phenomena depend on the natural adhesive
force between analytes and nano metal surface (60). Spectroscopic properties of
analytes such as electronic absorption bands with frequencies that are close to
the laser excitation is important; because they have influence on SERS signals.
When laser excitation wavelength overlaps with the electronic absorption band of
an analyte, Raman scattering intensity is amplified, resulting in specific chemical
moieties of that analyte (61).

Figure 10 shows the reproducibility of SERS intensity at 1200, 1608 and 1640
cm-1 bands for BPE with different molar concentrations. Integrated intensities of
these bands obtained from various spots of the substrates were plotted individually
in figure 10. Error bar in each point represents the spot-to-spot variation of the
Raman intensity at their respective Raman shift (frequency) collected from 10
different locations from two substrates at 5 different spots from each substrate.
As seen in figure 10, Raman intensity at 1200 cm-1 decreased by lowering molar
concentration of BPE solution. In SERS spectra, bond at 1200 cm-1 represents C=C
in-plane ringmode. The peaks at both 1608 and 1640 cm-1 frequency also represent
C=C bond in aromatic ring stretchingmode and stretchingmode, respectively (62).

SERS with BeSN Substrates for Foodborne Pathogen Detection

Bacteria Sample Preparation

Bacterial strains for this study were isolated by the Poultry Processing and
Swine Physiology Unit, Russell Research Center in Athens, GA. Isolates of
Salmonella Typhimurium, strain MH 68123 (from chicken rinse), and Salmonella
Enteritidis strain MH 42841 (from ground chicken) were tested. Stock cultures
of bacteria were stored at 4°C. Fresh cultures of two serotypes (Typhimurium
and Enteritidis) of Salmonella were prepared by transferring aliquots of stock
cultures to Tryptic Soy Broth (TSB) (Becton, Dickinson, and Co., Sparks, MD,
USA) and incubating for 18 hours at 37°C. After incubation, broth of each culture
was transferred to 15 mL sterile centrifuge tubes, and centrifuged at 20-22°C
with 2800 rcf (5000 rpm) for 10 minutes (Labnet, Model Hermle Z300, Hermle
LaborTechnik, Germany). Bacterial pellets were washed by suspending in 10 mL
of sterile deionized water and centrifuging as previously described for a total of 3
times. Since cell membrane damage may occur if bacteria cells were holding in
water over 12 hours, SERS measurements were taken as soon as cell suspensions
was made. The experiments were replicated 3 times, and samples were prepared
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in duplicates during each replicate. Approximately 5 µL of cell suspension from
each duplicate was used for SERS data acquisition.

Bacterial SERS Data Acquisition

As described in SERS signal acquisition of dye samples, SERS signals of
Salmonella serotypes were collected with BeSN substrates. A total of 15 spots
were scanned for each serotype from all replicate samples. Similarly, three
different data sets were collected from each serotype that were enriched at three
different times. Spot size and corresponding laser power of laser beam to scan
the samples were approximately 1.74 µm and 15.55 mW, respectively. Bacteria
were focused through top objective lens. Confocal was used to adjust the depth
at its focal plane on top surface of samples, deposited on BeSN substrates. With
a size of 1.74 µm laser beam, approximately two bacteria cells could be exposed
to the lase spot. Scattering intensity of SERS spectra between 400 cm-1 and 1800
cm-1 were collected and recorded from each serotype samples for the analysis.

Data Analysis

The SERS spectral data were analyzed with multivariate data analysis
software (Unscrambler, version 9.8, CAMO Software, Inc., Woodbridge, NJ).
Spectral data were subjected to baseline correction pretreatment to avoid shifts
of any variable below the baseline, so that all SERS spectra of each serotype
could have the same base line. This preprocessing helps determine any difference
among the spectral data quickly. Multivariate statistical analysis technique of
Principal Component Analysis (PCA) was performed to develop classification
model using calibration data set. PCA model was used to show the natural
clusters in the data set and also to describe differences between sample clusters
(63, 64). Score value obtained for each principal component (PC) provided the
best fit value for each sample. The Soft independent modeling of class analogy
(SIMCA) analysis was also performed to validate the PCA classification model.
The different data set were used for validation in SIMCA analysis. To test models,
spectral data of each serotype in validation data set were classified using a PCA
calibration model developed.

PCA classification model gave 98 % variation between two serotypes
(Typhimurium and Enteritidis) of Salmonella. Figure 11 (a) shows the score
plot obtained from PCA classification analysis on two different Salmonella
serotypes. Score plot shows that PC1 explained a maximum of 92 % of the
variation between Salmonella Typhimurium and Enteritidis. PC2 explained 6%
of variation, resulting in a total of 98 % variation between two serotypes. Figure
11(a) also illustrates that samples in each serotype of Salmonella are close to each
other on a score plot, which indicates similarity in cell composition. This finding
can be further confirmed by their minimum difference in leverage values which
are the distance of each sample point from the center of cluster in the model.
Salmonella Typhimurium cells have positive score values; whereas, Salmonella
Enteritidis cells have negative score values, which indicates that Salmonella
Typhimurium has more absorbance values over the selected spectral region than
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Salmonella Enteritidis. Negative score values are a result of mean centering data,
i.e., it is a geographic center of the Salmonella Enteritidis cells based on the
absorbance values obtained in the given spectral region. Score plot also indicates
the PC, which distinguishes variation among the samples (45). Figure 11 (a)
shows that PC1 is able to distinguish the samples of Salmonella Typhimurium
and Salmonella Enteritidis cells with higher accuracy. PCA model developed was
tested with spectral data obtained from the samples for validation with a SIMCA
classification method. SIMCA classification for two serotypes of Salmonella for
validation data set performed with 89 % classification accuracy (PC1 of 71% and
PC2 of 18%).

Figure 11. PCA classification model a) Score plot; b) X-loading plot.
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Loading plot in Figure 11 (b) shows the frequencies that have significant
contribution to the variation described by PC1, which can be identified by higher
loading values (absolute values). Frequencies with higher loading value carry
most of information about the difference between two serotypes of Salmonella
(45). Spectral bands at 730 cm-1, 1050cm-1, and 1304 cm-1 have higher loading
values that demonstrate significant contributions for classification of two
Salmonella serotypes of Typhimurium and Enteritidis (65–67). These regions are
possibly due to the peptidoglycan present in outer layer of bacteria cell walls,
carbohydrates, proteins, lipid, and amino acids side chains of DNA/RNA nucleic
acid structures. It indicates that information about bacteria cell protein and their
amino acid structures of DNA/RNA could be major factors that responsible for
differentiating two different serotypes of Salmonella. Frequency range between
1300 and 1600 cm-1 in the loading plot shows many small peaks with high loading
values. These peaks also indicate difference between two serotypes which are
responsible for classification accuracy (45).

Similarly, detection method of SERS with BeSN was examined with
different foodborne pathogens including Salmonella Infantis, E. coli, Listeria
innocua and Staphylococcus aureus. Figure 12 shows the SERS signals of these
foodborne pathogens collected with BeSN substrates along with SERS signals
of empty substrates. These signals were average of 30 spectra collected at three
different times with 10 different spots from bacterial samples immobilized on the
substrates. Raman signal without BeSN shows no significant bands that affect the
SERS signals from pathogens for detection and identification.

Figure 12. SERS signals of various foodborne pathogens and empty substrate.
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Conclusions

Present study describes the preparation, characterization and efficiency of
SERS substrates, for the detection and classification of foodborne pathogens.
Prepared SERS substrates showed overall surface uniformity, which is important
to obtain better signal enhancement from the analytes. The uniformity of surface
also determines signal to noise ratio as well as spot to spot variation in SERS
signals. Results obtained from various foodborne pathogens showed that BeSN
can be used as promising SERS substrates for rapid detection and classification
of foodborne pathogens. The method to develop BeSN substrates for SERS
is very efficient, inexpensive, reproducible, stable, and repeatable for better
SERS signals. With BeSN substrates, further resaerch needs to be conducted for
developing spectral libraries from different foodborne pathogens to develop rapid
detection method with high sensitivity and selectivity using SERS technology in
conjunction with conventional microbiological validation methods.
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Chapter 3

AuNP-DNA Biosensor for Rapid Detection of
Salmonella enterica Serovar Enteritidis

Evangelyn C. Alocilja,* Deng Zhang, and Connie Shi

1Department of Biosystems and Agricultural Engineering,
Michigan State University, East Lansing, Michigan 48824

*E-mail: alocilja@msu.edu.

Salmonella enterica serovar Enteritidis is one of the most
frequently reported causes of foodborne illness. A rapid
and sensitive detection of the insertion element (Iel) gene of
Salmonella Enteritidis on screen-printed carbon electrodes
(SPCE) is reported in this paper. The biosensor system
includes two nanoparticles: gold nanoparticles (AuNPs) and
magnetic nanoparticles (MNPs). The AuNPs are coated
with the 1st target-specific DNA probe (pDNA) which
can recognize the target DNA (tDNA) and the MNPs are
coated with the 2nd target-specific pDNA. After mixing
the nanoparticles with the tDNA, the sandwich complex
(MNP-2ndpDNA/tDNA/1stpDNA-AuNP) is formed. The
whole complex is magnetically separated and applied on a
screen-printed carbon electrode chip after washing away the
unreacted AuNPs. Following oxidative gold metal dissolution
in an acidic solution, the released Au3+ ions are directly
quantified by differential pulse voltammetry (DPV) at a
potential of +0.4 V (vs. Ag/AgCl). Using this technique, the
detection limit of this SPCE biosensor for the insertion element
(Iel) gene of Salmonella Enteritidis is as low as 0.7 ng/mL.

© 2013 American Chemical Society
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Introduction

The Centers for Disease Control and Prevention (CDC) estimates that 1.4
million people in the US are infected with salmonellosis and that 1,000 people
die each year (1). Environmental sources of the organism include water, soil,
insects, factory surfaces, kitchen surfaces, animal feces, raw meats, raw poultry,
and raw seafoods. One of the most common serotypes is Salmonella enterica
serovar Enteritidis (Salmonella Enteritidis). Persons infected with Salmonella
Enteritidis usually develop diarrhea, fever, and abdominal cramps 12 to 72 hours
after infection. In some patients, especially infants and young children, pregnant
women, and elderly, Salmonella infection may spread from the intestines to the
blood stream, and then to other body sites and can be life-threatening unless the
person is treated promptly with antibiotics.

Common detection methods for Salmonella Enteritidis include
microbiological, immunological and molecular biological techniques. Although
microbiological detection is accurate, it often relies on time-consuming growth in
culture media, followed by isolation, biochemical identification, and sometimes
serology, and need special reagents and facilities. Immunological detection
systems are specific but their sensitivity is low. Molecular PCR-based detection
method is sensitive however, PCR is complex, expensive, time-consuming,
and labor-intensive. So a rapid, sensitive detection and valid identification of
Salmonella Enteritidis is vital within the overall context of food safety and public
health.

A biosensor is an analytical device that integrates a biological sensing
element with a transducer to quantify a biological event into an electrical output.
It is a promising device for rapid detection of pathogenic microorganisms. Based
on different sensing elements, the biosensor can be divided into immuno-sensor
(2–4), DNA sensor (5), cell-based biosensor (6), aptasensor (7), and enzymatic
sensor (8). In recent years, interest for DNA-based diagnostic tests has been
growing. The development of systems allowing DNA detection is motivated by
applications in many fields: DNA diagnostics, gene analysis, fast detection of
biological warfare agents, and forensic applications (9). DNA sensor usually
relies on the immobilization of a single-stranded DNA probe (pDNA) onto a
surface to recognize its complementary DNA target sequence by hybridization.
Transduction of hybridization of DNA can be measured electronically (10, 11),
optically (9, 12, 13) electrochemically (5, 14–16), or by using mass-sensitive
devices (17).

In this paper, a biosensor based on gold nanoparticles (AuNPs) conjugated to
DNA probes for the detection of the insertion element (Iel) gene of Salmonella
Enteritidis is described. The biosensor utilizes oligonucleotide-modified gold
nanoparticles (AuNPs) as electrochemical indicator and magnetic nanoparticles
(MNPs) for easy and clean separation from the sample. After hybridization with
the target DNA (tDNA), a magnetic field is used to separate the sandwich complex
consisting of MNP-2ndpDNA/tDNA/1st pDNA-AuNP. Following oxidative gold
metal dissolution in an acidic solution, the released Au3+ ions are measured by
differential pulse voltammetry (DPV) on a disposable screen-printed carbon
electrode (SPCE).
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Experimental
Materials and Reagents

Hydrogen tetrachloroaurate (III) trihydrate and sodium citrate dihydrate were
used for the synthesis of gold nanoparticles. 1,4-Dithio-DL-threitol (DTT) was
used for the cleavage of oxidized thiolated oligonucleotides before conjugation.
Anhydrous sodium acetate, 1,6-hexanediamine, FeCl3•6H2O, and ethylene glycol
were used for the synthesis of amine-coated magnetic nanoparticles (MNPs). All
the above reagents were purchased from Sigma (St. Louis, MO). Nap-5 column
was purchased fromGEHealthcare (Piscataway, NJ), which was used to purify the
DNA product from the DTT solution. Sulfosuccinimidyl 4-N-maleimidomethyl
cyclohexane-1-carboxylate (sulfo-SMCC; Pierce, WI) was used as a cross-linker
between thiolated DNA probes (pDNA) and amine-coated MNPs. Sulfo-NHS
acetate (Pierce, WI) was used to block unreacted sulfo-SMCC. All solutions were
prepared in double distilled water.

Apparatus

The target DNA (tDNA) was amplified by a thermocycler (Mastercycler
Personal, Eppendorf). Gel electrophoresis (Runone System) was used
for confirmation of PCR product. After purification of the PCR product,
a spectrophotometer (SmartSpec 3000, Bio-Rad Laboratories) was used
to measure the concentration of tDNA samples, as well as pDNA. In
the characterization experiments of AuNPs, a UV-Vis-NIR Scanning
Spectrophotometer (UV-3101PC, Shimadzu) was used to determine the
absorbance of AuNPs, and transmission electron microscopy (TEM, JEOL100
CXII) was used to characterize the nanoparticles. The dimension of MNPs
was characterized by TEM and their magnetic profile was characterized by
Quantum Design MPMS SQUID (Superconducting quantum interference device)
magnetometer. All magnetic separation was done using a magnetic separator
(FlexiMag, SpheroTech). A centrifuge (Micro12, Fisher Scientific) was used for
separation and purification of AuNPs. An incubator (HS-101, Amerex Instrument
Inc.) was used to enrich the bacteria and hybridization reaction. Screen-printed
carbon electrode (Gwent, England) and a potentiostat/galvanostat (263A,
Princeton Applied Research, TN) were used for electrochemical measurement.

Genomic DNA Preparation

Aculture of SalmonellaEnteritidis was grown by the standardmicrobiological
culture. DNA isolation was performed from 1 mL Salmonella Enteritidis
culture using the QiaAmp DNA Mini Kit (Qiagen Inc., Valencia). The
forward primer used was 5′- CTAACAGGCGCATACGATCTGACA -3′; the
reverse primer was 5′- TACGCATAGC GATCTCCTTCGTTG -3′ (18). The
DNA probes (pDNAs) of Iel gene were as follows: 1st pDNA on AuNPs:
5′-AATATGCTGCCTACTGCCCTACGCTT-SH-3′; 2nd pDNA on MNPs: 5′-
SH - TTATGTAGTCCTGTATCTTCGCCGT -3′. All oligonucleotides were
purchased from IDTDNA Inc. (Coralville, IA).
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Fabrication and Functionalization of Nanoparticles

Gold nanoparticles (AuNPs) were synthesized using a published procedure
(19). Hydrogen tetrachloroaurate (III) trihydrate aqueous solution (1 mM, 50
mL) was heated with stirring on a hotplate. Once it refluxed vigorously, the
solution was slowly titrated with 5 mL of 38.8 mM sodium citrate. The solution
turned from yellow to clear, to black, to purple and finally deep red. AuNP
dimension and spectroscopic properties were characterized by a transmission
electron microscopy (TEM) and UV-vis-NIR scanning spectrophotometer.
Amine-functionalized MNPs were synthesized by following a facile one-pot
template-free method (20). A solution of 1,6-hexanediamine (6.5 g), anhydrous
sodium acetate (2.0 g) and FeCl3•6H2O (1.0 g) in ethylene glycol (30 mL) was
stirred vigorously at 50 ˚C to give a transparent solution. This solution was
then transferred into an oven and reacted at 198 ˚C for 6 h. The MNPs were
characterized by TEM and Quantum Design MPMS SQUID magnetometer.

To ensure full reactivity, thiol-modified oligonucleotides should be reduced by
DTT immediately before use. Otherwise, the thiol group on the oligonucleotides
could not form a self-assembled monolayer on the surface of AuNPs due to loss of
active thiol group. So, the AuNPs synthesized previously (1mL), and the purified
thiolated 1st pDNA (0.05 nmol) were thenmixed together resulting in the formation
of 1stpDNA-AuNPs. A self-assembled monolayer of thiolated pDNA formed on
the surface of AuNPs. After a serial salt addition (19), the particles were stabilized
for long-term storage at room temperature.

For the MNPs, the polyamine-functionalized iron oxide particles (1 mg) were
reacted with 300 µg of sulfo-SMCC bifunctional linker for 2 h in 1 mL coupling
buffer (0.1M PBS buffer, 0.2M NaCl, pH 7.2). The supernatant was removed
after magnetic separation and the MNP-cross-linker conjugate was rinsed with the
coupling buffer 3 times. The reduced thiolated 2nd pDNA (1 nmol) was added into
1 mL coupling buffer containing sulfo-SMCC-modified MNPs and reacted for 8
h. The functionalized MNPs were then suspended in 35 mL of 10 mM sulfo-NHS
acetate. The solution was incubated and shaken at room temperature to block the
unreacted sulfo-SMCC on the surface of MNPs. After passivation, the particles
were centrifuged at 4000 rpm for 1 min and washed with passivation buffer (0.2M
Tris, pH 8.5) and then with a storage buffer (10 mM PBS buffer, 0.2M NaCl, pH
7.4).

DNA Hybridization

A solution containing tDNA in PCR tube was put in the thermocycler at 95
˚C for 10 min to separate the double-stranded DNA (dsDNA) into ssDNA. The
serially diluted tDNA (40 µL) were mixed with 1stpDNA-AuNPs (40 µL) and 0.8
mg of MNP-2ndpDNA in 200 µL assay buffer (10mM PBS buffer, 0.15M NaCl,
0.1%SDS, pH 7.4). The hybridization reaction was maintained at a temperature of
45 ˚C for 45 min in an incubator. After the sandwich complex (MNP-2ndpDNA/
tDNA/1stpDNA-AuNP) was formed, the assay was put on the magnetic separator
for 3 min and then the supernatant was removed. Unreacted solution components
(DNA and AuNPs) were washed away 5 times with 500 µL assay buffer in order to
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effectively remove AuNPs that were not specifically bound to the MNPs through
hybridization. Finally, the sandwich complex was resuspended in 100 µL of 0.1 M
HCl solution. Figure 1 shows a schematic of the DNA hybridization and sandwich
complex formation.

Figure 1. Schematic of the biosensor detection. (A) formation of MNP-2nd
pDNA/tDNA/1stpDNA-AuNP sandwich complex; (B) Target DNA separation and

electrochemical detection of AuNPs.

Electrochemical Detection on SPCE

The SPCE is composed of two electrodes: carbon electrode (working
electrode) and silver/silver chloride electrode (counter and reference electrode).
The working area is limited by a meshed well. Cyclic voltammetry (CV) was used
to characterize the AuNPs on SPCE. One hundred microliters of the sandwich
complex was allowed to accumulate on the SPCE for 10 min. A constant 1.25V
was applied to the electrode for 2 min to facilitate the oxidation of the AuNPs
(21). Cyclic voltammetry (CV) was performed from 1.4V to 0.0V at a scan rate
of 100 mV/s. The same procedure was also performed on the control group, a
solution containing 0.1M HCl.

The sandwich complex in 100 μL of 0.1 MHCl was deposited onto the SPCE.
The accumulation time of the AuNPs was varied for 0 min, 10 min and 20 min.
The same CV procedure was performed to optimize the accumulation time of the
electrochemical detection.

Sandwich complexes from different tDNA were measured by differential
pulse voltammetry (DPV) on SPCE under the optimum accumulation time.
The potential was scanned from 1.25V to 0.0V with a step potential of 10 mV,
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modulation amplitude of 50 mV, and scan rate of 33.5 mV/s (21). Figure 2 shows
the schematic of the electrochemical detection of AuNPs. Following oxidative
gold metal dissolution in an acidic solution, the released Au3+ ions were reduced
on SPCE and directly quantified by differential pulse voltammetry (DPV). A
potentiostat/galvanostat with PowerSuite software (Princeton Applied Research,
TN) was used for electrochemical measurement and data analysis.

Results and Discussion

Characterization and Functionalization of Nanoparticles

The AuNP dimension and spectroscopic properties were characterized by
using a transmission electron microscope (TEM) and a UV-Vis-NIR scanning
spectrophotometer, respectively. Figure 3A shows a transmission electron
microscopy (TEM) image of our synthesized AuNPs with an average diameter of
15 nm and an absorption peak at 519 nm wavelength. The dimension of AuNPs
is homogenous. After one month storage in room temperature, the AuNPs did not
aggregate and their spectroscopic absorbance property was stable.

The MNPs were characterized by TEM and Quantum Design MPMS SQUID
magnetometer. Figure 3B shows The TEM image of our synthesized MNPs, and
their magnetic properties (inset). The diameter of MNPs is around 100 nm and
the magnetic hysteresis has a maximum of 74.6 EMU/g at room temperature. Our
previous research showed that the conjugation between nanoparticles and thiolated
oligonucleotides is efficient (22).

Figure 2. Schematics of the electrochemical measurement of AuNPs.

CV of Unmodified AuNPs on SPCE

Compared with conventional electrodes, screen-printed carbon electrodes
(SPCEs) have several advantages, such as simplicity, convenience, and low cost
(23, 24). Biosensors based on SPCEs have been extensively used for the detection
of glucose (25, 26), cholesterol (27), antigens (28), and DNA (29, 30).
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Figure 3. (A) A) TEM image of AuNPs showing ~15 nm in diameter. Inset:
Absorbance spectrum of AuNPs showing a peak at 520 nm. (B) TEM image of
MNPs showing ~100 nm in diameter, Inset: Magnetic hysteresis of MNPs.

Oligonucleotide-functionalized AuNPs were used as signal indicator in
this study because of their ease of fabrication, greater oligonucleotide binding
capabilities, stability under a variety of conditions, and good electrochemical
properties (31, 32).

Figure 4. Cyclic voltammogram of unmodified AuNPs (1.17 x 10-8 M) on SPCE:
(a) AuNPs in 0.1M HCl; (b) 0.1 M HCl only. CV scan from 1.4V to 0.0, scan rate

100 mV/s after 1.25 V electrooxidation for 2 min.

The cyclic voltammograms of AuNPs and reagents are depicted in Figure 4.
Figure 4b shows that when there are no AuNPs, the carbon electrode is oxidized
when performing oxidative procedure at 1.25V for 2min. The carbon electrode has
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a reduction peak at 0.58 V. When AuNPs are present in the solution, the AuNPs
are oxidized instead of the carbon electrode under 1.25V for 2 min. The curve
(Figure 4a) shows that there is a reduction peak of Au3+ at 0.35 V. Meanwhile,
the background signal at 0.58 V from the carbon electrode is suppressed greatly
by AuNPs. The possible reason is that the surface of SPCE is covered by a self-
assembled layer of AuNPs due to physical adsorption. The SPCE is protected
by AuNPs and this prevents the electrooxidation process on the carbon electrode
surface.

Optimization of Detection of Probe Modified-AuNPs

The accumulation time is the time from dropping the sample on the SPCE
to the beginning of electrochemical detection. It is an important factor for the
electrochemical measurement of AuNPs because more AuNPs would be adsorbed
on the SPCE surface when the accumulation time is longer. The electrooxidation
process would generate more Au3+ ions in the solution, which could be translated
to a higher DPV signal and thus improve the biosensor sensitivity.

Figure 5. Cyclic voltammogram of probe-modified AuNPs in 0.1 M HCl on
SPCE: (a) 20 min accumulation; (b) 10 accumulation; (c) no accumulation; (d)
control, no AuNPs and no accumulation. Conditions: electrooxidation potential,
+1.25 V; electrooxidation time, 2 min, CV scan from +1.4 V to 0 V, scan rate

100 mV/s, unstirred solution.
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The sample solution was dried after 20 min at room temperature. The drying
allowed most of the AuNPs to adsorb physically on the SPCE surface. Then 100
µL of 0.1M HCl was added again for DPV measurement. Figure 5 shows the
DPV current for 0, 10, and 20 min of accumulation times. Figure 5a has 20 min
of accumulation time which allows for more AuNPs to be reduced or oxidized,
leading to a comparatively high signal. With 10 min and 0 min accumulation
times, peak current are at 0.86 mA and 0.36 mA, respectively. They are only
72% and 30% of the reduction peak current compared to 1.21 mA for the 20 min
accumulation time. Drying led to more AuNPs available on the surface of SPCEs,
resulting in the higher sensitivity of the SPCE biosensor. Accumulation time of 20
min was used for the succeeding DPV detection of the DNA sandwich complex.

DPV Detection of DNA Sandwich Complex

Figure 6 shows the DPV response of the sandwich complex (MNP-2ndpDNA/
tDNA/1st pDNA-AuNP) after hybridization for various tDNA concentrations
(0.7-700 ng/mL). Following oxidative gold metal dissolution in acidic solution,
the Au3+ was reduced at the potential around 0.4V (vs. Ag/AgCl) on the SPCE.
Inset shows that the peak current has a log-linear relationship with increasing
concentrations of tDNA. The detection limit is 0.7 ng/mL of target DNA.

Figure 6. DPV hybridization response of different concentrations of DNA targets
on SPCE (a: 700 ng/mL; b: 70 ng/mL; c: 7 ng/mL; d: 0.7 ng/mL) and the

calibration plot between peak current and the tDNA concentration (inset). DPV
scan from +1.25 V to 0 V, step potential 10 mV, modulation amplitude 50 mV,

scan rate 50 mV/s, and nonstirred solution.
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Conclusion
This paper has described a AuNP-based electrochemical biosensor for

the detection of the insertion element gene of Salmonella Enteritidis. The
biosensor takes advantage of the favorable electrochemical properties of AuNPs
for a rapid and reliable detection on a disposable SPCE, and MNPs for easy
and clean separation. The synthesized AuNPs were homogenous and stable,
making them excellent materials for biosensing. The synthesized MNPs
showed a good magnetic profile. The conjugation reaction between the two
nanoparticles and thiolated oligonucleotides was efficient. After the pDNA on
nanoparticles hybridized with tDNA, the sandwich complex formed, consisting of
MNP-2ndpDNA/tDNA/1stpDNA-AuNP. This complex was applied directly onto
the SPCE after removing the unreacted AuNPs. The SPCE did not need surface
modification. During the oxidation process, the existence of AuNPs suppressed
carbon oxidation. Deposition of AuNPs on the SPCE for 20 min allowed more
AuNPs to be oxidized and increased the sensitivity of the biosensor. The current
peak of DPV for Au3+ reduction had a log-linear relationship with increasing
tDNA concentration. The total detection time was about 1 hour. The results
showed that the detection limit of the insertion element (Iel) gene of Salmonella
Enteritidis was 0.7 ng/mL (or 1.5× 10-16 mol). This disposable biosensor has
great potential for quickly detecting foodborne and bio-threat agents.
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Chapter 4

Nanoparticles and Biophotonics
as Efficient Tools in Resonance Energy

Transfer-Based Biosensing for Monitoring
Food Toxins and Pesticides

Munna S. Thakur,* Rajeev Ranjan, Aaydha C. Vinayaka,
Kunhitlu S. Abhijith, and Richa Sharma

Fermentation Technology & Bioengineering Department CSIR-
Central Food Technological Research Institute Mysore-570 020, India

*E-mail: msthakur@cftri.res.in. Tel: +91 821 2515792.
Fax: +91 821 2517233.

Development of new age and upcoming bio-diagnostic
techniques has revolutionized the field of analytical and
bioanalytical chemistry. The team efforts of researchers from
various fields such as biochemistry, biotechnology and material
science has led to the development of several robust and
reliable biosensing tools applicable in numerous fields such
as health sector, environmental safety, clinical diagnostics
and food technology. The usage of nanoparticles such as
quantum dots, silver and gold nanoparticles for their efficient
tailoring to conjugate with numerous biosensing agents such
as enzymes, antibodies, aptamers, cells and tissues which
can be used in high throughput and multiplexed analysis
of a variety of analytes has greatly improved and replaced
the conventional analytical methods. Unique opto-physical
properties, surface plasmon resonance and field confinement
effects of semiconductor nanoparticles have greatly enhanced
the sensitivity and robustness of bio-diagnostics involved in the
detection of pathogens/ toxins and other hazardous materials
such as pesticides and heavy metals. In the current book
chapter, we have tried to deal with the upcoming and novel

© 2013 American Chemical Society
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bioassays for quick and multivariate analytical approach for
monitoring pathogens, toxins and other hazardous analytes at
ultrasensitive levels. We have also tried to explain the research
work carried out by us in our laboratory related with this field.

Introduction

Current biotechnological approach in the field of bioanalytical methods has
envisaged the development of simple and reliable biosensing tools with the help
of novel strategies such as Förster resonance energy transfer (FRET), fluorescence
and chemiluminescence based immunoassays, bioluminescence resonance energy
transfer (BRET), surface plasmon resonance (SPR), metal enhanced fluorescence
(MEF) and surface Enhanced Raman scattering (SERS) (1–8). Commonly used
methods for the detection of pathogens, toxins and environmental hazardous
materials are mainly based on enzyme linked immunosorbent assay (ELISA),
atomic absorption spectroscopy, inductive coupled plasma mass spectrometry
(ICP-MS), polymerase chain reaction (PCR), morphological and biochemical
characterization and high performance liquid chromatography (HPLC) (9–11).
Though these methods have classical approach towards analyte detection, are
limited mainly by their long preparation time, requirement of skilled personnel and
huge economical investment. Moreover, many of these detection methodologies
have generally univariate analysis approach which is too cumbersome when a
large number of samples need to be examined in a short period of time.

Figure 1. Schematic representation for foodborne pathogen detection.

56

D
ow

nl
oa

de
d 

by
 M

IC
H

IG
A

N
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

30
, 2

01
3 

| 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 S

ep
te

m
be

r 
25

, 2
01

3 
| d

oi
: 1

0.
10

21
/b

k-
20

13
-1

14
3.

ch
00

4

In Advances in Applied Nanotechnology for Agriculture; Park, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 



Biosensors as Alternative Techniques in Food Safety Assessment
Biosensors are the preferred choice over conventional techniques due to

their specificity, rapidity, ease for mass fabrication and field applicability as
schematically represented in Figure 1 (12, 13). Biosensor devices are emerging
as one of the relevant tools for food and environmental safety measures (12).
A schematic representation of a biosensor setup is shown in Figure 2. It
has a biorecognition element which mainly consists of biological molecules
such as antibodies, whole cells, enzymes and nucleic acids interfacing a
transducer (optical, colorimetric, piezoelectric, amperometric, potentiometric
and calorimetric). The target analytes are specifically recognized by these
biological molecules to generate signals which are greatly enhanced with the aid
of amplifiers after their transduction using colorimetric, electrochemical, optical,
piezoelectric, potentiometric, calorimetric components of the biosensor system.
The enhanced signals are processed and generally digitally get converted into
quantitative or readable format.

Figure 2. Schematic representation of biosensor setup.

Recent developments in material science and nanotechnology have increased
the possibilities of biosensing technologies in food and environmental monitoring
immensely. Many compact handheld device designs for field applicability
have been investigated for their broad application in the area of pesticide,
pathogen/toxin detection (14, 15). In the recent past, optical biosensing methods
have been gaining considerable interest being ultrasensitive and rapid in nature
(16). Fluorescence and luminescence based biorecognition elements have been
adopted and introduced for the construction of robust and smart biosensor systems
meant for analysis of a wide variety of analytes. Nanoparticles such as quantum
dots and gold nanoparticles have revolutionized the field of fluorescence resonance
energy transfer based assay methods unlike other fluorescent organic dyes owing
to their unique opto-physical properties (17). Furthermore, independent photon
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generating properties of luminescent enzyme systems have been utilized to
engineer self illuminating quantum dots. Work on fluorescent proteins such as
green fluorescent protein (GFP), was extensively carried out by Nobel laureate
Osamu Shimomura whose immense clinical and analytical capabilities have
recently been recognized. Other fluorophores such as Yellow fluorescent protein
(YFP) and lumazine proteins (LumP) have proved to broaden the scope in the
field of clinical diagnostics in the near future (18). These fluorescent proteins
(FPs) being non toxic, proteases resistant (19) and stable over a wide range
of physical parameters such as temperature and pH gains much interest in
modulating FRET/BRET based biosensor system (20, 21). Agricultural food
products are prone to get infected by a variety of pathogens which include fungus,
bacteria and viruses. The utilization of these ultrasensitive labeling agents for the
detection of pathogens, toxins, environmental pollutants and pesticides has been
well recognized.

Food Contaminants

Public concern over food safety and food quality has gained immense
attention over the past decade. According to World Health Organization (WHO)
definition, “Foodborne illnesses are diseases, which are either infectious or toxic in
nature, caused by agents that enter the body through the ingestion of contaminated
food” (22). Food poisoning may be of two types namely food infection and food
intoxication. Food infection refers to the presence of bacteria or other microbes
which infect the body after consumption. Food intoxication however involves
the ingestion of toxins including microbially produced exotoxins present within
the food even when the microbe that produced the toxin is no longer present or
able to cause infection. Presence of a pathogenic microorganism/toxin in food
is of main concern especially for food industries that may cause serious public
health hazard. Irrespective of overall improvement in food safety issues, many
countries report outbreaks of food poisoning due to microbial contamination and
their toxins (23). According to WHO estimation, in 2005 alone 1.8 million people
died from diarrheal diseases caused by contaminated food and drinking water
(WHO, 2007a). As per Centers for Disease Control and Prevention (24). USA
alone reports around 48 million cases of foodborne diseases, resulting in 1,28,000
hospitalizations and ~3,000 deaths each year. The most common foodborne
pathogens are Escherichia coli O157:H7, some strains of Staphylococcus
aureus, Shigellaspp, Bacillus anthracis, Campylobacter jejuni, Clostridium
perfringens, Clostridium botulinum, Salmonella spp., Listeria monocytogenes,
Vibrio cholerae, Yersinia enterocolitica, Coxiella brunetii and few others (25,
26). In general, bacterial toxins are of two types. The structural components of
the bacteria such as lipopolysaccharide complex released inside the host tissue
as a result of bacterial cell lysis are called endotoxins (26). Pathogenic bacteria
also secrete certain protein based toxin termed as an exotoxin that generally
disrupts the normal cellular metabolism. Enterotoxins are chromosomally
encoded exotoxins secreted by pathogenic bacteria, which are often water soluble,
heat stable and low molecular weight compounds. They generally disrupt the
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cellular permeability by creating electrolyte imbalance in the cell. Hence, clinical
diagnosis, water, food safety and environmental analysis are some of the areas
where detection of microbial pathogens is crucial. Need for on-site and quick
monitoring of these organisms has always challenged the scientists to come out
with novel tools and techniques. Fluorescence and chemiluminescence based
immunoreactor columns, FRET, BRET, MEF, SPR and SERS based biosensor
systems for the detection of food borne pathogens, toxins pesticides and other
environmental contaminants has been a relatively newer area of research which
has shown bright future prospect.

In this regard, several research groups have carried out work for the
development of efficient biosensor systems for onsite monitoring of food borne
toxicants, pesticides and other hazardous chemicals (1, 27–33). In recent years,
Raman spectroscopy (RS) is becoming a popular tool for the rapid identification
of fungi and bacteria and now is widely accepted as a potential identifier of whole
cell organisms. However, generation of weak signals through RS decrease the
detection sensitivity and can be considered as a time consuming process which
limits its application for high throughput analysis (34). Fortunately, Raman
signals can be enhanced thousand to million fold if the analyte is placed close
to a suitable roughened surface such as an aggregated silver colloid substrate as
well as gold colloid (34, 35). When metallic nanoparticles are used as SERS
substrate, random localized plasmons or hot spots are created at the surface giving
rise to dramatic signal enhancement. Structural modulation of large local fields
of junction plasmons has generated much interest in the fabrication, assembly,
and understanding the properties of structures with nanoscale gaps. Silver film
over nanosphere (AgFON) was used as a substrate for the detection of Calcium
dipicolinate (CaDPA) which is a biomarker for bacillus spores (33). The AgFON
surface used for the Raman signals enhancement was stable over a period of 40
days. The assay time was required to be less than 15 minutes and as low as 2.6
x 103 spores could possibly be detected in real time. A sandwich immunoassay
for quick monitoring of Mycobacterium avium subsp. Paratuberculosis was
developed based on the principle of SERS (32). An immobilized layer of
monoclonal antibodies that target a surface protein on the microorganism was
utilized alongwith extrinsic Raman labels (ERLs) that were designed to selectively
bind to captured proteins and produce large SERS signals. By correlating the
numbers ofM. avium subsp. Paratuberculosis bacilli present prior to sonication to
the amount of total protein in the resulting sonicate, the detection limit determined
for total protein was translated to the microorganism concentration which was as
low as 500 to 1000 bacterial cells. Moreover, the time required for completion
of the assay was less than 24 hours. Because of these unique optical properties,
nanoparticles are playing an important role in biosensor applications aiming
at improving sensitivity and performance of biosensors (36–39). As a result,
applications of various nanomaterials such as quantum dots, gold nanoparticles,
carbon nanotubes and magnetic nanoparticles in biosensor development are being
extensively investigated. Thus, research on nanoparticle based biosensors has
opened an interdisciplinary frontier area of nano-biotechnological approach for
food, health and environmental monitoring (40–42). In this direction, application
of nanoparticles for detection of foodborne pathogens and toxins has become
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a thrust area in food biotechnology. Metal nanoparticles exhibit phenomena
like FRET, BRET, LSPR (localized surface plasmon resonance) and SERS that
can be used as potent techniques in biosensing. Vinayaka and Thakur (2011)
developed bioconjugated fluorescent probe as a model for designing FRET based
biosensing tools as shown in Figure 3. Further, CdTe-QD bioconjugates were
characterized using absorption spectroscopy, fluorescence spectroscopy, and gel
electrophoresis and was suggested that they may be attributed as nanoparticle
superstructures for the development of nanobiosensors (7). Vinayaka and
Thakur (2010) reviewed and highlighted the usage of quantum dots (QDs) as
potential fluorescent probes for monitoring food toxicants and pathogens. They
also emphasized on the application of a possible resonance energy transfer
phenomenon resulting from nano-biomolecular interactions obtained through
the bioconjugation of QDs with biomolecules (30). Recently construction of an
immunoreactor based competitive fluoro-immunoassay (Figure 4) for monitoring
staphylococcal enterotoxin B (SEB) using bioconjugated quantum dots was
carried out (43). Using this method, it was possible to quantify SEB from 1000 ng
to 10 ng based on the integrated fluorescence of the SEB–CdTe557 bioconjugate
eluted from the immunoreactor column with a limit of detection of 8.15 ng.
Dong et al. (2004) used synaptobrevin (Syb) or synaptosome-associated protein
as a linker to conjugate cyan fluorescent protein (CFP) and yellow fluorescent
protein (YFP) for the FRET based detection of Botulinum neurotoxins (BoNTs)
(44). BoNT activity characterization conventionally relies on functional assays
to monitor the effect of the toxin or using biochemical assays to detect cleaved
substrate molecules which are time consuming and laborious task. Therefore,
FRET based quick detection system used here for real time monitoring of
Botulinum toxin has paved a way to construct robust and reliable biosensor
systems using upcoming biosensing tools. Three highly specific, sensitive and
reagent free optical signal transduction methods were designed for the detection
of polyvalentproteins by directly coupling distance dependent fluorescence
self-quenching and/or resonant energy transfer to the protein-receptor binding
events (16). Ganglioside (GM1) which is a recognition unit for cholera toxin (CT)
was covalently labeled with fluorophores and then incorporated into a biomimetic
membrane surface. The presence of CT with five binding sites for GM1 caused
dramatic change in the fluorescence signal of the labeled GM1. As reviewed by
Ligler et al. (2003) high throughput screening and rapid analysis of a wide variety
of toxins viz. staphylococcal enterotoxin B, ricin, cholera toxin, botulinum
toxoids, trinitrotoluene and the mycotoxin fumonisin was possible at levels as
low as 0.5 ng mL-1. The detection was based on the principle of sandwich and
competitive fluoro-immunoassay (45). The optical transducer employed here was
charged couple device (CCD) camera to image the individual fluorescence spots.
Abhijith and Thakur (2012) have recently used gold nanoparticles (GNPs) for
the sensitive detection of aflatoxin B1 based on the principle of metal enhanced
fluorescence as shown in Figure 5. In their study, GNPs were conjugated with
anti-aflatoxin IgY antibodies which were indigenously generated in poultry. A
tenfold enhancement of inherent fluorescence of Aflatoxin B1 was observed
in the presence of biologically synthesized gold nanoparticles (BGNPs) which
increased the limit of detection for aflatoxin B1 upto 5 picogram (1).
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Figure 3. Schematic representation of photo-absorption and resonance energy
transfer in protein bioconjugated CdTe quantum dots. Reproduced with

permission from Ref. (7). Copyright ACS publication, 2011.

The occurrence of organochlorine pesticides in the environment has been
a major concern; due to their high persistence and the possible impacts of
their exposure to humans. Dichlorodiphenyltrichloroethane (DDT) is one of
most hazardous and widely used organochlorine insecticides. Baker et al.
(2012) developed dipstick based immuno-chemiluminescence methods for
the detection of DDT with high sensitivity as shown in Figure 6. Anti-DDT
antibodies, raised in chicken (IgY), were used as biological sensing elements,
by immobilizing onto nitrocellulose membrane strips in a chemiluminescence
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(CL)-based dipstick technique. The photons generated during the biochemical
interaction were directly proportional to the DDT concentration. Using the
proposed dipstick-based immuno-CL method, DDT was detected in the range
0.05–1ng/mL (46). Similar studies were carried out by Chouhan et al. (2006) for
the detection of a pesticide called methyl parathion at per part trillion (ppt) levels
using immuno-chemiluminescence based CCD image analysis (28) as shown in
Figure 7. Recently, our research group have developed a chemiluminescence
based assay format for the detection of formaldehyde in spiked soft drinks, wine
and raw fish. The limit of detection was found to be 10pg/mL. The principle of
chemiluminescence enhancement (47) is schematically represented in the Figure
8. Further, we have studied FRET based phenomenon using QDs and reduced
nicotinamide adenine dinucleotide (NADH) as depicted in the Figure 9. Energy
routing assay of NADH-QD was applied for detection of formaldehyde as a
model analyte in the range of 1000–0.01ng/mL. This promising work seems to
bring newer avenues in the detection of a variety of analytes which involves
electron transfer processes (27).

Figure 4. (a) Immunoreactor setup showing competitive binding of SEB and
SEB–CdTe557 with immobilized anti-SEB antibody: (1) sample inlet, (2)

peristaltic pump, (3) immunoreactor column, (3a) glass capillary column, (3b)
immobilized anti-SEB antibody, (3c) SEB, (3d) SEB–CdTe557 bioconjugate,
(4) column outlet tubing, (5) sample collection point. TNBS indicated

successful immobilization of anti-SEB antibody on Sepharose matrix (inset). (b)
Optimization of SEB–CdTe557 conjugate for competitive immunoassay. Various
concentrations of conjugate were passed and respective percentage binding
was determined. Reproduced with permission from Ref. (43). Copyright RSC

Publishers, 2012.
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Figure 5. Metal enhanced fluorescence for aflatoxin monitoring with high
sensitivity. Reproduced with permission from Ref. (1). Copyright RSC

Publishers, 2012.

Figure 6. Schematic representation of chemiluminescence based dipstick
competitive immunoassay. Reproduced with permission from Ref. (46).

Copyright John Wiley & Sons, Ltd., 2012.
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Figure 7. Flowchart of the qualitative determination of methyl parathion using
CCD. Reproduced with permission from Ref. (28). Copyright Elsevier B.V., 2006.

Figure 8. Schematic representation for chemiluminescence based formaldehyde
detection. Reproduced with permission from Ref. (47). Copyright RSC

Publishers, 2012.
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Figure 9. Nicotinamide adenine dinucleotide (NAD) based “turn off” and NADH
based “turn on” of QD fluorescence. Reproduced with permission from Ref.

(27). Copyright Elsevier B.V., 2012.

Nanoparticles and Their Properties for Biosensing Application

The prospect of controlling matter at molecular and atomic level has
inspired many biologists to think about new technological approaches for
various applications. Thus, nanotechnology is not only the next step of
miniaturization following microtechnology, but also an approach to investigate
natural architectures and to mimic them for technological problems (48).
Though synthesis of nanoparticles is known since centuries, only recently people
have started exploring the real possibilities other than cosmetic applications.
Nanotechnology is an area of research which deals with design, manufacture
and applications of particles at nanometer size typically with dimensions
smaller than 100 nm having properties entirely different than the bulk material.
Nanotechnology is at the core of advances in biological research through the
use of novel materials. Recent advances in these smart nanomaterials such as
quantum dots (QDs) and gold nanoparticles (GNPs) have gained a lot of interest
in the biological research, because of their unique spectral properties (49–52).
Engineering the size of particles at nanometer size varies their properties from
those of the bulk particles of same material, which is attributed to the variation
in bonding state and electronic orbitals of the atoms constructing these particles.
Their optical behavior may also differ with respect to the nature of nanoparticle
such as insulator, semiconductor or metal. The confinement of electrons in
these particles may remarkably change their band structure. For example, in the
case of semiconductors, electrons will occupy the valence band completely and
conduction bands are left empty. This quantum confinement effect results in
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discretized density state of electronic orbitals leaving a considerable separation
between valence band and conduction band referred to as band gap. However, in
bulk particles of the same material, partial fulfillment of conduction band with
electrons results in continuous density states (53).

Figure 10. The principle of surface plasmon resonance; where nanoparticles
form localized plasmons when exposed to electromagnetic radiation.

Free electrons in metals (which are “d” electrons in noble metals such as
silver and gold) travel through the material. Due to the large electron density
and delocalization, all the free electrons indeed coherently oscillate under a time
dependent electrical field, which gives the well-known bulk plasmon absorption.
The free electrons in the large nanoparticles have different oscillation modes
toward the time-dependent electrical field of the light. The optical response of
the metal nanoparticles is the summation of all the different plasmon frequencies
resulting from dipole and higher order oscillation modes. The mean free path
in gold and silver is approximately 50 nm. In particles smaller than 50nm, no
scattering is expected from the bulk. This means interactions with the surface
dominate. When metal nanoparticle size is comparable to the light wavelength,
plasmon absorption becomes size-dependent. In particles much smaller than
the mean free path, a monotonic absorption transition with size is observed
because absorption is mainly due to dipole oscillation mode while higher order
oscillations contribute much less to the overall oscillation strength (54). When the
wavelength of light is much larger than the nanoparticle size it sets up standing
resonance conditions as represented in Figure 10. Light in resonance with the
surface plasmon oscillation causes the free electrons in the metal to oscillate. As
the wave front of the light passes, the electron density in the particle is polarized
to one surface and oscillates in resonance with the light’s frequency causing a
standing oscillation. The resonance condition is determined from absorption
and scattering spectroscopy and is found to depend on shape, size and dielectric
constants of both the metal and the surrounding material. This is referred to as
the surface plasmon resonance, since it is located at the surface. As the shape or
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size of the nanoparticle changes, the surface geometry changes, causing a shift in
the electric field density on the surface. This causes a change in the oscillation
frequency of the electrons, generating different cross-sections for the optical
properties including absorption and scattering. Changing the dielectric constant
of the surrounding material has an effect on the oscillation frequency due to the
varying ability of the surface to accommodate electron charge density from the
nanoparticles (55).

Nanotechnology is playing an important role in the development of smart
sensors including biosensors. Nanomaterials provide a promising way to increase
the bio-recognition efficiency of a biosensor due to high surface to volume ratio
of nanoparticles (56). Functional nanoparticles bound to biological molecules
(e.g. peptides, proteins, nucleic acids) have been developed for use in biosensors
to detect and amplify various (e.g. electronic, optical, and magnetic) signals.
Recent studies have shown that biosensors employing nanoparticles provide
rapid, sensitive, accurate, and stable measurements (7, 57, 58). It is possible to
design biosensors for sensitive and label-free detection of foodborne pathogens
and their toxins in unprocessed and processed foods. The specific recognition of
target organism is done with the help of nano-biorecognition technology, in which
the nanoparticles are bio-functionalized by conjugation with a biomolecule (59,
60). Metal nanoparticles like gold and silver exhibit very high surface area for
bioconjugation. This property paves the way for their use in biosensing. Inorganic
nanocrystals (e.g. zinc sulfide, cadmium sulfide, lead sulfide) can be used as
electrical tags and also to form quantum dots with fluorescent properties (e.g.
cadmium telluride, cadmium sulfide, cadmium selenide) for optical biosensing
and imaging. The coupling of inorganic nanoparticles with biomolecules
generates hybrid particles possessing unique photophysical properties along with
biological activity. Magnetic nanoparticles (e.g. Fe3O4, Fe3S4) are also powerful
and versatile diagnostic tools in biosensors (61). Metallic nanoparticles have
been used in several forms of bioassays, with detection based on colorimetry,
photothermal deflection and scanning electron microscopy (62).

Nanoparticles for Food Toxins Detections

It was Theodor Förster who first outlined the quantum-mechanical behavior of
non-radiative resonance energy transfer between twomolecules called FRET in the
year 1946. FRET is a distance dependent nonradiative energy transfer in a dipole-
dipole interactions between chromophores over short distances of the order of 10-
100 Å. Here quantum of energy is transferred from a donor chromophore to an
acceptor chromophore in a close proximity when absorption spectrum of acceptor
overlaps with that of emission spectrum of the donor molecule (63). During the
process, most of the energy emitted in the form of light called fluorescence comes
from acceptor molecule. This may also result in decrease of fluorescence from
donor molecule called “donor quenching” that in turn depends on efficiency of
energy transfer or ability of acceptor molecule to absorb energy non-radiatively
(64). Therefore, distance between donor-acceptor pair should be within the range
from 10 Å to 70 Å that may vary energy transfer efficiency (64). Energy transfer
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efficiency gets affected by donor quantum yield, loss of energy in the form of non-
radiative decay, dipolar orientation within the pair and spectral overlap between
donor and acceptor.The rate of transfer of this energy is described by the equation
(65).

Where R is the distance between the donor and the acceptor. The Förster
radius, Ro, is the distance between the donor and acceptor where the FRET
efficiency is 50%. It is influenced by the refractive index (η) of the medium;
quantum yield of the donor in the presence of the acceptor (QD); spectral overlap
integral (J), Avogadro’s number (NA); the lifetime of thedonor in the absence of
acceptors (ζD) and therelative orientation factor (K2).

Spectral overlap integral (J) is defined by

Where FD(λ) is the donor emission profile and εA(λ) is the acceptor molar
extinction coefficient.

BRET is a commonly observed phenomenon in marine organisms such
as jelly fish (Aequorea victoria) and sea pansy (Renilla reniformis). The
bioluminescent proteins emit biophotons by a mechanism called chemically
initiated electron exchange luminescence (CIEEL) to excite naturally present
fluorophores such as green fluorescent protein (GFP). The resemblance of BRET
to FRET in many ways similar except that the former doesn’t require an external
excitation source. Efficient resonance energy transfer requires that the emission
spectrum of the donor must overlap with the excitation spectrum of the acceptor.
The BRET efficiency is inversely proportional to the sixth power of the distance
between the donor and the acceptor as described in the equation:

Where, R0 is the distance leading to 50% of energy transfer from the donor to
the acceptor.
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QDs as Fluorescence Marker

Luminescent QDs are semiconductor fluorescent molecules on an order of
2-10 nm size made up of few hundred atoms. They are made up of II-VI, III-
V and IV-VI group elements of the periodic table with a diameter on the order
of the compound’s exciton Bohr radius (66, 67). QDs show unique optical and
electronic properties as a result of strong confinement of excited electrons and
corresponding holes called excitons in their structures (68, 69). These unique
photophysical properties of QDs are unparallel in comparison to conventional
fluorophores thereby making QDs all-around attractive tool for biosensing (Table
1). Warner et al. (2009) have developed a fluorescence sandwich immunoassay
for the detection of botulinum neurotoxin serotype A (BoNT/A) (70). QDs and
high affinity antibodies were used as reporters in the assay. The antibodies will
bind to the non-overlapping epitopes present on the toxin and the recombinant
fragment. Here the recombinant fragment holotoxin (BoNT/A-Hc-fragment) acts
as a structural simulant of the toxin molecule. Immunoassay was carried out
in a 96-well microtitre plate using toxin specific primary capture antibody and
QD-coupled secondary antibody as the reporter antibody. Toxin was quantified
based on the fluorescent signals obtained from QD. The assay was sensitive up
to 31 picomolar (pM) concentration for botulinum toxin. In another format of
bead-based assay, QD conjugated capture antibody was immobilized on Sepharose
beads and immunoassay was carried out in microcentrifuge tubes. A renewable
surface flow cell (rotating rod) equipped with a fiber optics system for fluorescence
measurement has been made use for the quantification of toxin. The toxin was
detected at a sensitive level of 5 pM concentration. QD as a fluorescence probe in
this technique has proved better than organic fluorescent dye to attain sensitivity
in the assay as reported (70). The possibility of having background signals due to
the scattering of excitation source from QD immobilized Sepharose beads has to
be addressed to avoid any non specific signals.

Mukhopadhyay et al. (2009) has reported a detection technique for E. coli
based on carbohydrate-functionalised CdS quantum dots (71). Here CdS QD
was coated with thiolated mannose and was used for the specific recognition of
mannose specific lectin Fim H in E. coli. Mannose capped QDs have shown
luminescent aggregates as few as 104 E. coli per mL. The absence of aggregation
with E. coli strains defective in Fim H lectin and also with QDs having capping
material other than thiolated mannose justifies the assay specificity. The technique
is based on ligand-receptor specific aggregation of bacterial cells and therefore is
qualitative in nature.

Goldman et al. (2004) has reported a multiplexed fluoroimmunoassay based
on CdSe-ZnS core-shell QDs for the detection of cholera toxin (CT), ricin, shiga
like toxin (SLT) and SEB in microtitre plate. Toxin specific antibodies were used
as recognition molecules to attain specificity in the assay. Individual toxin assay
was sensitive enough to determine CT at 10 µg/L with QD510, ricin at 30 µg/L
with QD555, SLT at 300 µg/L with QD590 and SEB at 3 µg/L with QD610. The
assay sensitivity got decreased in multiplexed analysis where the assay sample
was a mixture of all four toxins (72).
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Table 1. Overview of QD properties (121)

Sl. No. Properties Quantum dots Organic fluorophores

1. Size 2-10 nm ≤ 5 nm

2. Absorption
spectra

Broad spectra, gradually
increases towards lower
wavelength from first
excitonic peak

Variable and narrow, more
often mirror image of the
emission peak

3. Emission spectra Narrow and tunable with
size

Broad spectra with red end
tailed

4. Effective Stokes
shift

Possible to have > 200 nm Generally < 100 nm

5. Tunable
emission

Unique property of QDs,
can be size-tuned from the
UV to IR

Not possible

6. Quantum yield Generally high Variable

7. Fluorescent
lifetime

~ 20-30 ns or greater Less than 5 nanoseconds

8. Photostability Resistant to
photobleaching

Poor, susceptible to
photodegradation

9. FRET
capabilities

Excellent Variable

10. Multiplexing
capabilities

Excellent, most suitable Rare

11. Bioconjugation Can be designed Limited

12. Multi analyte
attachment

Possible Limited

A FRET based immunoassay was developed for the detection of Aspergillus
amstelodami using QD. QD was conjugated to anti-Aspergillus antibody and
incubated with (BHQ-3)-labeled A. fumigatus that had a lower affinity for the
antibody than A. amstelodami. Here A. fumigatus and A. amstelodami were used
as quencher and target analytes respectively (73). FRET resulted in diminished
fluorescence of QD in presence of (BHQ-3)-labeled A. fumigates. As higher
affinity target analyte (A. amstelodami) displaces A. fumigates, fluorescence
signal from the QD donor increased. This displacement immunoassay could
detect A. amstelodami concentrations as low as 103 spores/mL.

In all these detection procedures, nonspecific interactions and background
fluorescence from QDs along with antigen-antibody cross reactivity have been
found to be interfering with the assay. Moreover, interactions between individual
QDs leading to spectral overlapping may also interfere during multiplexed
analysis.
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QDs for the Detection of Toxin-Producing Genes
Recent approaches towards single nucleic acid sequence based detection for

pathogens have revolutionized the biological sciences. In general, multiplexed
detection strategies employ fluorescence based indicators for various approaches
such as fluorescent in situ hybridization (FISH) techniques, fiber optic-based
biosensors and nucleic acid microarrays. Fluorescence-based DNA detection
assays employ coupling of nanoparticles such as luminescent semiconductor
quantum dots to biomolecules due to their brighter signal and greater resistance
to photobleaching than organic fluorophores. QDs have been effectively used for
the single nucleotide detection assays based on QD-oligonucleotide bioconjugate
probes. These assays generally employ FRET as the transduction mechanism.
Wang et al. (2011) successfully made use of QD as an energy donor in a FRET
based detection of toxic shock syndrome toxin-1 (TSST-1) producing S. aureus
(74). An oligonucleotide probe designed to bind specifically with tst gene
responsible for the production of TSST-1 was conjugated to QD by covalent
linkage. A black hole quencher (BHQ) bound to DNA was used as an energy
acceptor. Fluorescence quenching of QD was achieved through FRET after
attaching BHQ-DNA to tst gene probe by match sequence hybridization. A
reversal of fluorescence quenching was observed on addition of target DNA due
to the detachment of BHQ-DNA from QD-DNA probe because of the different
affinities. The intensity of recovered QD fluorescence was proportional to the
target DNA ranged from 0. 2 to 1.2 μM.

In another method, complementary oligonucleotide probe sequence has
been used which can form hairpin sequence with its own strand. Here, the two
ends of the probe sequence are complementary to one another, wherein, one
end of the probe sequence constitutes complementary sequence for target toxin
gene sequence (75–77). Bioconjugation of two different QDs having different
emission maximum on either end of the probe sequence forms the biological
detection agent. The oligonucleotide probe sequence that has been bioconjugated
to QDs forms a hairpin loop by self-complementary sequences hybridization in
the absence of any target toxic gene. Thus, the two QDs come within the requisite
energy transfer distance, resulting in spatial dipolar interaction between the two
QDs. This will results in resonance energy transfer. Hence, the signals generated
as a result of dipolar interactions between the two bioconjugated QDs suggests
the concentration of toxin (75–77). However, in presence of a target toxin gene,
the hairpin loop denatures and hybridizes with toxin gene. This resulted in QDs
facing away from each other and loss of spatial dipolar interaction between the
two QDs. Therefore, the dipolar interaction between QDs is an indication of the
absence of any toxin gene in the samples.

QD-Based FRET as an Efficient Assay Technique for Specific
Nucleic Acid Detection

Several FRET-based molecular probes that include complementary
oligonucleotide bioconjugated QDs have been developed. These probes have
ensured separation free detection of DNA, whose fluorescence signals change
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as a result of hybridization and subsequent resonance interactions. Indeed,
the applications of multiple QDs for resonance interactions during FRET
based analysis have overcome the interference of background fluorescence as
reported (75–77). Here, the sensor consists of two target-specific oligonucleotide
probes those binds to the target gene with close proximity to enable resonance
transfer as shown in Figure 11. These probes have been bioconjugated to QDs
of different emission spectrum or one of the probe labeled with an organic
fluorophore and another to a QD. Here, QD functions as either energy donor
or an energy acceptor based on the spectral behavior and the spectral overlap
between donor-acceptor pairs. In presence of a target DNA, the sandwiched
hybrid of DNA and complementary probes has brought the two chromophores
into close proximity. That has resulted into fluorescence emission from the
acceptor chromophore by means of resonance energy transfer on illumination of
the donor chromophore. Therefore, the fluorescence emission from an acceptor
chromophore was an indication of the presence of target analyte, wherein the
presence of individual fluorescence was an indication of absence of any target
analytes, as the unhybridized probes do not participate in FRET.

Figure 11. FRET based target gene detection. The technique is based on
the principle of fluorescence quenching of donor chromophore in the hairpin
configuration of self-complementary target specific oligonucleotide probe.
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GNPs as Labels for SPR and RET

GNPs have been used extensively in various biological applications because
of many reasons (78). Gold being noble metal is inert and is resistant to corrosion.
Functionalization of gold surface with biological molecules such as antibodies and
nucleic acids results in nanobiomaterials exhibiting suitable optical, electronic and
biological properties. Because of the enhanced electromagnetic fields generated
by GNPs, their strong plasmon resonance and high extinction coefficient, they
have been used tremendously in many biomedical applications (79–81) labelling,
targeted delivery and various sensing applications (82, 83).

Out of many prospective applications possible for GNPs in biosensing
research, their ability in either quenching or to enhance the fluorescence of
fluorophores such as QDs thereby participating effectively in resonance energy
transfer based mechanisms gains much interest. Due to the strong plasmon
field and broad absorption spectrum in visible region GNPs can be promising
superquenchers for FRET based applications (84–86). Here GNPs can act as an
efficient energy acceptor from excited fluorophores, which are in close proximity
to a gold particle, resulting in a non-radiative relaxation of the fluorophore. In
such cases, the presence of an analyte may displace the fluorophore competitively
thereby releasing fluorophore from quenched state. The aptitude of GNPs to
influence the FRET was well studied to understand the phenomenon and predict
the extent of FRET variation. An extensive fluorescence variation can be observed
for a fluorophore placed in the vicinity of metal nanoparticles possessing a strong
plasmon field. Kang et al. (2011) used Cypate, a near infrared fluorophore, to
estimate the level of fluorescence alternation by plasmon field strength. They
observed both fluorescence quenching and fluorescence enhancement for Cypate
as a result of changing the distance between fluorophore and GNP surface.
Fluorescence quenching observed at very close proximity between Cypate and
GNP resulted into fluorescence enhancement as opposed to quenching when
they were separated up to a particular distance. This feature of GNP to control
fluorescence would be of much interest in developing highly sensitive biosensing
and imaging techniques (85).

Oh et al. (2005) also used GNPs for developing an inhibition assay method
based on the modulation in FRET efficiency between QDs and GNPs. They
have employed streptavidin-biotin interaction as a model system to assay the
avidin concentration in sample. In principle, the assay was based on fluorescence
quenching of streptavidin conjugated QDs (SA-QDs) by the biotinylated GNPs
(biotin-GNPs). They observed almost 80% quenching in fluorescence intensity
of SA-QDs in the presence of biotin-GNPs. Addition of biotin-GNPs that had
been pre-saturated with avidin resulted in a full recovery of the fluorescence
intensity of SA-QDs. The detection limit of avidin was found to be around 10 nM
with dynamic detection range extended up to 2 µM as reported (87). In a similar
work, CdTe523 and GNP bioconjugated to SEB and anti-SEB IgY respectively
were used as donor-acceptor pair during FRET to study resonance interactions
and fluorescence quenching in an immunocomplex. The mutual affinity between
IgY-GNP and SEB-CdTe523 was made use to obtain efficient energy transfer
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between respective chromophores. This phenomenon resulting in fluorescence
quenching of CdTe523 was used for effective detection of SEB in the range 1000
ng/mL to 20 ng/mL with a regression coefficient of R2 = 0.9813. The limit of
detection in this method was 8.53 ng/mL (43).

Application of BRET

Since there is no requirement of an excitation light source for the donor,
BRET can avoid problems such as light scattering, high background noise, and
direct acceptor excitation (88). Additionally, since the donor or both the donor
and acceptor can be co-expressed in the cell as fusion proteins and the excitation
follows a localized event (delivery of the substrate), the target of interest can be
specifically excited - a property that comes in very useful for in vivo application
(89, 90).

Bioluminescent enzyme systems such as Renilla luciferase (Rluc), bacterial
luciferase (Bluc), firefly luciferase (Fluc) and blue bioluminescent aequorein
photoprotein systems have been used as efficient BRET donors as shown in
Figure 12. Rluc has widely been used in artificial BRET systems as donor while
Fluc due to its long wavelength emission has been limited in its application in
the excitation of commonly used fluorescent proteins. Green Fluorescent protein
(GFP) and yellow fluorescent proteins (YFP) and their variants have been very
commonly used as BRET acceptors in conjunction with Rluc (91). On the other
hand, the firefly luciferase system emits ataround 560 nm, GFP and some of its
variants are not suitable as acceptors. Alternative acceptors such as Cy3/Cy5 and
the fluorescent protein DSRed can be used with this protein donor. Such acceptors
have found use in monitoring antigen–antibody binding (92) and protein– protein
interactions (8, 93). In one study, Rluc was used as donor to assay ligand-binding.
The acceptors used were yellow fluorescent protein, the YPet variant and
the Renilla green fluorescent protein (RGFP). Ligand induced intramolecular
rearrangements of beta-arrestin and recruitment to G protein-coupled receptors
was studied with increased sensitivity (94).

Rluc has been commonly used as the reporter for in vivo imaging, as well.
Protein-protein interactions have been studied using Rluc in mice models to
study binding of rapamycin induced FK506 binding protein 12 (FKBP12) with
FKBP12 rapamycin binding domain (FRB). The acceptors used were two red
fluorescent proteins, TagRFP and TurboFP635. The BRET fusion proteins were
injected intravenously in mice which were then imaged using an IVIS-200 or
IVIS-Spectrum equipped with a charge-coupled device camera. Imaging was
performed in sequence luminescence scan mode (95). A proprietary BRET assay
with Renilla luciferase was developed by Perkin-Elmer; the substrate used was
Deep Blue C (emission at 395 nm), the acceptor was an optimized GFP2 acceptor.
This configuration had greater spectral resolution between the donor and acceptor
pair.
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Figure 12. BRET phenomenon in which photonic emission from a biological
source is nonradiatively transferred to a fluorescent protein.

Dyes and small molecules can also be used as acceptors. A bioluminescent
photoprotein aequorin, (derived from jellyfish) consisting of the luciferase
apoaequorin complexed to its coelenterazine substrate is principally used as
areporter for Ca2+ ions since its bioluminescence is triggered by Ca2+ ions (96,
97). A modified BRET assay used dyes like Dabcyl or QSY-7-labeled avidin
to quench the bioluminescence of biotinylated Aequorin upon exposure to
Ca2+ ions (98). Aequorin has also been used as a BRET donor to monitor the
interaction between Streptavidin (fused with Aequorin) and a biotin carboxyl
carrier protein (fused with an EGFP acceptor) (99). Gaussia luciferase was used
as a BRET donor, where it was attached to the C-terminus of maltose-binding
protein. BODIPY558–aminophenylalanine was incorporated into Tyr210, which
is located near the maltose-binding site of maltose-binding protein in response
to a four-base codon (CGGG). In addition to the luminescence of luciferase,
the double-labeled protein showed the emission of BODIPY558, which was
strongly quenched by a neighboring tryptophan in the absence of maltose but was
recovered in the presence of maltose (100).

In addition to fluorescent proteins and dyes, other potential fluorophores such
as fluorescent nanoparticles can serve as potential BRET acceptors as depicted
in Figure 13. Semiconductor nanoparticles such as quantum dots (QDs) and
gold nanoparticles (GNPs) have widely been used for efficient tailoring of useful
biochemical assays involved in monitoring of food borne pathogens, toxins and
pesticides. So et al. (2006) investigated the use of fluorescent semiconductor
QDs for in vivo molecular imaging. The QD665 and luciferase conjugated was
tested for BRET in both serum and whole blood samples followed by injection
into live mice either subcutaneously, intramuscularly or intravenously (90).
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Figure 13. Pictorial representation of self-illuminated quantum dots (QDs) where
donor is a luminescent protein. The emission wavelength from QDs is red shifted.

Biophotonics for Food Safety Assessment
The term “Biophotonics” unites biological science with photonics, the latter

being the science and technology of generation, manipulation and detection of
photons (101). Biophotonics has therefore become the established general term
for all techniques that deal with the interaction between biological and other
organic and inorganic materials having the potential to produce / emit photons.
Recently, Moulton et al. (2009) have constructed three stable photon generating
plasmids for real time Salmonella tracking in vivo (102). After cloning the firefly
luciferase cDNA, scientists have used the luciferase gene as a sensitive reporter
of gene expression. Some examples of these applications include using these
genes to study the progression and regression of viral and bacterial disease, such
as HIV and mycoplasmas, as well as the non-invasive assessment of therapeutic
treatment of tumor proliferation and regression in animal models owing to their
target specificity and biocompatibility. Finally, luciferases are also successfully
used as biosensors for environmental pollutants such as arsenates, mercury, lead,
phenols, agrochemicals, and xeno-estrogens that may act as endocrine disruptors
to humans and wildlife (103–105).

The choice of developing optical based biosensors employs luminescence
technology in which the role of bioluminescence is immense. High quantum yield,
low background noise, specificity, ease of usage and compact instrumentation
possibility has revolutionized bioluminescence based systems. Bioluminescence
based biosensor system has been widely applied in various field viz. environment
monitoring, biomedical science, in-vivo imaging, bio diagnostics and food
technology. Yoo et al. (2007) have developed a method to immobilize
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bioluminescent bacteria using polyvinyl alcohol styrylpyridinium (PVA-SbQ) to
detect phenol and hydrogen peroxide which are protein damaging and oxidative
respectively (106). Presence of naphthalene and salicylate ions at different
pH was also investigated using recombinant Pseudomonas fluorescence HK44
containing promoterless lux gene cassette (107). Trajkovska et al. (2005) have
investigated the behavior of firefly luciferase enzyme activity in the presence of
aromatic pesticides (108). Applegate et al. (1998) have investigated the light
emission by the luxCDBAE bioluminescent bioreporter for Sensing Benzene,
Toluene, Ethybenzene and Xylene (BTEX) (109). The highly sensitive calcium
assays was possible only when the role of calcium to trigger luminescence in
aequorin system was discovered by Shimomura half a century ago. The assay
of intracellular calcium level has a wide importance in biomedical science
since many biochemical reactions involve calcium ions. Creton et al. (1999)
have extensively reviewed the measurement of intracellular calcium levels by
chemiluminescence method using aequorin system and have emphasized their
advantages over the radioactive method which is a biohazard (110). The science
of in-vivo imaging is not new and the conventional methods employs magnetic
resonance imaging (MRI), ultrasound, electroencephalogram (EEG), X-ray
computed tomography (CT), X-Rays and Single photon emission computed
tomography (SPECT). However these instruments are very expensive and trained
personnel are required to handle and processing of the raw images. In recent
years, application of fluorescent and luminescent probes for the in vivo imaging
is gaining importance. High signal to noise ratio, noninvasive nature, cost
effectiveness and ease of usage are the few unique characteristics which is the
reason for their popularity. In the recent past several studies have been carried out
in animal models to study cancer proliferation, cell signaling and gene regulation
by the aid of fluorescent and bioluminescent tags. However the light emission
using chemiluminescent and bioluminescent probes is in the range of (480-560
nm) which is highly absorbed by the living tissues and hemoglobin. This serious
limitation of using luminescent technique in imaging was intensively investigated
by several researchers by shifting their light emission to red and far red emission
signals via several techniques. Wu et al. (2009) conjugated a far-red fluorescent
indocyanine derivative to biotinylated Cypridina luciferase to produce detectable
signals in far red regions by bioluminescence resonance energy transfer (111).
Similarly, protein engineering, substrate modification and different buffer system
has also been done to emit the signals in higher wavelength region. Fluorescent
proteins such as green fluorescent proteins (GFP) and certain other variants of
GFP with higher emission wavelength have been employed as fluorescent tags
non-invasively for monitoring gene expression, protein localization and their
interactions (112, 113). Similarly Lumazine proteins and Yellow Fluorescent
Proteins (YFP) have been discovered from genus Photobacterium and Vibrio
harveyi sp. respectively which act as secondary emitter receiving its energy by
transfer from the flavin primary emitter (114).

Bioluminescence emission from luciferase enzyme systems, being highly
specific and sensitive have been widely used in conjugation with a variety of
nanoparticles to form self illuminating probes for in vivo cell imaging and has
revolutionized the field of biophotonics (90).
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Chemiluminescence is the generation of electromagnetic radiation as light
due to a chemical reaction. In this reaction, visible light emission is most
common, which can be detected at high sensitivity by optical based systems
such as photo multiplier tube (PMT), avalanche photodiode (APD) and Charged
couple device (CCD) camera. All these optical transducers enhance the photonic
signal to achieve the desired signal output. The basic scheme of PMT and CCD
is shown in Figure 14 (a), (b), and Figure 15 respectively.

Figure 14. (a): Top view of a side illuminated photomultiplier tube. Photons
strike the photocathode, generating a photoelectron. These photoelectrons are
accelerated into the electron multiplier plates, or dynodes to produce multiple
electrons which are eventually collected by anode and (b) Side on view of an

end-on illuminated photomultiplier tube (120).

Figure 15. Side view of a charged couple device (CCD) array with a conduction
channel (120).
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There are numerous examples of chemiluminescent/ bioluminescent reactions
and many of them are remarkably powerful to be used for ultrasensitive analyses.
During the recent past, the firefly luciferase has been extensively evolved
for sensitive applications involving measurement of Adenosine triphosphate
(ATP), including monitoring biomass, analyzing biological fluid contamination
from microbes, assessing cell viability, and assaying enzymes involving ATP
generation. This enzyme system is ultrasensitive and can estimate ATP even
at femtogram levels (115). The light emission is proportional to the ATP
content. ATP being the universal energy currency is present in all viable living
organisms. The average ATP content present in microbes is ca.1 femtogram
(116). Hence, rapid and sensitive viable count of bacterial contaminated food
samples can be determined using ATP assay method. Stannard and Wood (1983)
developed a microfluidic and dielectrophoretic device for real time detection
of intracellular ATP present in food borne bacteria. The device construct uses
dielectrophoretic force to capture microorganisms and measures the ATP content
by ATP luminescence (117). Understanding of host pathogen interaction is an
important aspect in order to study the food borne infection. Siragusa et al. (1999)
studied the real time monitoring of Escherichia coli O157:H7 adherence to beef
carcasses using recombinant lux bioreporters (118).

Unfortunately, firefly luciferase enzyme is thermally unstable and henceforth
its application is limited. Several works have been carried out to overcome this
issue owing to the usefulness of this enzyme. The luciferase enzyme system
has widely been used in monitoring surface hygiene and food contaminants.
The detection of bacterial contamination in food using firefly luciferase enzyme
system requires efficient extraction of ATP from the bacteria. There are several
reports on the optimization of ATP extraction buffer which generally consists of a
combination of cationic or anionic surfactants, protein precipitating agents, acids
or disinfectants. However, the ATP extraction agents tend to inhibit the luciferase
enzyme activity during the reaction. Considerable work has been carried out in
this area so as to minimize the interference of the ATP extraction agents with the
luciferase activity. Hattori et al. (2003) isolated a novel luciferase resistant to
benzalkonium chloride which is a cationic surfactant and have been widely used
for this purpose (119).

Conclusion

Presently in our laboratory at CFTRI, Mysore, India we are involved in
using nanotechnological approaches for the development of chemiluminescence/
bioluminescence-based biosensing methods for various applications in food
science and technology. In the recent past, we have developed a method
based on immuno-chemiluminescence and image analysis using CCD for the
detection of methyl parathion (MP) with high sensitivity. Further, semiconductor
nanoparticles such as quantum dots (QDs) and gold nanoparticles (GNPs)
have been synthesized and utilized for FRET and MEF based novel biosensing
methods. Moreover, we are working on enzymes from firefly and marine bacteria
applicable in food hygiene and sanitation. The luminescent enzymes and their
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interaction with nanoparticles are being studied to understand the phenomena
of BRET and metal induced enhancement of bioluminescence. The detection
of hazardous materials such as heavy metals, aflatoxin, DDT, staphylococcal
enterotoxin B, atrazine, formaldehyde, acrylamide, bisphenol A and methyl
parathion in food samples respectively have been successfully carried out by us
using multiple biosensing methods. The versatility, ease of use, and sensitivity of
novel biosensing tools for the detection of harmful chemicals/toxins promisebetter
and reliable bio-diagnostics in the near future.
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Chapter 5

The Use of Silver Nanorod Array-Based
Surface-Enhanced Raman Scattering Sensor

for Food Safety Applications
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For the advancement of preventive strategies, it is critical to
develop rapid and sensitive detection methods for food safety
applications. This chapter reports the recent development on
the use of aligned silver nanorod (AgNR) arrays prepared by
oblique angle deposition, as surface-enhanced Raman scattering
(SERS) substrates to detect food safety related substances such
as foodborne pathogens, toxins, pesticides, and adulteration
agents. Our investigation demonstrated that the AgNR based
SERS can be used to distinguish different types and serotypes
of bacteria. It can also be used to discriminate mycotoxins of
similar chemical structures, such as aflatoxins, with the help of
chemometric analysis of the SERS spectra. Pesticides from real
food samples, such as tea, can be identified using this method
with the same multivariate statistical analysis. When combining
SERS with ultra-thin layer chromatography using the AgNR
substrates, our detection system can achieve simultaneous
separation and detection of mixture samples, which could be
critical for real food detection.

© 2013 American Chemical Society
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Introduction

Food safety has been a global concern of the food industry and the
governments for many years. Nowadays, ensuring food safety has become a
complicated task as food safety issues change over time. While many of the
food safety challenges of the past have been solved, new issues continue to arise.
Although over the past decades the ability to detect foodborne outbreaks has
advanced and become more rapid than ever, much remains to be done to address
the ever-increasing public awareness on food safety due to the numerous food
safety outbreaks and scandals.

Foodborne outbreaks associated with microorganisms are among the greatest
concerns in food safety. The Center for Disease Control and Prevention (CDC)
estimates that 90% of the illnesses due to known pathogens are caused by seven
pathogens: Salmonella, norovirus, Campylobacter, Toxoplasma, E. Coli O157,
Listeria and Clostridium perfringens (1). According CDC, approximately 48
million become ill, 128,000 are hospitalized, and 3,000 die in the United States
each year from foodborne diseases. Norovirus is the most commonly known
cause of human illnesses, responsible for 5.4 million illnesses and 149 deaths
each year. In addition, each year more than a million illnesses and 378 deaths
are caused by Salmonella, 176,000 illnesses and 20 fatalities by E. coli toxins,
845,024 illnesses and 76 deaths by Campylobacter. Listeria is one of the most
lethal pathogens, causing 1,591 illnesses and 255 deaths annually. For meat,
poultry and egg products, category B pathogens with the greatest impact on
public health are the bacterial agents Shiga-toxin producing E. coli, Salmonella,
Campylobacter, and L. monocytogenes. Among them Salmonella causes the most
infections and incidence cases followed by Campylobacter. In 2007, Salmonella
outbreak linked to peanut butter contamination caused 329 illnesses. In 2008,
more than 700 cases of Salmonellosis were reported in the United States, and
Salmonella tainted eggs caused 1,200 illnesses in 2010. Poultry and poultry
produces are the major sources of Salmonellae which cause human illness (2).

In some cases, the foodborne illnesses are not only related to direct bacterial
infection, but also caused by the toxins excreted by the microorganism during
metabolism. Exotoxins such as shiga-like toxin produced by Escherichia coli,
staphylococcal enterotoxins produced by Staphylococcus aureus, and botulinus
intoxication caused by Clostridium botulinum can still cause foodborne illness
even when the toxin-producing microbes are inactive. Mycotoxins produced
by fungi are important toxins commonly found in contaminated foods and
feeds. Major mycotoxins include aflatoxins, citrinin, ergot alkaloids, fumonisins,
orchratoxin, patulin, trichothecenes, zeralenone, etc (3). High exposure of these
mycotoxins has been reported globally, especially in East Africa, China, and parts
of South-east Asia. In extreme cases, death may result from the consumption of
food that is heavily contaminated with these mycotoxins (4).

Apart from the pathogen- or toxin-associated outbreaks, illness associated
with harmful chemicals is another food safety concern. The use of chemical
fertilizers and pesticides is rising in modern agriculture in order to improve the
yield and quality of agriculture products. Pesticides are an integral part of modern
agriculture, but their use can lead to residues in agricultural products. Because
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of their potential adverse human health effects, the Federal Government has
set limits on allowable levels of pesticide residues in food and animal feed and
monitors these products to enforce those levels. Food safety concerns regarding
pesticide residues in several food commodities have arisen. Outbreaks associated
with foodborne exposure to pesticides residues have been linked to watermelon
(5), hydroponic cucumbers (6), and other vegetables (7).

Illegal substances have also been intentionally added to food and
feedstuffs by the food processors driven by short-term economical profits. A
notorious example is the 2008 Chinese milk scandal, which involves milk
and infant formula adulterated with melamine. In this incident, melamine
(2,4,6-triamino-1,3,5-triazine) was added to the dairy products in order to increase
the apparent protein content due to its nitrogen-rich (67% per mass unit) property.
Excessive intake of melamine causes crystal formation in human body which
leads to kidney stones. Therefore, reliable and prompt detection of melamine, as
well as other illegal adulteration agents in food such as illegal food preservatives
and artificial colors, has become necessary.

Aforementioned foodborne outbreaks associated with pathogens, toxins,
harmful chemicals, and adulteration agents constantly challenge the safety of
the food supply chain of the United States. Federal monitoring and enforcement
action of these is dependent on technical capability to detect the target
microorganisms and chemicals. In order to ensure food safety, the industry
leaders and governments need rapid, sensitive, and accurate detection methods to
respond to the incidents and make amends.

Traditionally, bacterial culture-based methods are the conventional way
to detect bacterial pathogens in food. These methods often include incubation
and enrichment steps requiring 6-24 hours with an additional 1-3 days for
confirmation by biochemical tests (8, 9). Though these methods are sensitive,
relatively inexpensive, and provide both qualitative and quantitative information
on the number and the nature of the microorganisms, their lengthy duration
makes them unsuitable to satisfy today’s food industry requirements for rapid
detection. Several rapid detection methods have been developed over the past
years, such as enzyme-linked immunosorbent assay (ELISA) (10), which is
based on the specific recognition of the antigen by antibodies and is measured
with the aid of an enzyme–substrate reaction. Several different ELISA methods
including competitive ELISA (11), PCR-ELISA (12) and Dot-ELISA (13, 14)
are considered highly sensitive, and provide specific and rapid screening of a
large number of samples for the detection of foodborne pathogens, specifically
Salmonella. However, a disadvantage of the ELISA method is that it requires
considerable amounts of antigen to be used for detection. Another effective
method for the detection and identification of pathogens is the polymerase
chain reaction (PCR), which is based on isolating the bacteria and exponentially
amplifying a DNA fragment or sequence of interest via enzymatic replication
(15–17). Real-time PCR offers the advantage of semi-quantification of the
bacterial DNA and no post-PCR handling of the sample, resulting in reducing
the risk of false-positive results (18–21). Although PCR and its modifications
may detect Salmonella within a relatively short time, issues, such as primer
design and PCR-inhibitory effects of complex food matrices, remain and make
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PCR detection of Salmonella in food far from being a routine procedure (19,
22). Thus, the current rapid methods for microbial pathogen detection focus on
immunological or genetic identification of the presence of specific foodborne
pathogenic bacteria. Several other immunological and molecular methods,
such as immunomagnetic capture, nucleic acid hybridization, PCR, and DNA
microarray have been used for detection of pathogenic bacteria (23). Although
these methods have many advantages, each method also has limitations from a
practical point of view. For example, any PCR based methods rely on nucleic
acid amplification and consequently cannot discriminate nucleic acid amplified
from viable and nonviable bacteria. Therefore, alternative methods to rapidly
detect pathogens in food matrices are needed for food processing industries.

The detections of any harmful or illegal chemicals in the food samples,
either toxins, pesticides, or adulteration agents, are often performed using
chromatography and immunological methods. The various chromatographic
methods that can be used to determinemycotoxins are reviewed (24–26), including
thin layer chromatography (TLC), high performance liquid chromatography
(HPLC), gas chromatography (GC), etc. Some other rapid methods for mycotoxin
detection are often based on the immunological principles. These methods, such
as ELISA, flow through membrane based immunoassay, immunochromatographic
assay, fluorometric assay with immunoaffinity, fluorescence polarization method
and etc., are also reviewed (27). Pesticides residues in food are detected and
monitored using similar chromatography methods (28, 29), and immunological
methods (30–33).

Although these methods have their advantages to be sensitive, quantitative,
and reliable, they all have specific disadvantages. TLC is traditionally one
of the most popular detection methods due to its low cost and easy handling
procedure, but the method has been replaced by HPLC in most of the case
because of its higher speed, accuracy and reproducibility. However, HPLC
method has difficulties in detection of co-elution (two compounds escaping from
the tubing at once), which may lead to inaccurate compound categorization. One
main disadvantage of GC is it being a destructive method. And one common
disadvantage of the chromatographic methods is their need for a high capital
investment on the instrument. Immunological detection, such as ELISA, has
the advantage of being specific to the target, but it often suffer from lacking
definitively confirmation and accurate quantification, and having a limited
detection range due to the narrow sensitivity of the antibodies. It also requires
multiple steps, varied chemical reagents, and long incubation time, which make
this method impractical for “real-time” detection in the field.

Since early 21st century, nanotechnology has been emerging in biological
science as well as engineering. Advances in nanotechnology are also significantly
impacting on the field of diagnostics in medical science. The fabrication and
surface modification of nanomaterials have allowed one to tailor their binding
affinities for various biomolecules, thus increasing the specificity, sensitivity
and speed for diagnostics. This is an appealing alternative to current molecular
diagnostic techniques for food safety applications. Using nanotechnology, it is
possible to develop various nanomaterials and devices that have demonstrated
potential in improving sensitivity for safety related detections. Subsequently,
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many different nanotechnologies, such as surface-enhanced Raman spectroscopy
(SERS), quantum dots, and antibody conjugated fluorescent nanoparticles, could
become next generation diagnostic tools capable of detecting and identifying the
target organisms and chemicals rapidly even at trace amounts. Those techniques
have found applications in medical diagnostics, national security, defense, and
food safety. Thus, nanoscale science and technology for food research has
focused its investment on detection and intervention technologies for enhancing
food safety. Recently, nanotechnology for food quality, safety, biosecurity, better
nutrient delivery system, nanomaterials to enhance packaging performance and
improving food processing have emerged as a future direction in food systems.

The development of these nanotechnology based novel sensors rely on
the unique optical, electrochemical and catalytic properties of a range of
nanomaterials, such as quantum dots (wells or wires), gold nanoparticles, carbon
nanotubes, nanocrystals, nanosemiconductors. Quantum dots (QDs), quantum
wells, and quantum wires are a class of quantum confined systems, whose
semiconductor properties enable them to emit stable fluorescence. QDs are
usually used for florescence detection due to their tunable and narrow emission
spectra, bright fluorescence, and resistance to photobleaching over a long period
of time (34–36). Gold nanoparticles are often used as label substance in various
detection methods due to the small size, and subsequently unique physical and
chemical properties such as localized surface plasmon resonance effect (37, 38).
Carbon nanotubes are widely used in analytical chemistry for their unique optical
properties such as small band-gaps and photoluminescence in the near-infrared
region (39, 40). There are some excellent reviews on these nanomaterial enabled
sensors for the detection of heavy metals (41), toxic metal ions (42), DNA
(43, 44), harmful chemicals (45), and pathogens (46), based on the principles
of florescence, electrochemistry, surface plasmon resonance, surface-enhanced
Raman spectroscopy, etc (47–50).

Specifically, many nanotechnology based sensors have been developed for
food safety and food defense applications, examples include bio-functionalized
nanosubstrate-based biosensor for Salmonella detection (51); highly-integrated
atomic force microscope nanocantilever-based label-less, fast single molecule
recognition system for ricin detection (52–54); rapid detection of foodborne
pathogenic bacteria using silver biopolymer nanoparticles with surface enhanced
Raman scattering; and DNA aptamer-based atomic force microscopy (55) for the
detection of foodborne pathogens and toxins.

Raman scattering is considered a powerful platform with the potential
for rapid detection of chemical and biological substances. Traditional Raman
spectroscopy relies on the inelastic scattering interaction of the excitation light
and the vibrational modes of the molecular bonds. These molecular vibrational
modes possess unique “fingerprint” Raman peaks that can be used to identify
the particular molecule(s) being probed. However, the application of Raman
spectroscopy for trace analysis has been limited by the extremely low sensitivity
Because of the small Raman scattering cross section, typically at least ~108
molecules are necessary to generate a measurable normal Raman scattering
signal for most relevant analytes (56). To further enhance Raman efficiencies
to enable trace level detection, surface-enhanced Raman scattering (SERS),
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the phenomenon of a significantly increased Raman signal from molecules
in proximity to appropriate metallic nanostructures, is often employed. The
nanostructure-induced enhancement can reach as high as 14 to 15 orders of
magnitude compared to bulk Raman, which allows the technique to be sensitive
enough to detect small amount of molecules, or even single molecule (57–61).

The SERS substrates usually consist of noble metal fine structure with
dimensions in the scale of nanometers. Since the morphology of the metallic
structure plays a major role in determining the magnitude of signal enhancement
and sensitivity of detection, different types of substrates have been fabricated or
synthesized, such as a random distribution of roughness features produced by
oxidation reduction on a metal electrode (62), evaporation of thin metal film on
a flat substrate, rough metallic surfaces by chemical etching (63), silver films on
TiO2 (64), colloidal silver nanoparticles (59), silver nanoparticle arrays fabricated
by nanosphere lithography (65), electro-deposition of silver on silver films at
high potential (66), aligned monolayer of silver nanowires (67). Metal colloidal
particles are widely used due to the ease of synthesis and manipulation, but the
SERS enhancement highly depends on particle size and shape, as well as the
aggregation state. Without uniformity and good reproducibility of the metal
substrates, the attainment of reproducible spectra remains a major challenge
for SERS. The silver nanorod (AgNR) array substrates fabricated by oblique
angle deposition (OAD) method have been proven to have a SERS enhancement
factor of more than 108, and a batch variance below 15%. In addition, these
substrates have been shown to markedly enhance the Raman signal of chemical
and biological samples including aflatoxins (68), important human viruses such
as rotavirus, influenza virus and respiratory syncytial virus (69, 70), foodborne
pathogens including E. coli O157:H7, Salmonella Typhimurium, Staphylococcus
aureus (71), pesticides like chlorpyrifos and parathion, intentional adulteration
agents like melamine (72), inorganic substances like uranyl ion cast films (73),
and allow for detection and discrimination of microRNA families and family
members (74).

Fabrication of AgNR Arrays as a SERS Active Substrate

The AgNR array substrates are fabricated by a relatively simple method,
the oblique angle deposition (OAD) technique. OAD involves positioning the
substrate at a large angle α (> 70°) with respect to the incident metal vapor
atoms during a physical vapor deposition process. This process results in the
preferential growth of isolated nanocolumnar structures on the substrate tilted
towards the direction of the vapor. Directional columnar growth is a result of
surface diffusion and atomic shadowing effects that occur at the substrate surface.
The experimental setup of OAD is illustrated in Figure 1.

Briefly, glass microscopic slides (Gold Seal® Catalog No.3010, Becton,
Dickinson and company, Portsmouth, NH) used for AgNR arrays deposition
are cleaned with piranha solution (80% sulfuric acid, 20% hydrogen peroxide
v/v) and rinsed with deionized water. The slides are then dried with a stream
of nitrogen before being loaded into the e-beam deposition system. A 20-nm
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titanium film, followed by a 200-nm silver film layer, is first evaporated onto the
glass slides at a rate of 0.2 nm/s and 0.3 nm/s, respectively, while the substrate
surface is held perpendicular to the incident vapor direction. The substrate normal
is then rotated to 86° with respect to the incident vapor direction and AgNRs are
grown at this oblique angle at a deposition rate of 0.3 nm/s. The film thickness is
monitored in situ by a quartz crystal microbalance positioned at normal incidence
to the vapor source direction. The general structure of the AgNR substrates is
shown in Figure 2. Silver nanorod substrates prepared by the OAD technique
with a rod length of ~ 870 nm, a diameter of ~ 100 nm, and a tilting angle of
73° have previously been shown to provide SERS enhancement factors of >108
(based on Raman reporter molecule trans-1,2-bis(4-pyridyl)ethylene (BPE)) (75).

Figure 1. AgNR substrate fabricated by oblique angle deposition: experimental
setup.

The deposition conditions will determine the length, tilting angle and nanorod
density of the AgNRs, affecting their SERS performance. A systematic study has
been performed to explore effects of those parameters on SERS response of the
substrates and to optimizeAgNR structures for SERS application (76). At the same
QCM reading length l = 2300 ± 50 nm, but different incident angle α, the measured
nanorod length L = 1190 nm, 1160 nm, 1290 nm, and 1150 nm, and the measured
tilting angle β = 57 ± 2°, 61 ± 3°, 63 ± 3 °, and 65 ± 2 ° for α = 78°, 80°, 82°, and 84°,
respectively. The diameter of the Ag nanorodD is measured at the very growth end
(tip) of the nanorod. With the increase of nanorod length L, the nanorod diameter
D also increases, while the nanorod density n decreases. The SERS performance
of the substrates is obviously determined by the deposition conditions. The SERS
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enhancement factor (EF) of the AgNR at these deposition conditions has been
studied by Liu et al. (76, 77), as shown in Figure 3. The average SERS EF is

commonly defined as , where Nvol and Nsurf are the number of
molecules probed in the liquid sample and on the SERS substrates, respectively,
and Ivol and ISERS are the corresponding normal Raman and SERS intensities. At
a given AgNR length from 200 to 2000 nm, the EF of the AgNR increases as the
deposition angle α increases from 78° to 84°. At optimized deposition angle, α =
84°, the EF reaches its maximum at 1200 nm AgNR length.

Figure 2. Representative SEM image of the AgNR substrates (α = 86°).

AgNR Substrates Based SERS for Foodborne Pathogen
Detection

There is an increasing interest of using SERS to detect bacteria. Several
forms of nanostructures, such as silver metal deposits (78, 79), silver colloid
(80–82), gold colloid solutions (83, 84), and electrochemically roughened metal
surfaces (85), have been developed over the past decades for this purpose.
Although using silver or gold colloids to detect bacteria has achieved a limit of
detection (LOD) of 103 CFU/ml for E. coli, such methods often suffer from a lack
of reproducibility because the slight variations of preparation parameters such
as cluster size and shape in a colloidal solution could induce significant changes
in the SERS enhancement factors by several orders of magnitude. The AgNR
substrate fabricated by OAD method has the advantage of high uniformity and
reproducibility besides its high SERS enhancement. The ability of AgNR as a
SERS substrate to rapidly detect pathogenic bacteria has been studied, and its
ability to differentiate between different bacterial species, strains and between
viable and nonviable cells based on their characteristic SERS spectra has been
demonstrated (71).
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Figure 3. (a) The SERS EF as a function of nanorod length L for samples
deposited at α = 78°, 80°, 82°, and 84°, respectively; and (b) the SERS EF as a
function of deposition angle α at a fixed nanorod length L = 165 nm. (Reproduced

with permission from reference (76). Copyright 2010 SPIE.)

In our study, the pure lab strains of bacteria cultured overnight to the
stationary phase (~ 109 CFU/ml), are harvested and washed three times with
DI water to remove the culture media. Ten μl of the bacterial suspension is
pipetted onto the AgNR substrates and let dried under ambient condition, and the
SERS spectra are acquired. The spectral differentiation of bacteria from different
species can be easily achieved using SERS by examining the presence or absence
of unique peaks for a certain species. In Figure 4, highly reproducible SERS
spectra of E. coli O157:H7, Salmonella Typhimurium, Staphylococcus aureus,
and Staphylococcus epidermidis are acquired using a 785 nm excitation laser
for 10 s, with relative standard deviations (RSDs) of the peak intensity at Δν =
735 cm-1 and 1328 cm-1 being less than 6%, and the significant peaks from these
species are identified. Although the specific interpretation of the Raman spectra
of bacteria is still controversial and debatable in the aforementioned studies, some
general Raman peak assignments are accepted by most researchers. The strong
SERS bands at Δν = 735 and 1330 cm-1, for example, have been attributed to the
nucleic acid base adenine in almost all previous SERS studies of nucleic acids and
bacteria. The broad band at Δν = 550 cm-1 can be assigned to carbohydrate; the
peak at Δν = 1450 cm-1 can be attributed to the CH2 deformation mode of proteins,
and the strong band at Δν = 930 cm-1 may be assigned to the C-C stretching
modes in proteins. These significant peaks from bacteria are commonly shared
by the four species, yet each of the species processes its own unique feature. For
example, the protein peak at Δν = 1090 cm-1 appears to be unique for S. aureus
and S. epidermidis but are not present in the spectra of the E. coli O157:H7 and
Salmonella Typhimurium.
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Figure 4. SERS spectra of four bacterial species obtained on AgNR substrates.
EC = E. coli O157:H7; ST = Salmonella. Typhimurium; SA = Staphylococcus
aureus and SE = Staphylococcus epidermidis. Incident laser power of 24 mW
and collection time of 10 s are used to obtain these spectra. Spectra are offset
vertically for display clarity. (Reproduced with permission from reference (71).

Copyright 2008 The Society for Applied Spectroscopy.)

The AgNR can differentiate bacteria from different species based on the
presence of significant peaks; however such method would not be practical
to differentiate strains of the same species because their spectral differences
would be subtle. Since the spectral data can be viewed as a multi-variant
data, usually chemometric analysis can be used to reduce the dimensionality
of the dataset, maximize the variance among spectral fingerprints, and classify
the spectra from different analytes. Principal component analysis (PCA) is
a well-known unsupervised chemometric method for identifying correlations
amongst a set of variables and to transform the original set of variables into a
new set of uncorrelated variables called principal components (PCs). When these
PCs are plotted, the data of similar spectra can be grouped for classification
based on the PC scores. Figure 5 shows the PCA results performed using the
spectral data of the five different strains of Salmonella., namely Salmonella
Heidelberg, Salmonella Infantis, Salmonella Kentucky, Salmonella Enteritidis,
and Salmonella Typhimurium. Five clusters are formed in the Figure 5, and each
of the clusters represents a strain of the Salmonella spp. with clear separation
between them that indicates the feasibility to differentiate bacteria from different
strains of the same species.
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Figure 5. PCA results performed using the spectral data of the four different
strains of Salmonella, namely Salmonella Heidelberg (SH), Salmonella Infantis

(SI), Salmonella Enteritidis (SE), and Salmonella Typhimurium (ST).

The detection and identification of viability of bacterial cells are crucial
for food safety. Although PCR is an effective tool for pathogen detection, one
disadvantage of the PCR method is that it could give false negative/false positive
identification since it is based on DNA detection, which generates the same
signals for both the dead and viable bacterial cells. In contrast, SERS spectra of
bacteria is based on the chemical structure, so the structure differences on cell
surface between dead and alive cells would display in the spectra. Figure 6 shows
spectra of viable and heat prepared cells of E. coli O157:H7, and the dead cells
show a significantly reduced SERS response at those characteristic bands at Δν
= 550 cm-1, 735 cm-1, 1330 cm-1 and 1450 cm-1 that are presented in the viable
cells, hence the differentiation of live and dead cell can be achieved by SERS.

Although the detection and differentiation of different bacterial species or
different strains of the same species using AgNR substrate has been successfully
demonstrated, two challenges remain for the detection of bacterial pathogens in
real food samples (71). The first challenge is to improve the LOD of the bacteria,
and the second one is to detect the foodborne bacteria collected from its natural
environment such as food processing plants instead of a laboratory culture. First
of all, even though single cell detection is achieve by using a confocal Raman
microscope, the concentration of the bacteria in previous study was usually 108 ~
109 CFU/ml in bulk solution and the result is performed using the pure bacteria
strains (71). Therefore, a determination and reduction of the LOD is highly
demanded. SERS is a surface detection method with limited sample volume and
detection area, so linking the surface detection to bulk bacteria concentration
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is the first step to really understand the detection technique. The relationship
between the bulk concentration and the surface detection limit is determined by
(1) the volume V of bacterial solution applied; (2) the spreading area A0 of the
sample on the SERS substrate; (3) the size πR2 of the laser spot, and (4) the bulk
concentration C of the bacteria. The amount of bacteria detected on the surface

is , so, . The threshold Nd reflects the true detectability
of the SERS method, but C represented the bulk LOD of such detection. Thus,
for a fixed surface detection method, the reduction of C can be achieved by
decreasing A0, increasing V, and increasing R. In the equation, R is limited by the
Raman instrument used and A0 could be confined by a narrow well as we reported
previously (86).

Figure 6. SERS spectra of viable E. coli O157:H7 and non-viable E. coli
O157:H7. Incident laser power of 14 mW and collection time of 10 s are
used to obtain these spectra. Spectra are offset vertically for display clarity.
(Reproduced with permission from reference (71). Copyright 2008 The Society

for Applied Spectroscopy.)

Thus, the best strategy to lower C would be to increase V, the volume of
the samples put on the substrates, i.e., it can be realized by a pre-concentration
method, capture as many bacteria as possible in a fixed surface area with large
sample volume. For example, one can use centrifugation or filtration method
prior to SERS detection to concentrate the real food sample. Our preliminary
results of combining SERS with centrifugation and filtration method for bacteria
inoculated mung bean spout have shown that LOD of E. Coli can be improved 500
times, about 102 CFU/ml. Another strategy to lower the C will be optimizing the
substrates, hence increasing the Nd value. It can be realized by functionalization
of the substrate surface with bacteria capture agents, such as antibody, aptamer,
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and antibiotics. Liu et al. reported the functionalization of silver nanoparticle
with vancomycin could increase the bacteria capture ability of the nanoparticle
by 3 orders of magnitude and greatly reduce the distance between bacteria and
substrate surface, resulted in dramatically increased SERS intensity (87).

As the second challenge is to identify foodborne bacteria in naturally
occurring food commodities, attention needs to be applied to sampling methods
that are needed for field detection to separate pathogens from food matrix and
concentrate pathogens at the same time. The separation method before SERS
measurement is crucial to facilitate correctly obtaining bacterial Raman spectra
without the interference from other components in food matrix. The main
interference in food samples comes from the macromolecules, such as proteins
and polysaccharides, which contain similar chemical bonds as the target bacteria.
There is no easy method to eliminate the interference entirely from the mixture,
but with proper separation methods, it is possible to reduce the interference
and aid more prominent bacterial SERS signals. Since bacteria have larger size
compared to the macromolecules in food samples, simple physical separation
method based on the size of target, such as filtration is used. Wolffs reported
a two-step filtration method prior to PCR in detection of Salmonella enterica
and Listeria monocytogenes in food sample, such as chicken rinse and yogurt
with a 79.1% recovery rate and 29 min filtration time (88). The combination of
functionalized AgNR substrate to capture bacteria with two-step filtration method
can be used to separate and concentrate pathogens from food samples, as well as
further improve the LOD.

Detection and Differentiation of Foodborne Toxins

Aflatoxins (AFs), produced by Aspergillus flavus, A. parastiticus and A.
nomius, are major mycotoxins of concern due to their highly hepatotoxic,
carcinogenic, mutagenic, and teratogenic properties. The four major AFs, AF
B1 (C17H12O2), B2 (C17H14O6), G1 (C17H12O7), and G2 (C17H14O7) are naturally
occurring and frequently present in human food and animal feed (e.g., cereals,
cotton, and groundnuts), and have a regulatory limit for the total AFs of no more
than 20 ppb in human food, and no more than 300 ppb in animal feed in the
United States. To demonstrate the rapid and sensitive detection of the AFs, SERS
spectra of 10 μl AFB1, AFB2, AFG1, and AFG2 generated on AgNR substrates
are acquired with a 10-s exposure time at 4.8 mW laser power (68).

The SERS spectra of AFB1, AFB2, AFG1, and AFG2 with significant peaks
indicated are present in Figure 7A, and assignments of these peaks are essential to
differentiate the four AFs from each other. Themost significant difference between
the AFBs and AFGs is the peak for β(C-H2) ring mode at Δν = 1248 cm-1 for AFBs
with a weak intensity, but very strong at Δν = 1234 cm-1 for the AFGs. The AFBs
have an extra peak at Δν = 1086 cm-1 of AFB1 and 1085 cm-1 of AFB2 for the
ν(C-C-C) ring deformation mode, and the AFGs also have an extra peak at Δν =
1115 cm-1 for the C-O-C(H2) stretching mode, which represents the extra O- atom
in their structures. The structure differences between the AF1s and the AF2s are
represented by the peak resulted from the C-C double bond in the AF1s at Δν =
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1620 cm-1, which is absent in AF2s. These peaks and their assignments are critical
in the differentiation among these four AFs; however, it is not always necessary
to identify every Raman peaks for differentiation purposes, because the analytes
can simply be classified by PCA based on their overall spectroscopic fingerprints.
In Figure 7B, we demonstrate the classification of the four AFs through the PCA
performed using the spectral data of the four types of AFs.

Figure 7. (A) Experimentally obtained SERS spectra of AFs and methanol.
The Raman shifts of significant peaks in each AF spectrum are indicated, and
the spectra are vertically offset for clear display; (B) PCA score plot of AFs at
concentrations above their LODs. (Reproduced with permission from reference

(68). Copyright 2012 The Royal Society of Chemistry.)
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We have performed a concentration dependent SERS measurement on
these four types of AFs to determine the sensitivity SERS by AgNR substrates.
The SERS intensity of the peak at Δν = 1592 cm-1 is calculated and used to
represent the SERS response; I1592 showed a power law relationship against
the concentration of the AFs with great goodness of the fitting (R2 > 0. 95 for
all AFs). As mentioned before, SERS can be viewed as a surface detection
method, and the way to determine the LOD is different from conventional bulk
detection techniques, such as HPLC or GC. The LOD in bulk solution does
not reflect the true detectability of SERS as discussed in the previous section.
The LODs of this detection method are determined to be 5×10-5 M for AFB1,
1×10-4 M for AFB2, and 5×10-6 M for both AFG1 and AFG2 in bulk solution (10
μl samples), respectively. In this case, the true LODs inside the laser spot are
6.17×10-16 moles(1.93×10-4 ng) of AFB1, 1.23×10-15 moles(3.88×10-4 ng) for
AFB2, 6.17×10-17moles(2.03×10-5 ng) for AFG1, and 6.17×10-17moles(2.04×10-5
ng) for AFG2, respectively.

With the high SERS enhancement of the AgNRs and low background noise of
our detection system, high-quality SERS spectra of the AFs have been obtained.
Our results demonstrate that AgNR based SERS has the potential to be used as an
on-site mycotoxin detection method in the food industry. Yet, the challenges, such
as lowering the LOD in bulk solution, pre-concentration and isolation of aflatoxins
from food samples remain if the method is used in the field.

Pesticide Detection

Chlorpyrifos is an organophosphate pesticide commonly used in the
production of tea, which can cause cholinesterase inhibition, respiratory paralysis
and even death in humans. Due to its widespread use, persistency and toxicity,
chlorpyrifos has been included in priority list of pesticides within the European
Union (EU) (89). The residue of a physically similar pesticide, parathion, is also
commonly found in tea. Albeit highly toxic, parathion is still illegally used in tea
plantations because of its superior insecticidal effect. The analysis of chlorpyrifos
and parathion residues using conventional chromatographic methods has been
troublesome due to the similarities between these two pesticides. However,
due to the superior molecular identification capability, SERS may be used to
differentiate these two pesticides. The SERS spectra of chlorpyrifos and parathion
are obtained using the AgNR array substrates and are successfully differentiated
from each other in the tea samples.

As shown in Figure 8A, the significant peaks of chlorpyrifos are observed at
Δν = 691 (Cl-ring stretches), 851 (P-(O-R)2 stretch), 1343 (C-N stretch), and 1575
cm-1 (C=C phenyl stretch) with high reproducibility (RSD of the above mentioned
peak intensities ≤ 8%). The significant peaks of parathion are at Δν = 647 cm-1

(P=S stretch), 1160 cm-1 (C-H wag), and 1328 cm-1 (NO2 symmetric stretch).
Coupled with a simple Soxhlet extraction and gel permeation chromatography
cleanup step, the LOD of chlorpyrifos in tea samples is calculated to be 0.155
ppm, well below the legal maximum residues limit in tea of 2 ppm. It has
been demonstrated that using the AgNR-based SERS, one can rapidly screen
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chlorpyrifos residues in tea. Moreover, the SERS spectra of chlorpyrifos and
parathion are mutually distinct, making it possible for specific identification of
the two pesticides. Figure 8B shows that the tea samples spiked with parathion
and chlorpyrifos are distinctly clustered on the PCA score plot using their SERS
spectra, which further demonstrates the feasibility of using SERS for the rapid
screening and differentiation of pesticides.

Figure 8. (A) Normalized SERS spectra of chlorpyrifos and parathion at the
concentration of 5 ppm. (B) PCA classification of organic tea samples (O1),
organic tea samples spiked with chlorpyrifos (O1c) and parathion (O1p).
Incident laser power of 40 mW and collection time of 20 s are used to obtain

these spectra.

Detection of Intentional Food Adulterants

AgNR-based SERS is also capable of conducting rapid and sensitive detection
ofmelamine (72). In Figure 9, high quality SERS spectra ofmelamine are acquired
using AgNR substrates, and the significant peaks from melamine agreed well with
other studies. The following characteristic peaks from melamine are observed at
Δν = 498 cm-1, 605 cm-1, 681 cm-1, 704 cm-1, 983 cm-1, 1070 cm-1, 1236 cm-1,
and 1396 cm-1, and they reflect true Raman shift bands for melamine in the 500
– 1800 cm-1 range. By studying the correlation between SERS peak intensity and
melamine concentration, the LOD for melamine in aqueous solution is determined
to be 0.1 mg/l, or 2 pg of melamine under the excitation laser spot, which is one
order of magnitude lower than the current food standard. Although such low LOD
is achieved with pure melamine solution, many challenges remain in the SERS
based detections. For instance, the high protein content in milk poses a major
interference for SERS detection as protein macromolecules tend to saturate the
sensor at high concentrations. It has been found that the milk contents are likely
to quench the SERS signal when the dilution factor is below 1000-fold. Hence the
efficient extraction of melamine from milk protein, or the separation of any target
compound from the food matrix, becomes critical.
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Figure 9. The average SERS spectra of 10 µL melamine solutions with different
concentrations: C = 0.01, 0.1, 1, 10, 100, and 1000 mg/L, and the 50% methanol
solution. (Reproduced with permission from reference (72). Copyright 2010

The Society for Applied Spectroscopy.)

SERS Coupled with Thin-Layer Chromatography for Detection
of Contaminants in Food

Food matrix is a complex system consisting of water, carbohydrates, sugars,
proteins, peptides, amino acids, lipids, fatty acids, vitamins, minerals, and other
trace constituents. As described earlier, one big challenge of using SERS for
food adulteration/toxin/bacteria detection in real-world scenarios comes from
the strong interference of various food matrix components with the target signal.
The interference becomes inevitable and potent in the label-free intrinsic SERS
schemes, in which the target signal is likely to be rather weak due to the small
amount of contaminants present. To address this challenge, an on-chip ultra-thin
layer chromatography (UTLC) and SERS detection platform has been developed
based on the AgNR substrates, which has the ability of simultaneous separation
and detection of compounds in mixtures (90).

On this platform, a small amount of mixtures is first spotted onto the AgNR
substrate, which is then placed into a chamber containing mobile phase solvents.
As the mobile phase propagates along the substrate due to capillary action
provided by the porous nanostructure, the components in the sample mixture also
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migrate along the development direction. Since different molecules have different
affinity with the AgNRs as well as with the mobile phase solvents, the migration
velocity of individual components vary, causing the components to be retained at
different locations on the substrate. Thus, utilizing the thin-layer chromatography
principles, mixtures can readily be separated on-chip. The substrate is then
scanned at different locations along the mobile phase development direction by a
Raman probe to obtain a profile of spatially-resolved SERS spectra, from which
spectra of individual constituents are resolved (Figure 10).

Figure 10. Schematic representation of the UTLC-SERS approach. (A) Apply
samples onto the AgNR substrate. (B) Develop the AgNR substrate in a mobile
phase. (C) Scan the substrate with a Raman probe along the mobile phase

development direction.

Figure 11 shows the spatially-resolved SERS spectra of two melamine-
Rhodamine 6G (R6G) mixtures (concentration ratio = 1:1 and 100:1) after UTLC
development with methanol as the mobile phase, and the corresponding SERS
peak intensity change along the development direction. In the equimolar mixture,
melamine is retained near the sample origin while the R6G molecules are carried
over to the solvent front (Figure 11A). When melamine concentration is 100×
higher than that of R6G, no R6G signal is detected from the massive melamine
background. However, after the UTLC separation, R6G spectra are able to be
obtained at the solvent front, completely unaffected by the presence of melamine.
This implies that using such an on-chip SERS platform, the interference from the
food matrix background could potentially be reduced or even eliminated when
trace amount of adulterants are to be targeted at, which is highly desirable in
practice as it contributes to less complicated sample pre-treatment and improved
assay efficiency.
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Figure 11. Separation of melamine and R6G (R6G): (a) and (b) equimolar
mixture of melamine and R6G (1 : 1); (c) and (d) 100 : 1 mixture of melamine
and R6G. In the chromatograms (a and c), 0 indicates the sample origin, whereas
the cyan and blue bars indicate the normalized peak intensity of melamine (702
cm-1) and R6G (1360 cm-1), respectively. In the corresponding SERS spectra, the
cyan and blue curves represent the melamine and R6G spectra at the locations
with the highest signature peak intensity. The slices filled with solid grey indicate
the solvent migration front. (Reproduced with permission from reference (90).

Copyright 2012 The Royal Society of Chemistry.)

Conclusions

Surface enhanced Raman spectroscopy offers considerable potential in the
area of molecular identification and trace element analysis, which has significant
applications in both biological and chemical analyses. We have demonstrated
that the AgNR based SERS are able to detect and differentiate a wide range of
chemical and biological analytes that are closely related to food safety. Good
signal-to-noise and reproducible SERS spectra of bacteria are obtained, and the
bacterial SERS spectra show clear distinction between different species, and
different strains. Its ability to distinguish between nonviable and viable cells
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is also presented. The four types of aflatoxins are identified and differentiated
by SERS at low LODs, so are the two different pesticides, chlorpyrifos and
parathion, with similar chemical structure. Food contaminants such as melamine
can be detected, and the combination of SERS and TLC illustrates the potential
of removing interference and detection of the target at the same time. All these
results demonstrate that the application of SERS in real food sample is possible.

These works clearly demonstrate the great potential of the AgNR substrate
as a real-time multiplexing SERS-based sensor for chemical and biological
applications. The speed, specificity and ease of implementation of SERS
techniques represent a valuable alternative to current food safety diagnostic tools
and provide the possibility of portable sensor for on-site food inspection.

From a problem-solving standpoint, SERS is not fully developed at present.
Much future research work needs to be done on the applicability of this technique
to real food samples. Priority should be given to the development of optimized
SERS-active substrates that are of consistent quality and suitable for long-time
storage for each application. The optimization and functionalization of the
substrates are also the keys to lower the LOD in bulk samples. The food
samples are often mixed with contaminants and various backgrounds, which will
confound the target SERS signals. Therefore additional sampling techniques,
such as microfluidics, dielectrophoresis, are also needed to be developed and
incorporated into the SERS detection procedure to allow substantial isolation of
the target analytes in real sample matrices, and to be integrated into lab-on-a-chip
devices. For AgNR based SERS detection methods to be valid for the real-world
applications, it should have the capability to process high volume of samples. The
aforementioned devices, combining SERS with the sampling methods, would
provide such a high throughput. In addition, we have also demonstrated the
fabrication of a robust, uniform, and patterned multi-well SERS chip, which has
40 wells on the substrates (86). With advanced microfabrication technology,
one can even pattern the SERS substrate to a 96 well plate. Using this type
of substrate, a device capable of high throughput biosensing and multiplexing
is feasible. In operational settings, detection and identification of analytes can
be done by comparing a measured SERS spectrum of a target against a SERS
signature library. Therefore, a comprehensive, reproducible, and robust SERS
spectral library is essential to a successful SERS-based detection method. The
signatures of the spectra in the library must be reproducible and exhibit minimal
variability induced by sensor uncertainty, biological growth conditions as well as
sample preparation conditions.
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Chapter 6

Electrical Capture and Detection
of Microbes Using Dielectrophoresis

at Nanoelectrode Arrays

Foram Ranjeet Madiyar,1 Lateef Uddin Syed,1 Prahbu Arumugam,2
and Jun Li*,1

1Department of Chemistry, Kansas State University,
Manhattan, Kansas 66506-0401

2Advanced Diamond Technologies Inc., 48 East Belmont Drive,
Romeoville, Illinois 60446
*E-mail: junli@ksu.edu.

A nanostructured dielectrophoresis (DEP) device based on
vertically aligned carbon nanofibers versus a macroscopic
indium tin oxide counter electrode has been demonstrated
for capture of bacterial cells and virus particles. Computer
simulation by finite element modeling illustrates the strong DEP
force by the highly focused electric field at the nanoelectrode
tips. Experiments on DEP capture of two types of microbes, i.e.
E. coli bacterial cells (~1-2 micron in size) and bacteriophage
virus particles (~80-200 nm in size), further validated the
prediction. The DEP capture was found reversibly controlled
by the AC voltage from 100 Hz to 1 MHz. The comparable size
of the nanoelectrode produced stronger interaction with virus
particles, generatingstriking lightning patterns. This technique
can be potentially utilized as a fast sample preparation module
in a microfluidic chip to capture, separate, and concentrate
microbes in analyzing small volume of dilute samples as a part
of a portable detection system for field-deployable applications.

© 2013 American Chemical Society
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Introduction

There is a strong need of portable systems for rapid detection of pathogenic
microbes (1, 2). Microfluidic devices have been recognized for their great
potential in such applications. Since it is desired to detect specific microbes at
very low concentrations, on-chip capture, sorting, and concentration is critical
(3, 4). Dielectrophoresis (DEP) is very attractive for this purpose since all
polarizable particles can be easily manipulated using programmable electric
fields (5, 6). Various microscale DEP devices have been demonstrated in
effective manipulation of single cells with the size varying from tens of microns
(mammalian cells) to about 1 micron (bacterial cells) (7–9). Since the DEP
force is proportional to the volume of the target particles, it decreases rapidly
when the particle size is reduced to only ~100 nanometers for viral particles.
Previous studies have demonstrated that it was feasible to trap and accumulate
viral particles using micro-DEP devices (10–12), but more sophisticated control
requires nanostructured DEP electrodes (13). Recently, we have developed a
simple nanoscale DEP device based on a nanoelectrode array made of vertically
aligned carbon nanofibers versus a macroscopic indium tin oxide counter
electrode, which can capture either single or large ensembles of bacterial cells
and viral particles from high-velocity fluidic flows (14–16). The electric field was
found to be highly focused at the nanoelectrode tip, interacting differently with
bacterial cells and viral particles due to their sizes. It is particularly effective in
capturing viral particles whose sizes are comparable to the spatial distribution of
the high electric field generated at the nanoelectrode tips.

Principles, Device Design, and Fabrication

The principles of DEP were previously described by Pohl (6). When a
polarizable microparticle (either charged or neutral) is placed in a non-uniform
electric field, a net electrical force will be generated on the particle, causing it
to move along the field. Generally, the electric field is produced by applying an
alternating current voltage to a pair of electrodes. The time averaged DEP force
(FDEP) exerted on a spherical particle is given by (6):

where r is the radius of the particle, εm is the permittivity of the suspending
medium, ÑE2 is the gradient of the square of the applied electric field strength,
and Re[K(ω)] is the real component of the complex Clausius-Mossotti (CM)
factor given by (6):
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With ε* representing the complex permittivity and the indices p andm referring
to the particle and medium, respectively. Parameter σ is the complex conductivity,
ω is the angular frequency (ω = 2πf) of the applied electric field, and j = √-1. In
this study, the proper medium is chosen to give Re[K(ω)] > 0 so that the particles
experience a DEP force directing toward higher electric field strength, i.e. positive
DEP (pDEP) (6).

According to eq 1, the DEP force (FDEP) is proportional to the volume or cube
of the radius (r3) of the particle. On the other hand, the hydrodynamic force to carry
the particles with flow (i.e. Stokes drag force FDrag) is directly proportional to the
radius of the particle by

where η is the dynamic viscosity of solution, k is a small factor accounts for the
wall effects, and υ is the linear flow rate (flow velocity) (8). Sedimentation force
and Brownian force are negligible. The advantage of nanostructured DEP devices
is that the magnitude of ÑE2 can be enhanced by orders of magnitude so that even
small viral particles can be captured.

Figure 1 schematically illustrates the design with a nanoelectrode array as the
‘points’ electrode and a macroscopic indium tin oxide slide as the ‘lid’ electrode
in a “points-and-lid” configuration (7) for DEP experiments. The nanoelectrode
array consists of vertically aligned carbon nanofibers embedded in SiO2 matrix
with only the tip exposed. The average diameter of the vertically aligned carbon
nanofibers is ~100-120 nm (17, 18). Either a randomly distributed array with an
average spacing of ~1-2 microns or a regular patterned array can be used (17, 18).
The nanoelectrode array is covered with a 2-µm SU-8 photoresist layer, a negative
photoresist widely used in microelectronics industry, with only 200 x 200 µm2

active area exposed. This area is aligned at the center of a 1 mm diameter circular
chamber connected with 500 µm wide microfluidic channels etched in a 18-µm
SU-8 photoresist layer on the top indium tin oxide slide. These two pieces are
then permanently bonded together through the SU-8 photoresist layers.

Finite Element Model (FEM) Simulation
According to eq 1, the DEP force on a particle depends on ÑE2 defined by

the electrode arrangement and the Clausius-Mossotti factor Re [K (ω)] defined
by the dielectric properties of the particles and the surrounding medium. This
leads to several possible electrode array designs. The FEM simulation is useful to
guide the design and performance evaluation. A general-purpose Computational
Fluid Dynamics code CFD-ACE+ (ESI Group Inc.) was used to numerically
solve all the governing equations subjected to appropriate boundary and initial
conditions. Microbial particles are treated as spheres. The time-averaged DEP
force on each particle in an alternating current AC electric field is calculated
according to eq 1 and the particle position is traced from initial configuration by
solving the momentum equation
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Figure 1. Schematic of the DEP device. (a) The components of the device,
including a lid electrode (indium tin oxide (ITO) coated glass) with a 18-µm

SU-8 photoresist layer containing a microfluidic channel, a nanoelectrode array
chip covered with 2-µm SU-8 photoresist except exposing a 200 x 200 µm2 area,
glass fluidic connectors, and microbore tubes. (b) A low-magnification optical
microscope image showing the flow profile of particle distribution of fluorescent
labeled bacteriophage solution passing through the bonded device. (c) SEM
image of a nanoelectrode array made of e-beam patterned regular vertically
aligned carbon nanofibers. (d) Schematic diagram of microbial particles in the
active nano-DEP area, which are subjected to the hydrodynamic drag force
(FDrag) along the flow direction and the dielectrophoretic force (FDEP) mostly
perpendicular to the nanoelectrode array surface. (Adapted from reference (16).

Copyright 2013 Wiley-Blackwell.)

With the velocity u = ds/dt and the initial conditions u (t=0) = u0 and the
position s (t=0) = s0. Here mp is the mass of each particle. The particles are
assumed small compared to the scale of field non-uniformity and the particle
density is low so that the inter-particle effects can be neglected. Inertial force
and history forces (Basset force) are neglected and particle-boundary interaction
is neglected.

Figure 2 shows the two-dimensional (2D) finite element method simulation
in our previous study (14) which demonstrated effective pDEP trapping of 1-µm
diameter spherical particles at a nanoelectrode array at various voltages (of 1 MHz

112

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IN

N
E

SO
T

A
 o

n 
Se

pt
em

be
r 

26
, 2

01
3 

| 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 S

ep
te

m
be

r 
25

, 2
01

3 
| d

oi
: 1

0.
10

21
/b

k-
20

13
-1

14
3.

ch
00

6

In Advances in Applied Nanotechnology for Agriculture; Park, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 



sine wave) and flow velocities. The physical properties of the particles in the
solution are set to those of E. coli cells. The microfluidic channel is 20 µm in
height and 102 µm in length, with a linear array of 12 NEs of 200 nm in width and
2 µm in spacing at the bottom. The 200 nm width is used because the smallest grid
size that the FEM package can handle is 100 nm. The continuum theory may not
be valid below 100 nm. The 2-µm separation was chosen to eliminate the electric
field overlapping among nearby nanoelectrodes.

Figure 2. 2D Finite element method modeling of positive DEP trapping at the
carbon nanofiber nanoelectrode array. (a) Trapping of 1-µm diameter spherical
particles under the influence of Stokes drag and dielectrophoretic forces at 26
Vpp 1 MHz altenrating current bias in a flow with the velocity of 10 mm/s. The
dashed lines show the particle trajectories. (b) The distribution of the square of
electric field strength (E2) around the nanoelectrode surface in a linear color
scale. (c) Structured grid of the channel geometry consisting of varied cell size.
(d) Particle trajectories at 2 Vpp and (e) 9 Vpp. The flow velocity is 2 mm/s. Note:
The particles are introduced from point injectors at different heights (3, 6, 9, 12,
15 and 17 µm). (Reproduced with permission from reference (14). Copyright

2007 American Chemical Society.)
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As shown in Figure 2a, the trajectories indicate that all 1-µm particles injected
within 12 µm from the bottom are trapped, while others (including those near the
ceiling) are deflected downward at 26 Vpp and 10 mm/s flow velocity. A larger
array may trap all particles. The flow velocity (10 mm/s) is much higher than
those used in a micro- “points-and-lid” device (~0.1-0.5 mm/s) (19) or micro-
inter-digitated device (0.04-2 mm/s) (8) at the same voltage, reflecting the higher
trapping efficiency with nanoelectrods. The E(r)2 map around a nanoelectrode tip
(Figure 2b) shows a maximum of ~1.2×1014 V2m-2, 200 times higher than that of
the micro- “points-and-lid” device (19). Figure 2c shows the structured grid of
the microchannel geometry that was divided into 7790 cells with the smallest grid
size being 100 nm located at the nanoelectrode tip. Figures 3d and 3e shows the
particle trajectories inside the microchannel at lower Vpp (2 V and 9 V) and flow
velocity (2 mm/s). At 2 Vpp, only particles injected at the height ≤ 3 µm are trapped
and those above are not influenced by the DEP. At Vpp = 9 V, particles injected at
height ≤ 9 µm are trapped and those above are deflected downward, indicating that
they can be captured if longer nanoelectrode array is used. A sufficiently high Vpp
is critical in generating a large ÑE2 for effective pDEP capture of the particles.

As expected from the FEM analyses, the capture efficiency (i) decreases as
the flow rate is increased, since the hydrodynamic force FDrag experienced by the
particles increases with the flow rate; (ii) increases as the applied electric field (or
Vpp) is increased; (iii) decreases as the initial particle position is higher, since ÑE2
drops rapidly from the electrode surface; and (iv) increases as the particle size is
increased, since FDEP is proportional to r3 (by eq 1) while FDrag is proportional to
r (by eq 3).

Figure 3 further shows the quantitative electric field gradients ÑE2 and
the magnitudes of FDrag and FDEP at different heights above the nanoelectrode
tip, which are derived from the 2D simulation. The lateral x-axis is along the
microfluidic channel and the vertical y-axis is normal to the nanoelectrode array
surface. Clearly, the vertical electric field gradient (ÑEy2) is proportional to Vpp2

and drops rapidly within ~5 µm from the nanoelectrode surface and then decreases
much slower beyond this range. The vertical component dominates the field
gradient for the height over 5 µm, while the lateral component (Ñ  Ex2) dominates
below ~3 µm, as indicated by the overlapping ofÑE2 andÑEy2 points at the height
>3 µm (Figure 3b). These analyses indicate that particles are first pulled down
toward the nanoelectrodes by the vertical pDEP force which is orthogonal with
FDrag. Once it is within ~3 µm from the nanoelectrode, the particle encounters a
lateral pDEP force which is orders of magnitude higher than the drag force (see
Figure 3c). As a result, they are firmly trapped at the nanoelectrode site.

Estimation of Clausius-Mossotti (CM) Factor

Though bioparticles have complicated internal structure and inhomogeneous
composition, which may affect the DEP via the frequency-dependent Clausius-
Mossotti factor as described in eq 1, a smeared-out multishell model (20, 21) using
the average conductivity and permittivity for the whole particle was found to be
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sufficient in providing quick guide for experimental designs. The bacterial cells are
thus modeled as a sphere covered by two shells accounting for inner cytoplasmic
membrane and outer cell wall. An effective complex permittivity εeff* for E.
coli cells is adapted from previous reports (22–24). Most DEP experiments were
done using DI water (εm = 80) as the suspending medium. But adding non-polar
agents like mannitol may lower the medium permittivity by 70% and enhance
the Clausius-Mossotti factor (4). The model for viral particles is simpler due to
absence of a cell wall and cell membrane. The parameters for εeff* are adapted
from previous reports on vaccina virus (25).

Figure 3. (a) The magnitude of ÑEy2 for particles at different positions with Vpp
= 26 V and 9 V, respectively. (b) The comparison of Ñ  Ey2 and total Ñ  E2 at Vpp =
26 V vs. particle position. (c) The magnitude of DEP and drag forces at Vpp =
26 V with the flow velocity υ = 0.5 and 10 mm/s, respectively. (Reproduced with
permission from reference (14). Copyright 2007 American Chemical Society.)
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Figure 4. The calculated Clausius-Mossotti factors vs. the logarithm of the
frequency of alternating current voltage for 1-µm bacterial and 100-nm viral
spherical particles in pure DI water and 280 mM aqueous mannitol solution.

Figure 4 shows a plot of the value of the real part of Clausius-Mossotti factor,
Re [CM], vs. the logarithm of alternating current frequency for bacterial and viral
particles suspended in pure DI water and 280 mM aqueous mannitol solution. The
conductivities of E. coli suspended solutions were measured to be 6.74 µS/cm in
DI water and 0.2 µS/cm in mannitol solution. In the case of viruses, these values
were slightly higher at 23.5 and 11.6 µS/cm, respectively. As seen in Figure 4, the
Re [CM] for E. coli cell shows similar trend in both media, with positive values
nearly over the full frequency range. The curve shifts slightly positive in mannitol
solutions. This indicates that E. coli cells will experience pDEP force across the
broad frequency range. In contrast, virus particles experience nDEP at low and
high frequencies but pDEP in themoderate frequency range. Mannitol is necessary
to ensure a large positive Re [CM] for pDEP capture. These estimations are very
useful in designingDEP experiments to separate bioparticles from a heterogeneous
mixture.

DEP Capture of Bacteria

DEP capture of bacterial cells was demonstrated with nontoxic E. coli strain
DHα5 (18265-017, Fisher Scientific). Normally, 20 µl of grown culture was
incubated in 2.0 ml of fresh media to reach a cell concentration of ~1x109 cells/ml.
The cells were centrifuged at 5000 rpm. The collected cells were resuspended
and washed three times with 1X phosphate buffer saline (PBS) to remove leftover
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media. Labeling E. coli cells was done in two steps. First, ~3x109 cells/ml were
incubated with FITC conjugated rabbit anti-E. coliAb (AbD Serotech, NC) at 330
µg/ml for 1 hr. at room temperature (RT). The cells were then washed twice with
the PBS buffer. Second, E. coli cells were incubated with Alexa 555 conjugated
goat anti-rabbit second Ab (Invitrogen, CA) at 130 µg/ml for 1 hr. at RT. The
labeled E. coli cells were then washed three times with PBS buffer and then with
DI water. The cells were finally resuspended in DI water to a concentration of
~1x109 cells/ml for DEP experiments.

The DEP device was placed under an upright fluorescence optical microscope
(Axioskop II, Carl Zeiss, NY, USA) using 50X objective lens. The nanoelectrode
array employed in this study had an exposed carbon nanofiber (CNF)density of
~2x107CNFs/cm2, with an average spacing of ~2.0 µm. A filter set with excitation
wavelength of 540-552 nm and emission wavelength of 567-647 nm (filter set
20HE, Carl Zeiss, NY,USA) was used in connection with an Axio Cam MRm
digital camera to record fluorescence videos at an exposure time of 0.4 s using
multi-dimensional acquisitionmode in theAxio-vision 4.7.1 release software (Carl
Zeiss MicroImaging, Inc). One of the major concerns while performing bacterial
capture experiments is non-specific adsorption of bacteria. To overcome this issue,
the microfluidic channel was injected with 1.0 ml Bovine serum albumin (BSA)
solution (2%w/v) at a flow rate of 0.2 µl/min before performing DEP experiments.
This step helped to passivate the surface of SU-8 photoresist and SiO2 in the fluidic
channel and substantially reduced the non-specific adsorption of E. coli cells. The
channel was then rinsed with 2 ml DI water at a flow rate of 5.0 µl/min.

DEP experiments were carried out by injecting labeled E. coli suspension
into the passivated channel at a specified flow velocity. When no DEP force was
applied on the bacteria, they flow with the media due to the hydrodynamic drag
force. Figure 5a shows E. coli cells flowing through the channel at a linear flow
velocity of 1.6 mm/sec. Each E. coli cell appears as a stretched line corresponding
to the travel distance over the finite exposure time. This was used to calculate the
linear flow velocity at the nanoelectrode array surface. When an alternating current
AC voltage of 10 Vpp at 100 kHz frequency is applied between the nanoelectrode
array and the macro-ITO electrode, pDEP force is generated, which pulled E.
coli cells toward the carbon nanofiber nanoelectrode array at the bottom of the
microfluidic channel and trapped them at isolated carbon nanofiber tips. Once
trapped, the stretched E. coli moving lines changed to bright fixed spots as shown
in Figures 5b. Varying the parameters of alternating current voltage has concluded
that the optimum DEP capture conditions for E. coli cells are 100 kHz, though any
frequency in the range of 50 kHz to 1 MHz can generate DEP effects. Higher Vpp
gives stronger DEP force and normally reliable results can be obtained with ≥ 9
Vpp.

Quantitatively, the number of captured E. coli cells was measured by
counting the fixed bright spots using the auto measure module of the Carl Zeiss
software. Figure 5c shows the capture kinetics at three different flow velocities.
No E. coli cell was trapped when the alternating current voltage was not applied.
But as soon as the 10 Vpp alternating current voltage was applied, the count of
bright spots instantaneously jumped up, indicating DEP capture of E. coli cells
at the nanoelectrode array. The count remained almost the same during the time
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the voltage was applied, but the value clearly depended on the flow velocity,
dropping from ~300 at 0.11 mm/sec to ~70 at 1.6 mm/sec. The flow velocity
at 1.6 mm/sec matched the highest flow velocity (0.04 - 2.0mm/sec) used in
interdigitated micro-DEP device (8, 19). The number of saturated bright spots is
further plot vs. the flow velocity in Figure 5d. A monotonically decreasing curve
was obtained as the flow velocity was increased. This indicates that the pDEP
force was sufficient to attract many cells (mostly those close to the nanoelectrode
array surface) toward the nanoelectrode array. Once they were at the carbon
nanofiber tip, the lateral DEP force became larger than the hydrodynamic drag
force along the flow direction and thus the E. coli cell was captured at the fixed
tips of the nanoelectrode array.

Figure 5. Snapshot images of the carbon nanofiber nanoelectrode array as E.
coli cells flowing through at 1.6 mm/sec, with the 100 kHz 10 Vpp AC bias turned
(a) off and (b) on, respectively. The size of the frame is about 100 x 100 µm2.
(c) Number of captured E. coli cells (correlated to the number of bright spots
in (b)) with respect to time at three flow velocities of 0.11, 0.3, and 1.6 mm/sec
respectively. (d) The correlation of the number of bright spots (representing
captured E. coli cells) and the flow velocity. (Reproduced with permission from

reference (15). Copyright 2011 Wiley-Blackwell.)
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DEP Capture of Virus Particles

Bacteriophage T4r (Carolina Biological Supply Company, Burlington, NC)
and and T1 (ATCC, Manassas, VA) were chosen to demonstrate the capability to
capture small virus particles using the nano-DEP device. The bacteriophage was
co-cultured with E. coli as described in a previous report (16). The final solution
was filtered with a 0.2 µm filter (Fisher, PA) to remove live bacteria or bacterial
debris. Double layer agar method was used to determine the titer of the phages
(16). Washing and labeling were carried out by centrifugation using Amicon®
Ultra 0.5 centrifugal filter devices (Millipore, Billerica, MA). Labeling of phages
was carried out using a 500X working solution of SYBR® Green I Nucleic
Acid Gel Stain (Lonza, Rockland, ME) in Tris EDTA (TE) buffer. The labeled
and washed phages were dispensed in double DI water. From the discussion
on Clausius-Mossotti factors, addition of 280 mM mannitol was necessary to
enhance the efficiency of pDEP capture of virus particles (10, 26). The final
concentration of the phages for the normal DEP experiments was ~5x109 pfu⋅ml-1
except in some concentration-dependent experiments.

The DEP experimental setup is similar to that for bacteria capture in the
previous section. The flow of the labeled Bacteriophage T4r was first examined
at low magnification (with a 10X objective lens) as shown in Figure 1b. The
stretched lines represent the movement of individual bacteriophage particles
carried by the hydrodynamic flow of the media during the exposure time. The
figure gives a good indication of the distribution of the particles as they entered
from the narrow straight channel (500 µm in width) into the larger circular
microchamber (2 mm in diameter) and only a fraction of the bacteriophage
particles passed above the active nanoelectrode array area. Fluorescence videos
over the 200 µm x 200 µm active nanoelectrode array NEA area was recorded with
50X objective lens as the labeled virus flowing through. The capture efficiency
for bacteriophage was much higher than that of bacteria causing them to overlap
after capture. Hence it was difficult to distinguish individual bacteriophages in
many experiments. To overcome this, the integrated fluorescence intensity over
the 200 µm x 200 µm active nanoelectrode array area was used in place of counts
of isolated bright spots (except in some later experiments) to quantify the capture
efficiency during the kinetic DEP process (16).

As shown in Figure 6, the integrated fluorescence intensity rose to a saturated
level in less than 10 secs as a 10 Vpp alternating current voltage was applied on the
DEP device while flowing 5x109 pfu/ml Bacteriophage T4r solution through the
channel at the flow velocity υ varying from 0.085 to 3.06 mm/sec. Interestingly,
a plot of the captured amount vs. the flow velocity showed a maximum at 0.73
mm/sec (see Figure 6b). This is in drastic contrast with the monotonic dependence
on flow velocity in bacterial capture (see Figure 5d) (15).

At υ < 0.73 mm/sec, isolated bright spots were seen (Figure 6c), similar to
bacteria capture. However, At υ ≥ 0.73 mm/sec, the snapshot images showed
fractal-like lightening patterns (Figures 6d&6e). These patterns are called
Lichtenberg figures and are commonly generated under conditions where a
high electric field is produced at a sharp electrode surrounded by charged or
polarizable materials as is the case here. The generation of such patterns requires a
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relatively high concentration of polarizable particles and so it was seen only when
the particle flux was sufficiently high. Even though similar “pearl-chain-like”
pattern was observed by Suehiro et al. in DEP trapping of E. coli cells between
interdigitated microelectrodes (27), our previous DEP studies showed that only
isolated E. coli cells were captured at the nanoelectrode array (14, 15).

Figure 6. The effects of flow velocity on DEP capture at 10 kHz and 10 Vpp with
5x109 pfu/ml Bacteriophage T4r in 280 mM aqueous mannitol solution. (a) The
kinetic curves of the integrated fluorescence intensity over the 200 µm x 200 µm
NEA area as the alternating current voltage is turned on (at ~10 secs) and off
(at ~ 80 secs). (b) The quantity of DEP capture, represented by the maximum
increase of the integrated fluorescence intensity (ΔF max), versus the flow velocity,
which is peaked at 0.73 mm/sec. (c)- (e) are the representative snapshots from
the videos at ~80 sec (just before the AC voltage was turned off) at flow velocity
of 0.33, 0.73 and 2.72 mm/sec, respectively. (Reproduced with permission from

reference (16). Copyright 2013 Wiley-Blackwell.)

In contrast to DEP capture of E. coli cells (14, 15), DEP capture of
Bacteriophage T4r requires lower frequency (from ~100 Hz to ~100 kHz with
the maximum performance at 10 kHz) (16). Considering that mannitol had to be
added to adjust the permittivity and conductivity of the media (i.e. water) (10,
26), it is clear that the small virus particles (Bacteriophage T4r, 80-200 nm in
size) have very different CM factor comparing to much larger bacterial cells (E.
coli, ~1-2 µm in size). It seems that pDEP capture of virus particles was much
more efficient than that of bacteria.
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Figure 7. DEP capture of virus particles at low concentrations. (a) The
kinetic curve of DEP capture with 8.9x104 pfu.ml1 of Bacteriophage T1 in
280 mM aqueous mannitol solution flowing through the 200 µm x 200 µm

active nanoelectrode array area at 0.87 mm/sec. (b) and (c) are representative
snapshots from the video with the alternating current voltage off and on,

respectively. The flowing virus particles in solution are seen as streaks while
the captured ones are focused bright spots. The alternating current AC voltage
was fixed at 10 kHz and 10 Vpp in this set of experiments. (Reproduced with

permission from reference (16). Copyright 2013 Wiley-Blackwell.)

Most interestingly, the DEP kinetics dramatically changed when a very
dilute solution of Bacteriophage T1 (8.7x104 pfu/ml) was passed through the
nano-DEP device. At such a low concentration, the DEP capture was found
to be fully limited by mass transport. The capture of individual virus particles
onto the nanoelectrode array was observed as random single events and the
number of captured virus particles linearly increased with time over the ~30 secs
timeframe (as shown in Figure 7a). Similar results were obtained at various flow
velocities from 0.59 to 0.94 mm/sec. The representative snapshot in Figure 7b
shows the streaks over the active nanoelectrode array area when the alternating
current voltage was off, indicating the distance that the phage particles moved
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at 0.87 mm/sec flow velocity in the 0.2 sec exposure time. The longest streaks
represent the particles which were within the focus depth (~0.6 µm (15)) in the
whole exposure time and thus can be used to calculate the flow velocity near the
nanoelectrode arraysurface. Similar to earlier sections, the captured virus particles
show focused isolated spots in the snapshot image (Figure 7c). These captured
virus particles can be precisely counted. From the experiment video at 0.87
mm/sec flow velocity, it was observed that 40 out of 67 particles were captured
giving a capture efficiency ~60%. This is very encouraging and can be further
enhanced by fabricating elongated active nanoelectrode array area across the full
width of a straight microfluidic channel so that all virus particles are forced to pass
through the zone with strong electric field. With proper design, the nanoelectrode
array based DEP device may capture virus particles at concentrations potentially
approaching 1-10 cfu/ml. By coupling with highly sensitive detection methods
(such as surface enhanced Raman spectroscopy), it is very promising to develop
an ultrasensitive portable microfluidic system for rapid viral pathogen detection.

Figure 8. The schematic of the relative polarization effect on a virus particle
(~150 nm) and an E. coli cell (~1-2 µm) based on the finite element method
simulated electric field profile at the tip of a nanoelectrode (200 nm in dia.)

which is embedded in SiO2 matrix.
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Discussion

From the modeling, simulation, and experimental studies, it is clear that
there are differences between the DEP effects on bacteria and virus particles.
The size of the particle relative to the spatial distribution of the electrical field
strength at the nanoelectrode tip could be the main reason, as schematically
illustrated in Figure 8. It is noted that, in finite element method simulation, the
particles were assumed small compared to the scale of field non-uniformity and
the inter-particle interaction was neglected. But, in fact, the electric field drops
rapidly at the nanoelectrode (see Figures 2b and 8), the particles cannot be treated
as points and the electric field variation across the particle has to be taken into
account. The strong polarization to smaller-sized virus particles is expected to
greatly increase the inter-particle interaction. As a result, the captured virus
particles may behave as extended nanoelectrode tips to capture other particles,
forming chain-like lighting patterns shown in Figures 6d and 6e. In contrast, a
relatively large bacterial cell screened the electric field at the nanoelectrode tip
and limited capturing only one cell per nanoelectrode site. These factors may also
account for the discrepancies in the optimum AC frequencies for pDEP between
calculated Clausius-Mossotti factors and experimental results. Refined finite
element method simulation and Clausius-Mossotti model is needed to develop
precise understanding of the DEP processes at nanoscale.

Conclusion

A nano-DEP device based on a “points-and-lid” configuration of a
Nanoelectrode array against a macroscopic Indium tin oxide counter electrode in
a microfluidic channel has been designed, fabricated, and tested for pDEP capture
of bacterial cells and viral particles. Reversible capture of both types of microbial
particles was observed at high flow velocities. The experimental results are in
general agreement with finite element method simulation and simple calculation
of Clausius-Mossotti factors. In the case that high densities of viral particles
were captured by pDEP, the highly polarized particles formed chained structures
showing interesting lighting patterns. These studies revealed interesting interplay
between the highly focused electric field at the Nanoelectrode with bioparticles
of comparable sizes. It is promising to develop such nano-DEP devices as an
on-chip sample preparation module in a portable microfluidic system for rapid
detection of microbes.
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Chapter 7

Food Toxin Detection with
Atomic Force Microscope
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Food safety is a very important issue for daily life. External
introduced toxins or internal spoilage correlated pathogens
and their metabolites are all potential sources of food toxins.
To prevent unsafe food from circulating in the market, many
food toxin detection techniques have been developed to detect
various toxins for quality control. Although several routine
techniques address the most important food safety issues,
many challenges still exist in terms of sensitivity, cost and
speed, especially for lethal proteinaceous toxins. Atomic force
microscope (AFM) is being widely used for nanotechnology
imaging or as a force measurement tool for biophysics and
molecular biology. Its super-sensitivity in probing specific
binding interactions between molecules is also applicable for
food toxin detection. This chapter provides a brief summary
about the development of AFM and different imaging operation
modes from applications and characteristics. AFM detection
applications for the cantilever sensing and recognition image
techniques are discussed in detail for two categories of surfaces:
silicon and metal surface. Furthermore, the recent progress in
various aspects of AFM based sensor techniques are discussed
with successful applications in food toxin detection provided
as examples. The super-sensitivity and easy user accessibility

© 2013 American Chemical Society
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make these AFM techniques good candidates for applications
in the field. Challenges in the further application of AFM
techniques are similar to those of the general field of biosensing,
and include chemical scheme strategies, sensing modulus
and substrate development. Through the mutual advances in
several scientific disciplines, including materials, chemistry and
molecular biology, AFM-based food toxin detection techniques
will see more broad applications.

Introduction

As a daily-consumed product, food supports the normal life and progress of
our society. However, in certain instances unsafe food can result in very serious
consequences, such as contamination by externally introduced toxins or spoilage
pathogens and their toxic metabolites. For pathogenic contamination in food, the
well-established microbiological and biochemical testing procedures for detection
have been widely used by the food industry effectively and several test kits for
this purpose are commercially available (1). The common techniques adopted
include direct plating, culture enrichment and PCR (polymerase chain reaction),
especially real-time PCR (2). Although there are obvious drawbacks associated
with each method, existing methods solve most problems related to pathogens
with limited specificity and sensitivity. Currently, the challenging issues lie in
certain proteinaceous toxins in food. These proteinaceous toxins are lethal at
very low levels that go beyond the detection capabilities of current state-of-the-art
techniques. In the following section, some general difficulties and challenges
associated with these techniques will be exemplified.

Challenges in Food Toxin Detection and Its Current Status

Complex Physical Form and Chemical Compositions of Food Matrices

The variety of different food matrices and compositions in the food industry
make sampling extremely difficult. Typically, there are only trace amounts of
target analytes that could be pathogens or toxins. For example, the sampling
procedure for solids or liquids are thoroughly different (3). Moreover, the nontoxic
food matrix interferes with detection and deactivated pathogens could result in
false positive results, complicating the accurate determination of toxins in food.

Labor Intensive and Cost

Most of culture based detection methods require days to weeks to enrich the
suspected target analytes. These techniques are very costly and require certain
analytes and specific media for successful toxin detection (4).
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Due to these challenges associated with traditional methods, many new
detection methods are under development, such as electroanalytical fluorescence,
and luminescence based methods, as well as, nanotechnology based techniques
including microfluidics and atomic force microscopy (AFM). Among them,
AFM-based methods are an attractive choice for toxin detection, because of its
high sensitivity with a single molecule level as well as cost-effectiveness.

AFM History

Four years after the invention of the scanning tunneling microscope (STM)
at IBM Zurich by G. Binning and H. Rohrer in 1982, the AFM was invented
by Binning et al. (5). Without the limitation of conductive surfaces associated
with the STM, AFM opened the door to visualize the nanomaterials in liquid.
Shortly after its invention, the unique capability of AFM received the attentions
from biological fields. However, the applications are very limited due to the
technical bottlenecks. Only two years later the micro-fabrication techniques made
the batch manufacturing of AFM probes possible. This was a big step forward;
because it solved the fundamental problem of the transducer in AFM system (6).
Subsequently, the optical beam deflection (OBD) sensing was introduced to read
out the deflection of the AFM probe more accurately and easily (7). Another big
obstacle for AFM was to image biomolecules, since the constant force applied
induces unwanted displacement of objects weakly attached to the surface. In
1993, the tapping mode was invented and addressed the difficulty mentioned and
enabled immediate applications in many bio-materials, such as DNA, proteins,
lipid bilayers and polymers (8). Up to this moment, AFM was a fully equipped
tool for material science. However, the scanning speed limitation remains a
challenging issue for image resolution and dynamic process observation for most
commercial AFM systems. Continuing developments and brilliant designs from
several research groups, such as Quate, Hansma and Ando, greatly contributed to
the success of fast scanning AFM (FSAFM) (9–11). FSAFM enables the direct
observation of many once unreachable biological process and generated several
amazing results. This technology greatly decreases the frame time from several
minutes to milliseconds, which changes AFM from slow slide show to video
speed imaging. Meanwhile, several derivative tapping modes were generated,
such as magnetically actuated AFM (MAC) (12), peak force tapping (PFT) (13)
and others. The MAC tapping mode improved the driving efficiency of probe
actuation, but it is still confined by this step. Moreover, MAC also inherits
the same flaws in difficult force control and data interpretation of phase and
amplitude imaging from acoustic actuated tapping. It is worthwhile to mention
that PFT advanced the traditional tapping mode significantly since it doesn’t need
the troublesome actuation process of the AFM probe in liquid and eventually
solved the ambiguity problems in data interpretations of the generated phase and
amplitude images from tapping mode by completely using the repulsive force as
feedback signal.
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Basic Principle of AFM and Its Application
Basic Principle

The principle of AFM imaging process features a sharp tip of a nanometer
in diameter that performs a laser-scan over the sample by using optical beam
deflection (OBD) as a feedback signal, as shown in Figure 1. AFM enables the
non-destructive imaging of soft biomaterials in their close-to-natural environment
with high resolution (~nm), offering a way to observe single molecule without
the need for fixation and staining. The high resolution image and time-lapse
image can provide direct evidences to support and reveal the interaction and
structure-functionality relationship of biomolecules (14). In addition, the
collected imaging signal can be split to distinct components to delineate special
characteristics of samples, such as topography image for size and morphology
(15), phase image for compositional mapping (16) and recognition image for
uncovering the specific binding site (17). The imaging capability clearly makes
AFM emerge as a powerful nanoscale tool for biological applications including
food toxin detection. Therefore, it is worthwhile to retrospect its evolution and
development.

Figure 1. The schematic configuration of atomic force microscope.

Evolution of AFM Imaging

High-Resolution Topography Image

As a general rule, the stiffer and flatter the sample, the higher spatial resolution
can be achieved (18). For isolated protein on a surface in aqueous solution, the
best resolution is a few nanometers to tens of nanometers. In comparison, the
real high resolution image at sub-nanometer resolution can also be acquired on
2D-crystallized (19–21) or densely packed protein (22, 23), and nativemembranes.
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In one pioneering study (21), streptavidin two-dimensional (2D) crystal
formed on biotin-containing planar lipid layer can be imaged by AFM with
sub-nanometer resolution, and its high-affinity binding capability and good
flatness of the lipid layer make it suitable as a platform for biomolecule attachment
in AFM studies (20, 24). This platform provides an optimal attachment strategy
with a controlled orientation of the immobilized molecule and less perturbation
to the biological function of the sample.

The high-resolution topography images of native photosynthetic membranes
from several purple bacteria species (15, 25) are also milestone studies in
AFM high-resolution imaging. They provided detailed views and rationales of
membrane protein assembly adaptation in response to environmental factors, such
as light intensity. It was found that photosynthetic complexes in native membrane
of Rsp. Photometricum could rearrange in response to different light intensities.
For example, the assembly of light-harvesting 2 and core complexes showed up
in high-light-adapted membrane and light-harvesting 2-only antenna domains in
low-light-adapted membranes (14, 15).

Phase Image

The topography image offers the evidences of conformation information
for biomaterials. However, it is impossible to differentiate the heterogeneous
compositions of biomaterials. Amplitude-modulation atomic force microscopy
(AM-AFM), one kind of tapping mode, is widely applied for composition
mapping.

In brief, the mechanically or magnetically driven tip oscillation is used to
probe sample variations through the interaction between tip and sample surface.
With a fixed excitation frequency, the amplitude and phase lag of oscillation
reflect tip-surface conservative (elastic) and dissipative interaction (inelastic),
respectively. While coupling between amplitude and phase lag of the tip can
be separated through operating the instrument with constant amplitude, they
can further be applied for construction of topography and phase images. The
correlation between phase-shift measurement and energy dissipation values
can correspond the phase-lag to properties of the materials, such as stiffness,
elasticity, and viscosity or surface-adhesion energy qualitatively (26, 27) or
quantitatively (28–30). Therefore, the ‘phase imaging’ empowers AFM to map
out the compositional variations of the specimen’s surface through the phase lag
of the probe in response to the force between tip and sample surface (31).

Numerous applications in the biological field demonstrated the potential of
phase imaging in nano-scale characterization. In one of these applications, the
phase image was applied to observe the temperature induced phase transition of a
lipid bilayer in-situ. The solid supported dipalmitoylphosphatidylcholine (DPPC)
bilayer shows a broad Lβ-Lα transition (32). In another application, phase images
were applied to uncover the detailed structures of bacterial surfaces, including
flagella encapsulated by capsular extracellular polymeric substance (EPS) inside
(33).
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Chemical Force Microscope (CFM)

Although the phase image is able to distinguish compositions with different
mechanical properties of sample surfaces, it is a challenge to differentiate the
compositions, which have similar mechanical properties. For variant chemical
components, such as self-assembled monolayers of mixtures (SAM), a chemical
force microscope was developed which extends AFM imaging with specific
chemical sensitivity through hydrophobic effects or hydrogen bonding to identify
different chemical components. In order to take advantage of the specific chemical
interaction for imaging, the AFM tip needs to be functionalized with SAM either
by physically absorption (34, 35) or covalent chemical bonding. It has already
been demonstrated that a chemically modified tip can sensitively map out the
spatial distribution of specific functional groups through frictional image (36–39).

In these studies, the SAM in the center square region terminates with
carboxylic acid-COOH groups and the SAM surrounding the square terminates
with methyl groups. Topographical images sometimes fail to reveal this pattern,
because the regions of two SAM have similar flatness. The tips containing
different chemical groups exhibit the chemical information about the surface.
The friction image collected by carboxylic acid functionalized tips displays high
friction on the carboxylic acid regions and low friction on the methyl regions.
In the opposite way, images recorded with methyl derived tips show a reversal
in friction contrast (36). In addition, chemical force microscopy can obtain
chemically-sensitive images in tapping mode through the relationship between
phase lag and adhesion (40).

Recognition Image (REC)

To some degree, chemical force microscope offers AFM the capability to map
the distribution of specific functional groups on the sample surface. However,
improvements in resolution, sensitivity and specificity are still under development
due to its low spatial resolution between 100 and 200 nm. (37). Extra efforts
are needed to improve chemical sensitivity of samples by altering the solvent
characteristics, such as composition (41) or pH (42). In addition, the intrinsic
imaging mechanism based on hydrophobic effects or hydrogen bonding hinder
the CFM for better specificity (36). Hence, most studies by CFM focus on simple
modeling of the system in the proof-of-concept stage.

Recognition imaging techniques can be taken as an advanced version of
CFM, which features the specific interaction between probes and target molecules
as the imaging mechanism (43). It offers much higher resolution (usually several
nanometers) and better specificity (44). Since this technique is based on the
magnetic driven AM-AFM, the gentle intermittent contact between tip and
sample makes it suitable for imaging soft biological samples, such as DNA
complexes (17, 45) and proteins (17, 43, 46). In the REC technique, the probe
molecule is attached on the tip surface through a polymer cross-linker. The
introduction of extra long polymer cross-linker in tip surface is helpful to improve
the flexibility and specificity of interaction. When the modified tip scans over
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the sample surface, the damp of oscillation wave in both the top and bottom part
can be decoupled through special designed electronics, as shown in Figure 2.
The variation in the top and bottom part of the oscillations generates topography
images and recognition images accordingly. This technique has effectiveness for
nanometer-scale epitope mapping of biomolecules and localizing receptor sites
during biological processes.

Figure 2. The cantilever oscillation signal is split into minima (Umin) and maxima
(Umax) for generating topography and recognition image respectively.

After H.E. Gaub proved the concept that the specific interaction force can
be applied for mapping the distribution of binding partners on samples in the
streptavidin pattern study by biotinylated tip (47), the seminal work with formal
nomenclature of ‘recognition image’ was performed by P. Hinterdorfer (48).
In this work, lysozyme molecules fixed on the surface were recognized by the
antibody on a scanning tip with a few nanometers lateral resolution. Later,
chromatin immobilized on substrate was imaged by its antibody on the tip
surface, and a series of control experiments by Bovine serum albumin (BSA)
and Adenosine-5′-triphosphate (ATP) addition confirmed that the recognition
images are specific (17). In the follow-up work, an in-vitro selected DNA aptamer
specific for histone H4 protein acetylated at lysine 16 was used to image synthetic
nucleosomal arrays with precisely controlled acetylation by the AFM recognition
technique. The effect of acetylation on chromatin structure was then investigated
in nanometer scale through the precise location of these post-translational
modifications by recognition images (17, 45).

The recognition imaging technique has been proved to be a sensitive
method to explore the specific interaction between biomolecules. Due to its high
sensitivity, recognition imaging can be applied for a good two-tier detection
approach to confirm initial presumptive screening as well as preventing false
positive results. To successfully accomplish the toxin detection by AFM based
recognition image techniques; there are several important aspects in terms of
sample preparation.
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Sample Preparation

Substrate

For AFM imaging at single molecule level, the flatness of substrate is critical.
Ultraflat substrates are necessary to ensure the success of experiments. There are
several choices available, including highly oriented pyrolytic graphite (HOPG),
mica, single crystal p (111) silicon wafer, and ultraflat gold. HOPG and mica are
two natural materials, which are cleavable to generate 2D-crystalline surfaces
with sub-nanometer flatness and perfect cleanness. The other two are artificial
materials with comparable flatness. Although HOPG provides perfect physical
characteristics, it is relatively hard to be chemically modified for molecule
attachment since highly toxic or corrosive agents, such as HF, H2SO4 and HNO3,
are needed. Therefore, its application as a substrate for AFM- based single
biomolecule study is rarely reported (49). Comparatively, mica and silicon
wafer can be easily functionalized for immobilization of biomolecules through
silanization. However, the drawback of silanization is the difficulty to control
surface properties. For example, usually derivatization through silanization
deteriorates surface flatness dramatically, from initial flatness with several
angstroms to nanometers or even worse. The problem can be easily solved
when ultraflat gold is used as a supporter. The gold surface offers not only great
flexibility to be functionalized in various ways without compromise in flatness,
but also it is chemically stable (50). It is an excellent candidate for AFM based
single molecule imaging and force studies except for its relatively high cost. On
the other hand, the AFM probe is usually made of silicon or silicon nitride. It
shares the similar chemical functionalization strategies as mica and silicon wafer.
Sometimes, it can also be coated with a thin layer of gold. Although gold-coated
AFM probes also have great functionalization versatility, tip radius is possibly
enlarged as a consequence of coating, resulting in the loss of image resolution.

Chemical Functionalization

After the appropriate substrate with expected characteristics is chosen, the
molecule of interest and/or its cognate receptor should be attached to one or two
solid surfaces, either substrate or probe surface. Ideally, the molecule attachment
should be performed through specific sites of the molecule to minimize the
nonspecific adsorption, support infinite loads, and keep the mechanical or
biological properties of the attached molecule (51). These criteria are offered by a
variety of immobilization schemes ranging from physical adsorption to chemical
covalent bonding. The physical adsorption is limited to certain molecules such
as BSA, avidin, and lysozymes, and also triggers complications in surface
functionalization as well as force data interpretation. Therefore, it is not a general
method applicable to all cases and won’t be discussed here. As for the chemical
immobilization schemes, it can be exemplified for two categories according to
the surface chemical characteristics including gold surfaces and silicon related
surfaces.
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Gold Surface

Gold is the most useful substrate for single molecule study since it is a
chemically inert surface with ultra-flatness and easy-functionalization capability
(49). The basic mechanism of decoration methods is the affinity between thiol
related groups and the gold surface. The covalent bond between sulfur and gold
is very strong and the bond breaking force was shown to be greater than 1nN,
i.e., an order of magnitude higher than the non-covalent interactions between
the biomolecules. Moreover, the sulfur containing molecules can form uniform
assembled monolayers on gold without significant changes in the flatness of the
surface. All these advantages make this scheme a superb candidate for molecule
attachment in AFM based single molecule measurements.

There have already been a large number of applications reported in related
fields. First, many molecules have been directly chemisorbed to bare gold surface
via their endogenous thiol or disulfide groups. For example, Fab fragments of
antibodies (52), azurin (53) and fibronectin (54) all bear a disulfide bond in their
structure, which is accessible to gold surface. Besides, the bioactivities of these
molecules were also maintained during attachment. The thiol group can also
be introduced into biomolecules through manual synthesis. For instance, some
manual synthetic peptides with cysteine moiety were chemisorbed onto gold
surfaces via their carried thiols (55). Samples lacking accessible disulfide or thiols
can be derivatized with thiol or disulfide containing tags for chemisorption to gold
surfaces (56, 57). On the other hand, the molecules can be immobilized stepwise
on formed SAM through amide or thiolester bonds as well as NTA chelating. The
protein with endogenous surface lysine residues can be anchored on the SAM
surface through amide coupling reactions (58). For molecules with available
thiol groups, the maleimide residue can be applied to immobilize molecules
through maleimide-thiol coupling (59). The well-known specific interaction of
hex-histidine peptides or His6-tagged proteins with NTA-Ni2+ also provided a
strong and lasting attachment scheme for biomolecules to the surface (43, 60).

Silicon-Related Surface

Several procedures for the modification of silicon related surfaces have been
well established. They can be summarized into three main categories, each one
has its own pros and cons, and a mechanistic insight is essential for selecting the
appropriate one for its specific application.

Methods based on organo-silanes are the most versatile with easy operation
but require high quality reagents. Various functional groups including NH2,
CH3, SH, alkene, and halogen can be introduced (61–65). In different research
groups, various operation conditions were used for silanization. Some relied
on vapor deposition, others operated in solution, either under rigorously dry
conditions or in neat water as solvent, which gives the misleading impression
that ‘anything goes’. The mechanism can be helpful for understanding these
differences. The silanol groups on surface are the key to organosilane-based
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decoration. In quartz, each silicon atom carries one silanol group. Less regular
surfaces contain germinal silanols (two OH groups per Si atom) such as glass
and silica gel. There is a layer of silicon dioxide covered on silicon nitride and
silicon surface. For mica, water plasma is essential to introduce silanol groups
on its surface by removing the K+ ion. Once there is silanol groups available on
the surface, the organosilane can form the covalent siloxane bridges with silanol
groups through hydrolysis and condensation (49). Base catalysis is the initiator
for hydrolysis of the methoxy/ethoxy groups in organosilane. It was found that
the organosilane with monomethoxy/ethoxy was not active enough to perform the
surface modification (66, 67) and the di- (68, 69) and tri-methoxy/ethoxy (70, 71)
forms were capable. The dimethoxy/ethoxy form was the best choice to provide
a defined monolayer on silicon (69). Comparatively, the trimethoxy/ethoxy can
form a monolayer or multilayers on surfaces, which is dependent on the relative
humidity. For example, at 7% relative humidity the amount of adsorbed water
was sufficient to form a stable monolayer of aminopropyl triethoxysilane from
the gas phase, whereas above 25% relative humidity resulted in a phase transition
yielded of a double layer of aminopropyl triethoxysilane (66). Thus, the surface
silanol groups, traces of adsorbed water, base catalysis, and specific organosilane
(tri- or di-) were requisites for successful and quality surface modification.

The ethanolamine based method was developed in 1994 (72), when it
was found that 100 nm long tentacles are possibly formed on the AFM tip
during modification by organosilane (73). This method also makes use of the
silanol groups on surface. In comparison, it has two distinct drawbacks. The
first one is that its chemical mechanism is still vague. The other one is the
discrepancy between expected and observed unbinding length was observed
in force spectroscopy. On the other hand, hydrogen-terminated groups can be
introduced on the silicon surface through treatment by 2% HF in water, which
can be utilized to covalently link with α,ω-oligo(ethylene glycol) alkene solution
in mesitylene by refluxing under nitrogen (74). Subsequently, eletrooxidation
was applied to selectively oxidize the chain termini into carboxyl groups. The
carboxyl groups can be activated with EDC/NHS to immobilize the biomolecule
with amine groups. This method is not widely applied since it deals with very
toxic chemicals and has strict operational conditions.

Therefore, the organosilane-based method is preferred method for molecule
immobilization on solid surfaces for the AFM force spectroscopy and recognition
imaging applications (75).

Early Exploration of AFM Techniques in Food Toxin Detection

To be a highly sensitive biological sensor, the AFM probe should be
chemically functionalized with the sensing modulus on its surface to specifically
detect its cognate toxin in solution or on the substrate through directly using the
deflection signal of probe or image processing. The sensing modulus, chemical
scheme for immobilization, and output signals are three vital determinants for the
sensor performance.
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Sensing Modulus

Briefly, the AFM apparatus can be understood as a force transducer. To
functionalize AFM as a biological sensor, the appropriate sensing modulus for
various target toxins should be selected first. Currently, the most widely used
sensing moduli are antibodies which have strong interaction with toxin as well as
high specificity (76). However, the antibodies are easy to be deactivated either by
the external environment or by the complex components in the real food extraction
sample. Because of these challenges, only the mimic samples were investigated
in most studies (76–79). Moreover, the production of specific antibodies requires
long periods of time with high cost, and each toxin requires its own specific
antibody. In the cases where there are several target toxins to be detected, time
and antibody costs can increase dramatically. To address easy degradation and
difficulties in large-scale production of antibody sensing modulus, DNA/RNA
aptamers are good candidates for sensing purpose since aptamers are relatively
stable and can be chemically synthesized in large scale. Another virtue of
aptamers is that they can be general or specific to the whole category of target
toxins through simple modification in a DNA/RNA sequence. Several selected
aptamers have been successfully applied for the detection of hepatitis C virus
helicase (76), flu-virus nucleoprotein (80) and microbial pathogens (78). As an
emerging technique, numerous efforts are continuously needed to select better
quality aptamers against biotoxins to improve affinities and specificities for
reliable and accurate biosensing applications. However, aptamer-based sensors
are on the horizon for next generation biosensing methods and their incomparable
advantages have the interest of current researchers.

Chemical Scheme for Immobilization

Certain chemical schemes are needed to immobilize selected antibodies
or aptamers on the interface as a sensing modulus. As mentioned previously,
the ideal chemical scheme should keep the biological activity intact and make
firm conjugation to minimize nonspecific interaction. The firm connection and
minimization of nonspecific interactions are helpful for decreasing background
noise and maintaining the sensitivity of intact biological activity. Currently,
in most situations, the matured amide chemistry is adopted for bioconjugation
for amino group of lysine residues on the antibody surface. Normally,
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and
sulfo-N-hydroxysuccinimide (NHS) are used to activate the carboxylic acid group
to improve the efficiency of conjugation (76). However, this extra chemistry step
brings in experimental ambiguousness since the activation procedure is complex
and requires technical expertise. Therefore, the pre-synthesized NHS ester form
of carboxylic acid is directly used for bioconjugation as an advanced version
(49). Although the amide chemistry provides firm covalent bonding, it could
adversely affect the biological activity of antibody because the random reaction
on lysine residues could block the binding site of antibody. On the other hand,
the surface thiol group from cysteine residues can be applied to make conjugation
with maleimide group (59). However, similar issues could occur for this scheme.
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With the advent of ‘click chemistry’, this problem was mostly resolved. There
are no azide group in natural biological system, the man-made amino acid residue
with azide sidechain can be purposely and accurately expressed in the specific
position of protein (81). Through copper free bioorthogonal click chemistry, the
sensing modulus can be immobilized on the solid surface with firm connection
and controlled reaction location without deteriorating biological activity. There
is potential to further improve immobilization conditions as more sophisticated
chemical schemes are developed in the bioconjugation research field (82, 83).

Output Signal

In the AFM system, all interactions or bindings between sensing moduli and
food toxins are reported as the deflection in signal changes of the AFM probe.
This modification in deflection signals can be further translated into different
forms of output signals such as resonance frequency shifts or special image
processing, which correspond to the cantilever sensor and REC detection. The
accomplishments and challenges associated with each technique are discussed as
follows:

Cantilever Sensor

The physics behind the cantilever sensor are straightforward. Basically,
the externally introduced mass of captured food toxins on a soft cantilever can
induce the change of cantilever deflection as well as resonance frequency, which
can be monitored by an optical laser projecting on the cantilever (84, 85). By
calibrating with a standard sample, the method can also characterize the amount
of toxin quantitatively from food matrix assuming the toxin in the sample tested
is much less than the sensing modulus on cantilever surface. The procedure
of this method is schematically described in Figure 3. The sensing moduli are
chemically attached on the cantilever surface. After the probe is immersed in
the test samples, the change of signals is monitored. Initially, this technique
was mainly applied for clinical purposes such as detection of botulinum toxins
(79). Recently, similar technique was introduced for food toxin and pathogen
detection including large bacteria (76), toxic proteins (86, 87) and small chemicals
molecules (88). The samples containing E. coli and Vibrio cholera with a low
concentration ranging from 1*103 CFU/mL to 1*105 CFU/mL could be detected
with an antibody functionalized cantilever (76, 89). Staphylococcal enterotoxin
B, one of enteric proteineous toxins produced by Staphylococcus aureus, in
buffer solution can be detected at extremely low concentration from picogram per
milliliter (pg/mL) level to femtogram per milliliter (fg/mL) using a polyclonal
antibody as a sensing modulus (86, 87). It was also demonstrated that cantilever
sensor can effectively detect small chemical toxins such as mycotoxin in buffer
solution at low concentration from 3 ng/mL to 6 ng/mL by antibodies as the
sensing modulus (90). Ultrasensitivity has been repeatly addressed in these
reports. However, only simple mimic samples either in water or buffer solutions
were tested in most of these detection reports and antibodies were the only choice
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as a sensing modulus in these works. As discussed previously, however, unstable
antibody sensing modulus limits the application of this technique in real samples
such as food matrix. To the best knowledge of the authors, there are few reports
to demonstrate successful detection of Staphylococcal enterotoxin B in food
matrix such as milk and apple juice by using an antibody. The deficiency of
antibody has intrigued people to seek better sensing modulus. Recently, it was
reported that a small peptide was applied for detection of trimethylamine as a
sensing modulus (88). Additionally, DNA aptamers attract much attention from
the research community and are expected to replace antibodies in the future.
Some early explorations have been reported in the field of toxin detection with
other techniques (78). It is expected that more efforts need to be contributed to
new sensing modulus such as DNA aptamers and small peptide ligands to detect
toxins in complex food matrices.

Figure 3. The schematic of cantilever sensor.

REC Image

As discussed earlier, the weak interaction force between the cognate pair on
the probe and substrate can be translated into a recognition image. Normally, the
black spots on the recognition image indicate the location of the toxin molecules
on the surface where relatively stronger interactions with the sensing moduli on
probe surface happen. Further, by counting the ‘black spots’ on the recognition
image, the concentration of toxin can be estimated semi-quantitatively. This
technique has been widely applied for investigating the interaction force and
epitopes between biomolecules such as proteins, DNA and lipid bilayers in
biophysics and molecular biology fields (43). However, applications in toxin
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detection have recently started and only a couple of reports of pure toxin samples
were investigated (77, 91, 92). In that work, the ricin toxin was first immobilized
on gold surface through mature amide chemistry, shown in Figure 4. Ricin toxin,
which is a byproduct of castor oil production, was discovered in the seeds of the
castor bean plant, Ricinis communis. It is more lethal than rattlesnake venom
by weight and there is no antidote for ricin toxin once introduced above the
lethal dosage. Subsequently, the AFM probe is functionalized with anti-ricin
antibodies through the similar chemistry scheme as shown in Figure 5 and then
scans over the substrate with ricin attached for imaging. By comparing the
topographical and recognition images, the features belonging to a ricin molecule
can be easily identified. Each bright spot in the topographic image, if it represents
a ricin molecule, will result in a dark spot in the recognition image at the same
location as seen in Figure 6. Based on the results obtained from this experiment,
detection with the AFMRECmethod can easily achieve femto- or sub femto-level
detection limits. In other studies, DNA aptamers, as the sensing modulus on the
probe, were also investigated for the ricin toxin detection (92). Unsurprisingly,
excellent sensitivity, usually fg/mL, can be easily achieved by this technique
due to the strong imaging capability of AFM. However, all these experiments
are based on the pure samples, not toxin in food matrix. Components in food
matrix can contaminate the imaging substrate through unspecific adsorption. In
this case, the recognition process during imaging will inevitably be disturbed
by these unwanted contaminants, which may produce ‘false positive’ results.
Therefore, sample preparation is a big challenge for this technique. A substrate
with antifouling properties is expected to address the situation through preventing
the unspecific adsorption on substrate from food matrix, which is possible to
achieve by special physical and chemical treatments (93, 94).

Figure 4. Schematic representation of ricin immobilization on the gold surface.
(1) active ester attached to the gold coated mica surface by the thioctic acid

moiety; (2) ricin binds to active ester by forming amide bond with amine groups
of the protein.
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Figure 5. Schematic of AFM probe modification. (1) The thiol moiety of
PEG2000 formed a SAM on the gold-coated tip; (2) the anti-ricin Ab with an

alkyne group attached to the tip through click chemistry.

Figure 6. The detection results through AFM imaging. (a) Topographical
image for 24 fg/mL; (b) Corresponding amplitude image; (c) Corresponding

recognition image.
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Summary

Although applications of food toxin detection based on AFM still faces many
difficulties, the super sensitivity and easy user accessibility of these techniques
are very attractive characteristics to develop new detection methods for food
toxins. The results from these initial studies are very encouraging. However,
it is necessary for more research to be carried out with real samples in food
matrix, since real samples can reveal limitations needed for practical application
of this technology in the field. Food toxin detection with AFM can benefit from
advances in basic science in the areas of new chemistry schemes, more powerful
sensing modulus, better antibodies, and improved functionalized substrate. It
is strongly believed that AFM based food toxin detection methodologies will
become important complementary techniques for current culture-based detection
methods in the food industry and benefit everybody’s healthy life.
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Chapter 8

Nanoliter/Picoliter Scale Fluidic Systems
for Food Safety
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Microfluidic technology is one of the latest platforms for
detection of chemical and biological hazards. This technology
may provide a higher sensitivity couple with the best specificity
provided by targeting DNA molecules. This chapter introduces
existing microfluidic systems and reviews some ongoing
researches relevant to food safety. Microfluidic devices provide
high throughput and large-scale analysis by multiplexing and
parallelization of analyses on a single device.

Introduction

Food production is highly efficient and provides the convenience and variety
of foods demanded by current lifestyles. To prevent food shortage and deliver
low-cost and safe food and drinking water with low environmental impact, new
sets of engineering and scientific processes, products and tools are being utilized.
Microfluidic systems (also known as micro total analysis systems, µTAS, or
lab-on-a-chip, LOC) are considered emerging technologies that provide high
throughput and large-scale analysis via integration of multiple steps, multiplexing
and parallelization on a single device (1, 2). Microfluidic systems is one of the
latest platforms applied to the detection of chemical or biological contaminants
in foods (Figure 1) (3–10).

© 2013 American Chemical Society

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IN

N
E

SO
T

A
 o

n 
Se

pt
em

be
r 

26
, 2

01
3 

| 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 S

ep
te

m
be

r 
25

, 2
01

3 
| d

oi
: 1

0.
10

21
/b

k-
20

13
-1

14
3.

ch
00

8

In Advances in Applied Nanotechnology for Agriculture; Park, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 



Figure 1. Timeline and cornerstones in the evolution of detection systems used
for food safety.

Microfluidic System for Food Safety
Conventional Detection Method

Different methodologies have been developed to detect and identify
biological and chemical agents in food and water. The main biological agents are
bacterial pathogens, parasites and viruses. Chemicals agents include primarily
natural toxins or intentional adulterations (11–16).

Pathogenic organisms have historicaly been detected by culture and colony
counting method. The target bacterial pathogen present in food or water samples is
cultured and isolated in a nutritive medium. Current molecular methods allow for
the detection of bacterial pathogens in food before the actual isolation. Although
the isolation of the pathogen is labor intensive and time consuming, the regulatory
agencies in the USA require the actual isolation to determine if a sample is indeed
positive (17–20). To decrease time and effort of detection of pathogens without
compromising the reliability of the results, enzyme-linked immunosorbent assay
(ELISA) and polymerase chain reaction (PCR) have been widely used to detect
pathogen specific proteins and nucleic acid sequences, respectively. Although
these techniques dramatically reduce the time for detection (21–23), key issues,
such as cost, automation and simplicity, still remain a limitation.

To detect chemicals hazards in food samples, analytical chemistry methods
such as gas chromatography (GC), high performance liquid chromatography
(HPLC) (24) and mass spectrometry have been applied to get the best sensitivity
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(11) and rapid detection (25) Although with advantages, these techniques remain
slow, expensive, and require extensive sample preparation and trained personnel.
In addition, the physical dimensions of the required equipment does not allow
on-the-spot detection of chemical hazards (21–23). The need for cheap, high
throughput and portable analytical systems has encouraged the development of
new technologies and more suitable analytical methodologies (26, 27).

Microfluidic System-Based Method

Whole Cell Detection

Foodborne pathogenic bacteria in animals, plants and water have been found
to be an important souce of contaminations for humas worldwide (12–16, 28).
Strains of pathogenic Escherichia coli, Campylobacter, Salmonella, Listeria,
Staphylococcus, Clostridium and Bacillus, the major foodborne pathogenic
bacteria, are responsible for millions of foodborne illnesses, thousands of deaths,
and several billion dollars in productivity losses, medical costs, and premature
death (29). It is therefore of great importance to develop methods to efficiently
detect pathogenic bacteria (30).

Microfluidic System for Cell Sorting and Capture

Microfluidics presents several characteristics that make it a suitable technique
for isolating pathogens from suspended particle mixtures. Microfluidics is also an
important platform to develop portable devices for accurate and rapid detection
systemswith limited amount of reagents (31–36). Onemain limitation to the use of
whole cell detection in microfluidic system is the difficulty to detect low amounts
of cells from nanoliter volumes. Among themethods used for whole cell detection,
dielectrophoresis techniques have the capability to concentrate the target cells on
a specific area and thus amplify the signal for efficient detection (37, 38). For
example, Gagnon & Chang (2005) have developed a microfluidic device (Figure
2A) composed of microchannels align atop a thin continuous serpentine microwire
of platinum. When alternating current passes through the wire, it generates an
electro-osmotic flow that traps and concentrates the cells on the microwire area,
and directs the cells towards a designated points of the device, while the suspended
particles are swept towards the outlet along the fluidic flow (37). This system
requires less than 100 µl of solution and can concentrate 103 particles/ml in few
seconds.

Another microfluidic system for sorting and capturing pathogenic bacteria
has been developed by Cheng et al. (2007) (38). This microfluidic system is
composed of four different parts where different micro electrodes are used to filter,
focus, sort and trap bacterial cells by creating a dielectrophoretic (DEP) force field
cage, as shown in Figure 2B. In the first part (filtering section), parallel electrodes
trap debris and particles with positive DEP (pDEP) while negative DEP (nDEP)
particles, such as bacteria, pass to the focusing section where nDEP forces focus
them toward the center of the channel. Particles are then sorted by three oblique
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DEP gates in function of their size and their specific charges and are trapped
and concentrated in three different channels where they are detected. Although
this device is slower (~50 minutes) than Gagnon and Chang’s device (37), it has
a similar sensitivity as it can detect 500 cells within 100 µl, but has also the
possibility to sort microorganisms in function of their size and electrical charges
(38). All these microfluidic devices are more sensitive and faster (seconds vs.
hours) than other optical biosensors, and therefore are suitable for the development
of portable systems for rapid and accurate detection of microorganisms, especially
when limited volume of sample (<100 µL) are available.

Figure 2. Microfluidic chips for whole cell capture (A) and sorting (B) for
harmful bacteria detection. Reproduced with permission from Reference (37)
(Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA) and from Reference

(38) (Copyright 2007 American Institute of Physics), respectively.

Impedimetric Biosensor

Impedimetric biosensors are other systems for concentration and detection of
microorganisms present in food and water. They rely on the insulating properties
of bacterial cell membranes. Impedimetric biosensors are composed of a solid
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electrode to which cells attach through specific or non-specific adsorption (Figure
3) (39). After attachment to the electrode, the natural capacitance (0.5-1.3 µF/
cm2) and resistance (102-105 Ω/cm2) of the cell membrane (40) effectively reduce
the current that reaches the electrode, and hence increase the impedance of the
interface. The adsorption of the bacteria on the electrodeis is then revealed through
the detection of either a shift in impedance or a change in capacitance or admittance
at the bulk of the electrode interface (41).

Traditionally, macro-sized electrodes are used to measure impedance
(42–44). To improve the sensitivity, microelectrodes, such as interdigitated array
microelectrodes (IDAM), have been developed (45–47). IDAM consist of a series
of parallel microband electrodes that are connected together, forming a set of
interdigitating electrodes with low ohmic drop, fast establishment of steady-state,
rapid reaction kinetics, and increased signal-to-noise ratio (45–47). In addition,
their small dimensions (0.1–0.2 μm in height, 1–20 μm in width; 2–10 mm in
length; 1–20 μm gap between the microbands) make them easy to combine with
microfluidic systems to improve their performance (33, 48–55).

Figure 3. Working principle of impedance detection technique with (A) or
without (B) the use of bio-recognition elements for bacterial cell adherence on
the electrodes. Adapted with permission from Reference (39). Copyright 2009

Elsevier.
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The detection techniques based on the specific adsorption of bacteria on the
surface of the electrodes requires a functionalization of the electrode surface
with bio-recognition elements (or bioreceptor), such as antibodies specific to
pathogenic bacteria. When bacteria attach to the antibodies, the insulating
properties of the cell membrane induce measurable changes in the electrical
properties (23). The main advantage of the use of antibodies as bio-recognition
elements is their selectivity. The critical part in the construction of antibody-based
impedimetric biosensors is the immobilization method, because it can profoundly
affect the analytical performance of impedance biosensors. Physical adsorption
without the use of chemical linker is the simplest immobilization method.
It depends on the non-specific interactions (such as non-covalent bridges,
hydrophobic interactions, and van der Waals forces) of the antibody with
the surface. However, the low stability and the random orientation of the
antibodies immobilized on electrodes result in the decrease of the binding
bacteria and a high detection limit (105 cfu/ml) (56), which restrict the use of
this method to a limited number of applications. To improve the sensitivity of
the biosensor, self-assembled monolayer (SAM) of chemical linkers have been
use to immobilize antibodies on the electrodes (57–59). Recently, Tan et al.
(2011) have integrated an electrochemical impedance spectroscopy (EIS)-based
immunosensor, composed of an alumina nanoporous membrane with immobilized
antibodies specific to foodborne pathogen, with a PDMS microfluidic system
for the rapid detection of E. coli and Staphylococcus aureus, as shown in Figure
4A (60). This microfluidic immunosensor based on the nanoporous membrane
impedance spectrum could achieve rapid bacteria detection within 2 hours with a
sensitivity of 102 cell/ml in pure culture.

In 2007, Varshney et al (61) developed an impedimetric biosensors based
on the non-specific absorption of bio-recognition element, based on gold IDAM
for the detection of E. coli O157:H7 in food samples. In this method, cells
are first separated, re-suspended and concentrated with the help of magnetic
nanoparticle-antibody conjugates (MNAC), functionalized here with anti-E.
coli antibodies (Figure 4B), and uniformly spread on the surface of IDAM. The
impedance sensor detected a minimum of 7.4 × 104 and 8.0 × 105 cells/ml of
E. coli O157:H7 in pure culture and ground beef samples, respectively (39).
The integration of this technology within a microfluidic system increased the
sensitivity of detection to 1.6 × 102 and 1.2 × 103 cells/ml of E. coli O157:H7
present in pure culture and ground beef samples, respectively with very low
volume of sample (60 nl) (61).

When compared with impedance macrosystem (62), microfluidic
slightly increase the sensitivity of the detection with (60) or without specific
immobilization (63) (4.2×102 cells/ml, 102 cells/ml and 102 cells/ml in pure
culture respectively) but is faster (about 2 hours, less than 2 hours and 35 minutes
respectively) and requires lesser amounts of reagents (ml scale, µl scale and nl
scale, respectively).
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On-Chip Fluorescent Staining and Cell Counting

Fluorescence-based cell detection presents several advantages when
compared with other techniques, including sensitivity, multicolor for simultaneous
multi cell type detection, stability low hazard, availability and low cost (64, 65).
It has been previously used for the detection of pathogenic bacteria. Recently,
Yamaguchi et al. (2011) developed a simplified and rapid on-chip method using a
microfluidic cytometry device for rapid quantification of bacteria cells, such as E.
coli, in water (66). The microfluidic chip is composed of a T-shape introduction
section, followed by a serpentine mixing channel, an alignment part composed of
crossing channels, and a detecting part. Samples are injected and fluorescently
labeled, and anti-E. coli O157:H7 antibodies are injected through the inlet of
the T-shape introduction part. Bacterial cells in the sample are fluorescently
stained during flow through the mixing part. After mixing, the cells are aligned
by injection of a sheath fluid (PBS) through two microchannels, and fluorescently
stained cells are detected in the detecting part. The authors demonstrated the
capability of this simple fluorescent-based technique to detect a low number
of bacterial cells (104 cells/ml). Although the sensitivity of the system is not
significantly different from conventional epifluorescence microscopy (EFM), the
use of microfluidic presents several advantages to EFM: it is simpler as it does
not requires pretreatment apparatus, it is rapid and results can be obtain a limited
amount of time (one hour) and it has the possibility to be integrated with small
light source such as light-emitting diode (LED) for on-site analysis.

Figure 4. Impedimetric biosensors for bacteria cell detection. A. Sensor based
on the use of bio-recognition element. Adapted with permission from Reference
(60). Copyright 2011 Elsevier. B. Sensor based on non-specific binding of

bacteria. Adapted with permission from Reference (61). Copyright 2007 Elsevier.
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Metabolites Release Detection

Detecting any pathogenic bacteria is a reliable method to prevent food
poisoning. However, in some cases, although bacteria are killed during
thermal process, bacterial toxins (such as staphylococcal enterotoxin B (SEB)
or botulinum neurotoxin (BoNT) can remain active and be associated with
food poisoning. To detect toxin, chemiluminescence methodologies such as
ELISA-based and enzyme-substrate-based methods have been used for their
sensitivity and reliability (67–72).

ELISA-Based Microfluidic System

ELISA is a reliable technique for the detection of low quantity of toxin
(67–70). However, the large amount of reagent, space and time required to
perform one ELISA are cost problems that limit the quantity of tests performed
simultaneously outside a well-equipped laboratory. Microfluidics offers a cheap
alternative to conventional ELISA methodology (73–75). The possibility to
realize on a same chip the different step of the ELISA makes it a very attractive
method to bring toxin detection systems on-site. For example, Yang et al. (2010)
have developed a lab-on-a-chip system (Figure 5A) for a Carbon Nanotube
(CNT) based immunoassay with optical detection of staphylococcal Enterotoxin
B (SEB) for food safety applications (73). In this chip, four biosensing elements
were combined: (1) CNT technology for primary antibody immobilization,
(2) Enhanced Chemiluminescence (ECL) for light signal generation, (3) a
cooled charge-coupled device (CCD) for detection and (4) polymer lamination
technology for developing a point of care immunological assay for SEB detection.
To combine those four elements, the authors have fabricated a six layer, 3D
fluidic structure constructed with a rigid 3.2 mm PMMA (acrylic) core laminated
with additional layers of thin polycarbonate (PC) film bonded with adhesive.
The LOC contains two main analytical elements: an eight channel microfluidic
design for the loading of the different samples and buffers and an interchangeable
immunosensor surface where the ELISA reaction is done. Eight samples are
introduced into the wells and go through the microchannels to the interchangeable
immunosensor surface, which is composed of a polycarbonate strip with anti-SEB
antibody immobilized on CNT. SEB contained in the sample first binds to the
anti-SEB primary antibody of the interchangeable polycarbonate strip. After
incubation and washing, horse radish peroxidase (HRP) labeled secondary
antibodies are added. The HRP is then analyzed by ECL using a CCD detector.
The combination of the four biosensing elements at a microscale level presents
various advantages when compared with conventional ELISA technology as the
assay can be performed without a laboratory, with a minimal amount of reagents
(and consequently minimal exposure to users of toxins and other biohazards) and
with a high sensitivity (approximately 0.1 ng/ml of SEB).
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Enzyme-Substrate Reaction-Based Microfluidic System

When the metabolite released by bacteria is an enzyme, an alternative
detection method in the food or drink is to detect its enzymatic activity using,
for example, fluorescent probes. Frisk et al. have developed a microfluidic
device for the detection of BoNT/A with high sensitivity, on-site portability
and multiplexing capabilities (Figure 5B) (74, 75). This device is composed of
three parts: an input port, a reaction microchannel, and a detection port. In the
reaction microchannel, the surface is coated with a fluorescently labeled peptide
enzymatic substrate of BoNT/A. The sample is introduced into the input port and
flows through the microchannel. There, BoNT/A catalyzes the cleavage reaction
of the fluorescent labeled peptide that diffuses into the detection port where the
evaporation of the solution preconcentrates the fluorescent-labeled fragments for
detection. The evaporation-based concentration system leads to 3-fold signal
amplification over 35 min and allows the detection of as little as 3 pg/ml of the
toxin in buffer and 3nM in food (75). Because of the small size of the system,
the platform could be easily modified and adjusted for detecting other serotypes
of BoNT, for example by adding microchannels coated with fluorescent-labeled
substrate specific to each serotypes. In addition, the integration of this device
with a portable light source would enable real-time and on-site monitoring.

Nucleic Acid Sequence Detection

Molecular methods for the detection of nucleic acids (DNA and RNA) have
been regularly used for detection of pathogenic bacteria in food because of their
high sensitivity, selectivity and short time (30). With the use of smaller volumes
and sample amounts, microfluidic systems increase the detection sensitivity and
improve the experiment throughput. Several microfluidic platforms have been
develop to performmolecular methods including nucleic acid hybridation (76–79),
isolation (80–82), and amplification (83, 84).

Nucleic Acid Hybridation

Recently, various microfluidic DNA-based probes were coupled to
different measurement techniques, including SPRi (85), conductance impedance
(86), and fluorescence (87). Ben-Yoav et al. (2012) have developed a
microfluidic-based electrochemical biochip shown in Figure 6A, which contains
an array of individually addressable 25 nl reaction chambers, fabricated with
micro-electromechanical systems (MEMS) technology (88). Each chamber
contains a grid of 3×3 sensors and each row of 3 sensors also contains a
counter and a reference electrode to complete the three-electrode system. Three
unique single stranded DNA (ssDNA, 30-mers) probes were functionalized onto
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patterned electrodes of the chip to detect complementary DNA hybridization
events using EIS analysis. This impedimetric biosensor-based technique is similar
to those for whole cell detection but uses ssDNA as bio-recognition elements.
This biosensor is able to detect ssDNA targets on the nM scale and with low
cross-reactivity (13%).

Figure 5. Microfluidic chip for metabolite detection. A. ELISA-based
microdevice. (a) schematic figure of the device with indication of the sample
wells (1), rectangular loading frame to simplify reagent application (1a),
channels (2), detection wells (3), interchangeable surface with the antibody
ligand-CNT (3a), joining element for all eight channels (4), waste chamber (5)
and the chip outlet (6), (b) top view of the chip, (c) immage of the immunosensor

on polycarbonate strip and (d) bottom view. Adapted with permission
from Reference (73). Copyright 2010 The Royal Society of Chemistry. B.
Enzyme-substrate reaction-based system. (a) schematic representation of the

microfluidic chip with the input port, the reaction microchannel and the detection
por. Close up shows the formation of the self-assembled monolayer of the

BoNT/A enzymatic substrate on Au surface. (b) 40 arrayed detection system for
throughput screening. Adapted with permission from Reference (75). Copyright

2009 American Chemical Society.

Nucleic Acid Amplification

Polymerase Chain Reaction (PCR) is a molecular technique for nucleic acid
amplification that can replicate a specific fragment of a target nucleic acid and
create several million DNA copies within a few hours. It is thus a key element in
food safety to identify pathogens, allergens, and GMOs present in small quantity
(89, 90). However, it remains difficult if not impossible to detect the presence of
a single pathogen using this technique. Microfluidics has been integrated with
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PCR to dramatically increase sensitivity. Ottesen et al. (2006) have developed
a microfluidic digital PCR platform allowing single cell detection (83). The
platform is composed of 1,176 individual independent 6.25 nl reaction chambers,
allowing the realization of 1,176 independent PCR reactions. PCR was carried
out on a conventional flat-block thermocycler. Amplification was monitored
using 5′ nuclease probes to generate a fluorescent signal detected with a modified
microarray scanner (Figure 6B).

In some devices, entire bacteria are introduced into the detection PCR
platforms, lysed by thermal (91), chemical (92), physical (93, 94), and electrical
methods (95), and their nucleic acid is then amplified on site. In 2008, Cheong
et al. developed a one-step real-time PCR method for pathogen detection (84).
In this design, Au nanorods were used to transform near-infrared energy into
thermal energy and subsequently lyse the pathogens. Next, DNA was extracted
and amplified in the PCR chamber. The entire process does not need to change or
remove reagents, which improved the overall efficiency of the device.

Among all nucleic acid amplification techniques, isothermal techniques for
amplification of DNA/RNA have recently drawn interest (96, 97) since they do
not require high temperature and large variation of the temperature. This approach
to a simpler and more energy efficient model holds with the goal of microfluidic
systems to reduce cost and labor of routine experiments, making isothermal
amplification techniques an excellent choice for nucleic acid detection LOC.
Recently, we have developed, in our laboratory, a microfluidic chip for detection
of pathogenic bacterial using the isothermal real-time helicase-dependent
amplification (HDA) technique (unpublished data). The chip is a microfluidic
platform composed of a 16×24 array of nanoliter-scale microchambers where
real-time HDA for single cell analysis can be performed.

Sample Preparation

Sample preparation steps for PCR are of first importance to achieve high
sensitivity and specificity. Hong et al. (2004) have developed nanoliter-scale
nucleic acid processors for DNA and mRNA purification (80). Two different
microfluidic chips were fabricated to isolate variable numbers of cells, lyse the
cells, and purify their DNA or mRNA. All the steps were realized in one single
microfluidic chip without pre- or post-treatment of the sample. For mRNA
purification, oligo-dT polymer magnetic beads were introduced into the separation
chamber to form an affinity column. After cell lysis in the cell chamber, lysate
is flushed over the affinity column and mRNA was recovered from the column.
For DNA purification, the chip was composed of three independent processors,
as shown in Figure 6C. In each processor, lysis buffer, dilution buffer, and E. coli
in culture medium are introduced into a metering section. The three solutions are
then pushed into a microfluidic mixer where cells are lysed. Lysate is then flushed
over the DNA affinity column, and the genomic DNA is then recovered from
the chip for PCR amplification. This methodology allows DNA recovery with a
reduced number of bacteria (< 28 bacteria), and thereby increases the sensitivity of
this process three to four orders of magnitude over that of conventional methods.
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Figure 6. Microfluidic chip for nucleic acid detection. A. Photography of a chip
for nucleic acid hybridization-based detection. Reproduced with permission from
Reference (88). Copyright 2012 Elsevier. B. Multiplex digital PCR platform for
single cell analysis. Adapted with permission from Reference (83). Copyright
2006 HighWire Press. C. DNA purification chip and schematic diagram of
one instance of the DNA isolation process (a-e). Adapted with permission
from Reference (80). Copyright 2004 Macmillan Publishers Ltd: Nature

Biotechnology.

Microfluidic-Based Assay for Nutritional Hazard Detection from Chemical Origin

With the increased role of chemistry and chemical engineering in agriculture
and food sciences, the presence of hazardous chemicals in the food, drink,
and soil became a threat for human health and increased the importance of
constant monitoring of ecosystems. A similar method to the one previously
described for the detection of toxins with enzymatic activity can be used to
detect harmful chemicals. With such a method, chemical reactions that provide
detectable signal in function of the concentration of the target substrate can
be used to monitor the presence of harmful chemicals. Several applications,
based on a chemical detection concept, have been integrated in microfluidic
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systems (98–100). Recently, He et al. developed a microflow injection analysis
(µFIA) system for the determination of nitrite in food, based on the reaction of
ferrocyanide with nitrite in acidic medium (99). The microfluidic chip has three
main parts: an introduction part composed of a Y-inlet for the introduction of
the reagent (luminol) and the working solution (the sample in ferrocyanide and
HCl solution), a mixing part, and a detection component. In the mixing part,
nitrite from the sample metabolizes ferrocyanide to ferricyanide in acidic medium
and chemoluminescence reaction of luminol with ferricyanide is sensed in the
detection part.

Use of Microfluidic System To Improve Food Production
Microfluidic for Bacterial Plant Pathogen’s Infection Studies

Microfluidic systems have the ability to recreate fluidic microenvironments
that can be found in nature (101–107). This unique feature can be used to study
cell behavior in a controlled environment, when it is difficult or impossible to do
it in vivo or with conventional methods (108, 109). For example, microfluidic
systems have been developed to recreate xylem vessels of plants and study the
infection process and strategy of the plant pathogen bacteria Xylella fastidiosa
(108, 109), which lives inside the xylem vessels of different plants, such as
grapes, citrus, coffee, and almond (110). Using polydimethylsiloxane (PDMS)
microfluidic chambers, researchers have mimicked the plant xylem vessel and
demonstrated that the pili of X. fastidiosa are implicated in cells adherence
(108) and migration against flowing currents of growth medium (109). With
conventional methods, such as atomic force microscopy or laser tweezers, the
molecular and biochemical aspects of the plant pathogen is difficult to study
because of the large size of the cell chambers or the time required for the
experiments. Scaling-down the experiment to the microscale reduces the size
of the observation chamber and the time of the observation, overcoming the
limitations of conventional apparatus.

Microfluidic System for Animal Food Production

Embryogenesis-based biotechnologies have various promising applications
in the field of food production, from in vitro fecundation (IVF) for livestock
breeding to embryos development studies (111, 112). Conventionally, experiments
are performed manually, in 96 to 384 well plates (113–116), and monitored with
imaging methodology (117), which keeps high-throughput analysis and imaging
of embryos and juveniles challenging (113, 115, 117, 118). However, miniaturized
LOC technologies overcome these limitations by providing an automated platform
for the handling and immobilization of micron-size organisms (113, 119–122),
, and for high-throughput screening (123) that simplify the different steps of
fecundation and embryogenesis (124, 125). For example, Ma et al. (2011)
have reported a novel microdevice that integrates each step of IVF, including
oocyte positioning, sperm screening, fertilization, medium replacement, and
embryo culture (111). The chip (Figure 7A) is composed of an oocyte positioning
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region and four symmetrical straight channels, crossing at the oocyte positioning
region for sperm introduction, monitoring and selection. Oocytes are singly
introduced in the 4 × 4 units. The fertilization process and early embryonic
development of the individual zygote is traced with microscopic recording and
analyzed by in situ fluorescent staining. In this system, the embryo growth rate
and blastocyst formation are similar to the conventional Petri dish method, and
healthy blastocysts developed in the microdevice can be easily retrieved through
a routine pipetting operation and used for further embryo transfer. The present
system presents the advantage to avoid the use of centrifugation that can increase
the production of oxygen species and decrease the sperm motility, both negatively
influencing the fecundation of the oocytes. In addition, healthy blastocysts can
easily be collected and used for further embryo implantations or studies.

Figure 7. Microfluidic system for food production. A. microfluidic chip for IVF
with 4×4 array of individual fecondation chamber. Reproduced with permission
from Reference (111). Copyright 2011 ACS Publication. B and C. Microfluidic
system for on chip embryogenesis studies in droplet-based microfluidic system
(B) or continuous-flow system (C). Adapted with permission from Reference
(126) (Copyright 2007 The Royal Society of Chemistry) and Reference (131)

(Copyright 2011 PLOS), respectively.
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To study embryogenesis, several microfluidic-basedmethodologies have been
developed involving droplet-based microfluidic system (126, 127) or continuous-
flow system (128–132) for screening and studies of fish embryos. Droplet-based
microfluidic systems have been the first technology to be study fish embryogenesis
in controlled environment. In 2006, Funfak et al. have developed a microfluidic
system embryology based method (126). The system, shown in Figure 7B, is
composed of a Teflonmicrotube in which fish egg-containing droplets are perfused
with immiscible perfluoromethyldecalin (PP9). The development processes of fish
embryos could be observed. After 5 days, larvae were collected from the droplets
and transferred into breeding reservoirs for further experiments. More recently,
Akagi et al. have introduced a miniaturized embryo array that automatically traps,
immobilizes, and perfuses fish embryos (131). The devise, as it appears in the
Figure 7C, is composed of a serpentine channels that contains embryo traps (each
one designed for a single embryo), suction channels, and hydrodynamic deflectors.
Embryos were loaded in the chip one-by-one, rolled on the bottom surface of the
serpentine channels under the influence of drag force. Approaching an empty
trap, the embryo was affected by the flow passing through the suction channel and
directed toward the trap where it remained, without obstructing passage of other
embryos in the main channel. The process was repeated with the second embryo
and the following ones until all traps were occupied. After loading, the chip was
perfused for up to 72 hours with normal and uniform development of all embryos
observed. Although most of the microfluidic technology for fish embryological
studies were performed on Danio rerio, one can easily transpose those technology
to other fishes and other animals for food-purposed embryogenesis studies and
engineering, such as fish spermatogonial transplantation for food production (112).

Summary

Microfluidic technologies are powerful tools that can revolutionize the
entire food production system and introduce agriculture to a new era. In this
chapter, we describe some of the systems and concepts that overcome a number
of limitations imposed by conventional macroscale experimentations including
the expensive and time-consuming methods, low throughput, and the need of
large volume of reagents. With the miniaturization of the biomolecular, chemical,
and biological processes on a single chip, the approach of the food production
system is dramatically changed. This new set of tools for the supply of food aims
to improve the production of low-cost and safe food and drink, and prevent a
worldwide food shortage. However, a number of challenges still remain to achieve
this new agricultural revolution. For example, although microfluidic systems
dramatically downsize the space required in the lab to perform conventional
experiments, the emptied space has been invaded by tubing, pumps, gas tanks,
computers, and other components for chip handling making the “lab-on-a-chip”
a “chip-in-the-lab”. In order to substitute conventional methods, progress to
make microfluidic devices more accessible to conventional laboratories has to
be made. In addition, these efforts will render microfluidic chips mobile and
bring this technolgy into fields and farms to improve food production in multiple
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areas. More importantly, mindsets need to change and participants of the food
production system need to be convinced of the suitability of these systems by
increasing the number of validation studies for the proposed processes. We are
now at the door of a new era in agriculture, but a great deal of progress must be
made to increase the utility of microfluidic systems.
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Chapter 9

Applications of Nanoporous Materials
in Agriculture

Michael Appell*,1 and Michael A. Jackson2

1Bacterial Foodborne Pathogens & Mycology Research, USDA-ARS,
National Center for Agricultural Utilization Research, Peoria, Illinois 61604
2Renewable Product Technology Research, USDA-ARS, National Center for

Agricultural Utilization Research, Peoria, Illinois 61604
*E-mail: michael.appell@ars.usda.gov.

Nanoporous materials possess organized pore distributions and
increased surface areas. Advances in the systematic design of
nanoporous materials enable incorporation of functionality for
better sensitivity in detection methods, increased capacity of
sorbents, and improved selectivity and yield in catalyst-based
synthesis. This chapter surveys the applications of nanoporous
materials to improve food safety and utilization of agricultural
products. Furthermore, agricultural commodities serve as
feedstocks in the development of nanoporous materials.

Introduction

A limiting factor in utilizing solid surface molecular interactions is the size
and spacing of molecular recognition and reaction sites. The high surface area
and organized structure of nanoporous materials offer a means to increase the
density of active sites to enable lower levels of detection and enhance reactivity
and selectivity. This class of materials exhibits uniform pore size distributions,
ordered pore networks, increased surface areas, special liquid permeability,
and better material stability (1). These valuable properties benefit the fields
of agriculture and food science with more sensitive and selective detection
methods and materials with increased number of reaction and binding sites.
The source of nanoporous materials is broad and range from metals, oxides,

Not subject to U.S. Copyright. Published 2013 by American Chemical Society
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silicates, carbohydrates, polymers, and carbon-based materials with the potential
for synthetic modification and rational design (2). Nevertheless, nanoporous
materials share a fundamental purpose to provide an organized porous platform
with pores between 1-100 nm.

Nanoporous materials have pore sizes in the nanometer range and include the
class of mesoporous materials, a classification defined by pore size. Microporous
materials possess pores from 0.2-2 nm, mesoporous materials have pores between
2-50 nm, and macroporous materials have pores in the range of 50-1000 nm
(3, 4). Mesoporous materials are of recent interest as rational design materials
with the benefits of nanoporous properties. It should be noted there is a history
of practical use of materials with inherent micropores to improve agriculture,
including activated carbon and zeolites to clean wastewater (5, 6).

This overview focuses on applications of nanoporous materials possessing
uniform and specific porous architectures introduced during material synthesis,
such as hexagonal mesoporous silicas. Figure 1 provides an example of
synthetically derived functionalized nanoporous SBA-15 silica with a median
pore diameter of 5.4 nm. Applications of nanoporous materials in agriculture
include naturally microporous materials for separations and catalysis, nanoporous
materials for detection, sorbents to bind toxicants, controlled release materials,
solid supports for catalysis, and materials developed from agricultural
commodities.

Figure 1. Surface transmission electron micrograph of mesoporous propylthiol
functionalized SBA-15 at 100,000 x.

Microporous Materials in Agriculture

Materials naturally possessing micropores have a long history of applications
in agriculture. Microporous silica, alumina, minerals, clays, and activated black
carbon have been applied as size selective sorbents, non-selective sorbents, and
catalysts. Generally, activated carbon materials possess affinities for organic
molecules, while zeolites have affinities for gases, ions, metals, and small organic
molecules. Furthermore, zeolites are used as popular scaffolds for catalysis. Early
research in fuel development was based on catalytic cracking zeolites, with recent
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reports utilizing biomass for biofuels (7). Applications of microporous materials
in agriculture have been extensively reviewed recently (5, 6, 8). Furthermore,
microporous clays have been applied as sorbents, including as additives to
sequester contaminants through in-feed applications as well as reduce human
exposure to contaminants (9, 10). Synthetic modifications have led to expanding
the uses of microporous materials through incorporating new functionality into
the material structure. For example, mesoporous structure has been introduced
into microporous zeolites to improve and expand the application of this material
(11). In addition, current efforts focus on identifying green alternatives to
activated carbon, including microporous biochar materials from the pyrolysis of
agricultural waste (8, 12).

Nanoporous Materials for Food Safety

Interest in applying nanoporous materials to food safety can be attributed
not only to the porous properties of the materials, but also the straightforward
incorporation of useful components during synthesis, including components
with magnetic, optical, and detection properties (1). Nanoporous materials have
improved food safety methods by influencing data acquisition, detection, and
molecular recognition (13). Moreover, materials can be modified through a
variety of approaches, including conjugation with bio-based materials, such as
antibodies. New synthetic approaches can be employed to incorporate functional
groups not present in biological materials increasing the function of the materials.

Detection

Applications of nanoporous materials to improve detection in food safety
address pathogenic biological organisms and viruses, including Salmonella
enteritidis, bacteriophage virus MS2, Escherichia coli O157:H7 bacteria, and
Staphylococcus aureus. Nanoporous membranes have been developed to detect
the food allergen peanut. In addition, methods utilizing nanoporous materials have
been developed to detect small organic molecules. These types of applications
employ mesoporous materials.

Nanoporous silicon was utilized in biosensors capable of selective detection
of Salmonella enteritidis, and these materials exhibit promise for high through-put
screening applications. The porous material was synthesized electrochemically
and functionalized with DNA probes selective for Salmonella enteritidis (14). The
increased surface area associated with the nanoporous silicon permitted low levels
of detection at 1 ng ml-1, and outperformed nonporous silicon-based biosensors.

Films of nanoporous silicon bioconjugated with antibodies have enabled
detection of the bacteriophage virus MS2, a difficult to detect and remove
contaminant of drinking water. The high surface area associated with the
nanoporous films increased the sensitivity of the assay allowing very low levels
of detection of dye-labeled MS2 viruses (15). The films possessed an average
pore dimension of 50 nm. The method developed using the nanoporous silicon
outperformed the popular protein micro-array based detection methods.
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Several polycarbonate membranes with nanopores of various sizes coated
with gold were applied in an immunosensor based method to detect the food
allergen peanut (16). The recognition component was an antibody selective
for the Ara h1 peanut protein. A method based on detection through a change
in conductivity was developed. Sensitivity and selectivity of the method was
associated on the size of the pores. Membranes with the smallest pore size (15
nm) were the most sensitive and selective.

A polydimethylsiloxane microfluidic sensor with antibodies immobilized
on an alumina nanoporous membrane was developed to detect Escherichia coli
O157:H7 and Staphylococcus aureus with electrochemical impedance spectrum
detection (17). The method could detect the bacteria pathogens selectively
within 1-2 hours and had a sensitivity of 10 CFU ml-1, which is a significant
improvement over traditional microelectrode based impedance sensors. In
addition, electrospun nanofibers utilizing magnetic nanoparticles were applied
in a lateral-flow immuno-biosensor in a rapid method to detect Escherichia coli
O157:H7 bacteria (18). The molecular recognition component was Escherichia
coli O157:H7 selective antibodies bioconjugated to the electrospun nanofibers.
The electrospun nanofibers provided capillary properties and high surface area to
enable detection at levels less than 70 CFU ml-1 and the assay could be completed
in 8 min.

An electrochemical method was developed for sensing streptomycin, 1, using
mesoporous silica with a mean size of 100 nm embedded with gold nanoparticles
(see Figure 2) (19). The detection method employed was similar to competitive
immunoassays and the limit of detection was 5 pg ml-1. Validated streptomycin
methods were developed in variety of commodities including meat, milk, and
honey. Also, mesoporous nanoparticles were applied in an electrochemical
immunosensor for the anabolic steroid norethisterone, 2, a contaminant of
concern in food from animal-based products (20). A sandwich type sensor was
developed based on two types of antibodies for molecular recognition, and the
limit of detection was less than 4 pg ml-1. In addition, a method was developed
for electrochemical detection of catechols in teas using mesoporous aluminum
doped silica modified electrodes (21).

Figure 2. Streptomycin (1) and norethisterone (2).
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Nanoporous Materials as Sorbents

Applications of nanoporous materials as sorbents have focused on
sequestration of small organic molecules and metals with the size of less than 1
nm. Novel sorbents have been developed to aid in the nondestructive isolation
of small organics from plant matrix. Gibberellic acid, 3, (see Figure 3) regulates
plant growth and is of great interest as a natural product bioactive. However,
isolation and determination of levels of gibberellic acid is difficult because of
its low concentrations in plant matter and lack of stability during isolation using
traditional methods. A nanoporous silica-sucrose material was developed with
tunable pore structure possessing the ability to bind gibberellic acid (22). The
novel sorbent was capable of binding over three times more gibberellic acid
compared to tradition protein and carbohydrate based sorbents. In addition,
rational designed nanoporous materials have aided in the isolation of natural
products. Mesoporous carbon nanocages created through green syntheses assisted
isolation and detection of structurally diverse catechin and tannic acids from tea
(23).

Functionalized SBA-15 silica was developed to remove the fungal toxin
patulin from apple juice through covalent sequestration (24). Micelle template
silicas were synthesized with propylthiol residues, a functional group known to
react with patulin, 4. Propylthiol functionalization of the SBA-15 reduced the pore
size from 9.0 nm to 5.4 nm. It was demonstrated that patulin could be removed
from apple juice and aqueous solutions. Computational chemistry studies using
density functional methods at the B3LYP/6-31G(d,p) level predicted the adducts
formed between the reaction of the thiol groups of the functionalized SBA-15
and patulin would be less toxic than patulin. This high capacity material offers
a means to remove patulin from beverages without leaching of the patulin from
the material. Moreover, since the material is insoluble it provides a convenient
platform to remove the detoxified patulin adducts from beverages.

Figure 3. Gibberellic acid (3) and patulin (4).

Functionalized mesoporous silicas have been applied to reduce levels of
heavy metals from water and beverages. The materials were capable of calcium
fortification of water samples, while removing uranium (25, 26). Also, similar
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functionalized mesoporous silica materials are reported to remove a broad range
of metal contaminants, including those resulting from nuclear disaster. Traditional
and novel sorbents have been studied for their ability to remove a range of hard
and soft metals from water, and offer promise for sequestration of radionuclides
(27). Salt concentrations had a significant effect on adsorption of heavy metals,
however, organic matrix did not influence adsorption.

Nanoporous Controlled Release Materials

Controlled release materials offer a means for direct delivery of bioactives
to target release points, pulsed release, and extended release. Nanoporous
materials have been investigated as controlled release materials to highly
concentrate bioactives and reduce the amount of controlled release material
needed in applications. In addition, the controlled release materials can be
functionalized to tune the release rate. Theoretical studies report that surface
barriers rather than diffusion influence release of bioactives from nanoporous
materials (28). Nanoporous technology in the area of controlled release includes
the use of agricultural commodities as controlled release matrix and applications
of controlled release materials to improve agriculture.

A nanoporous silica was investigated for its ability to release of (-)-menthol,
5, a flavor and bioactive (See Figure 4). Pore size (2.4 to 40.7 nm), structure, and
wall thickness significantly influenced release of menthol and modulation of these
parameters enabled controlled release (29). Functionalization with hydrophobic
groups significantly reduced the release rate of menthol in aqueous solutions.

Chitin is an agricultural bioproduct from shellfish. Multilayer microcapsules
of nanoporous poly(l-glutamic acid)/chitosan were developed and investigated for
general drug release. Evaluations using 5-fluorouracil, 6, as the model release
compound revealed release rate can be modulated by ionic strength, specifically
pH and salt concentration (30). Salt concentrations and pH influenced loading
capacity and acidic conditions supported sustained release. The material exhibited
favorable anticancer activity in the MTT cytotoxicity assay, and show promise for
drug delivery applications.

Figure 4. Materials investigated for the controlled release from nanoporous
materials, (-)-menthol, 5, and 5-fluorouracil, 6.
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Nanoporous Materials as Catalysis

Nanoporous materials have seen applications as high capacity supports
to enable catalytic synthesis of fuels from food waste and algae. Mesoporous
materials Al-MCM-41 and MF1 zeolites were investigated for their catalytic
activity to produce energy materials from the oils of food waste leachate
(31). The reaction produced oxygenated compounds and aromatics. The
nanopores of MF1 zeolite increased acidity and provided volatiles, aromatics
and hydrocarbons in the gasoline range. The weakly acidic Al-MCM-41 gave
oxygenates and hydrocarbons in the diesel range. Bifunctional mesoporous
catalysts containing acid functionality alongside hydrophobic regions have been
used to make biodiesel from free fatty acids (32). In addition, agricultural waste
has been converted into a fuel by a nanoporous aluminum coated with platinum,
platinum-ruthenium, and platinum-ruthenium-carbon (33). This material was a
key component in the development of a bioelectrochemical fuel based on the
fermented rice husks. A molybdenum carbide catalyst supported on ordered
mesoporous carbon was developed to produce hydrocarbons for diesel fuel from
vegetable oil (34). The ordered mesoporous carbon material improved selectivity
and reduced leaching during synthesis.

Lesquerella fendlerii is a robust mustard plant capable of growing in dry
environments. Increasing the value of the oils of this plant can foster the use of this
new crop dry lands with limited agricultural value. A mesoporous SBA-15 silica
functionalized with sulfonic acid and chloroalkyl groups improved the catalytic
synthesis of value-added products from oils of this plant (35). Specifically, the
novel catalysts permitted the selective synthesis of phenoxy ether derivatives of
methyl lesquerolate. The mechanism proposed is a selective decrease in Friedel-
Crafts adducts. In addition, several mesoporous MCM-41 based catalysts were
developed to synthesize t-butyl-p-cresol, a popular antioxidant used by the food
industry (36). The best catalyst developed was based on MCM-41 functionalized
with zinc and aluminum.

Attempts to esterify free ω-sulfhydryl fatty acid with sulfuric and p-toluene
sulfuric acid produce amixture of products, including reactions with the sulfhydryl
groups. To address this issue, a novel SBA-15 functionalized with arenesulfonic
acid and propyl sulfonic groups was developed to selectively catalyze ethanolic
esterification of ω-sulfhydryl fatty acid while limiting side product formation (37).
Scale-up to gram level production was possible by using nonporous Amberlyst-15.

Incorporating bioproteins onto mesoporous materials offers a means to highly
concentrate active sites on a small insoluble surface and preserve the native
and active conformation of the protein. The membrane protein chlorophyllase
was entrapped in sol-gel silica to immobilize the protein (38). The effect of
immobilization only reduced activity by 20%. Characterization of the sol-gel
silica and sol-gel silica with chlorophyllase by thermoporometry indicate the
chlorophyllase acts as a template during the sol-gel process and influences the
morphology of the resulting polymer. In addition, Candida Antarctica lipase B
has been immobilized on hydrophobic and hydrophilic SBA-15 and the catalytic
activity has been maintained (39).
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Nanoporous and nanoparticle electrodes based on Ti/TiO2 filmswere prepared
using the sol-gel method and evaluated for the ability to remove food dye from
wastewater (40). The size of the nanoporous electrode was calculated to be 20 nm
and the nanoparticle electrode was 10 nm. The nanoparticle electrode possessing
the best activity also had the highest surface area and was capable of removing the
dye in 15 minutes.

Agricultural Commodities in Nanoporous Materials

Agricultural materials have been applied as components in synthetic
nanoporous materials. Polysaccharide aerogels have been developed as a
promising class of nanoporous materials with potential uses as lightweight, highly
porous bioactive delivery systems with high surface areas (41). Also, nanoporous
materials have been developed using chitosan polysaccharide as the feed stock
through electrospinning techniques and evaluated for antimicrobial activities (42).
Several parameters of the chitosan and polylactic acid synthesis were investigated
and optimized, including solvent, molecular weight, and spinning conditions.

Conclusion

There is a strong history of the use of microporous materials as sorbents in
agriculture. Recent advances in mesoporous materials have improved food safety
and utilization of agricultural products. Challenges for developing applications of
nanoporous materials include matrix interference with the molecular recognition
components of the materials and reducing the cost of the materials. Matrix
interferences are not new and often complicate the practical application of
technology in agriculture. Separation of nanomaterials from liquid matrices
may be assisted through incorporation of components for magnetic separation
or centrifugation. The cost of synthesizing nanoporous materials is expected to
decrease as the materials are more broadly utilized in new applications. Overall,
nanoporous materials offer a means to increase the selectivity and sensitivity of
detection, isolate small molecules, and tune reactions.
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Chapter 10

Breaking up of Biofilms withMoringa oleifera:
Insights into Mechanisms
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The chemical properties of bioactives are important factors
for nanoparticle drug delivery carriers. In this study, we
systematically examine the antimicrobial and anticancer
activities of different sections of the tropical fruit Moringa
oleifera. This study showed that the seed cover (seed coat)
had higher antimicrobial properties in comparison to the
skin, the inner skin skeleton (pulp) and the seeds. Moringa
seeds have been reported to act directly upon microorganisms
resulting in growth inhibition but to our surprise seed cover
had a dramatic effect and thus prevented the formation of
biofilm itself. These experiments were carried out using
strain NJ 9709-Staphylococcus epidermidis, a strain with
antibiotic resistance. The parent glucosinolates do not possess
significant biological activities and hydrolysis with the
myrosinase enzyme transforms the glucosinolates to active
chemopreventive isothiocyanate products that are more suitable
for nanotechnology-based drug delivery systems.

© 2013 American Chemical Society
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Introduction

Moringa oleifera is a fast growing tree having multiple medicinal qualities (1,
2). It has been widely used in India, Pakistan, Bangladesh, Afghanistan and other
parts of the world as a traditional medicine for thousands of years (1–4). Various
parts of the Moringa oleifera tree have great use in Unani and Siddha medicine
(4, 5). Recent data fromWorld Health Organization shows that African and Asian
countries use this and other herbal medicines extracted from natural plant products
for primary health care (1, 6, 7).

In continuation of our research program we recently reported bioactive
glucosinolates and their hydrolyzed products present in Moringa oleifera
(Figure1). Their isolation and structure elucidation using thin-layer
chromatography and electrospray ionization mass spectrometry was achieved
(1). Further, a comparative inhibition of growth and induction of differentiation
of colon cancer cells by extracts from okra (Abelmoschus esculentus) and
drumstick (Moringa oleifera) was also elucidated (8, 9). The enzyme myrosinase
(thioglucoside glucohydrolase) breaks down glucosinolates into bioactive
compounds known as isothiocyanates, which have proven chemopreventive
effects against different types of cancers including prostate, bladder, lung,
colorectal and colon cancer (10–13). Posner and coworkers isolated and
characterized sulforaphane, a major inducer of anticarcinogenic protective
enzymes from broccoli (14). In a recent and important study, Ganin et al.
(15) elucidated two natural isothiocyanates isolated from broccoli, namely
sulforaphane (13) and erucin (14). These are potent selective antibacterials
and possess anti-Helicobactor activity (16) acting as chemopreventive agents.
Bassler and coworker have extensively studied quorum sensing, cell to cell
communication in bacteria, a chemical discourse and bacterial small molecule
signaling pathway (17–21). Ilana and colleagues used this small molecule
signaling pathway approach to highlight that fours specific D-amino acids,
tyrosine, lysine, methionine and tryptophan, trigger biofilm disassembly (22),
thus fighting dangerous pathogens (15–22). Since Staphylococcus epidermidis
is the primary cause of infections of indwelling medical devices such as
intravascular catheters, alternative strategies are needed to inhibit both bacterial
growth and Staphylococcus epidermidis biofilms (23). Present studies describe
biofilm busting activities (24) of compounds present in the seed cover and the
pulp tissue sections of the Moringa oleifera.

These bioactive compounds that have been elucidated in our studies from
Moringa oleifera have the potential to be delivered via nanotechnology. An
effective way to deliver such compounds is nanoencapsulation. The various
properties of nanoparticles like their size similarity to biomolecules such as
proteins allow them to be efficient drug delivery vehicles (25). The bioactive
compounds can be encapsulated by nanoparticles composed of various cores,
including silica and gold. These nanoparticle-encapsulated compounds can then
be delivered to the system and released. The advantage of encapsulating the
bioactive compounds with nanoparticles is a controlled release and the capsules
rigidity (26).
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Experimental (Materials and Methods)
Plant Materials

The Moringa Oleifera was dissected into four different sections: Skin, Pulp,
seed coat, and seeds.

Figure 1. Fresh Moringa oleifera, dissected sections.

Extraction and Thin-Layer Chromatography

Extraction

The individual sections were treated with methanol and efficient extraction of
the bioactives was carried out by microwave-assisted extraction (24, 27–31).

Chromatographic Materials

All TLC isolated products were detected as one spot when subjected to
thin-layer chromatographic examination (precoated 0.25-mm silica plates from
Analtech, Newark, DE) (1).

The compounds were resolved and analyzed by analytical and preparatory
TLC and subjected to electrospray-ionization mass spectrometry as described
previously (8, 30). Microwaved methanolic extracts of seed coat and pulp (10-20
mg) were evaporated under nitrogen and sequentially extracted with hexane and
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chloroform. The chloroform and hexane extracts from the seed coat and seed
cover were then separated in the following TLC solvent system (chloroform:
methanol: acetic acid 18:4:0.5 v/v/v Figure 2). Rf=0.18 was assigned to
intact glucosinolate isolated from seed coat and pulp. The less polar spot with
Rf=0.23/0.24 was assigned to its corresponding acetylated derivative. The
extremely low polar spot (Rf=0.98) is a reference standard for sulforaphane and
Rf=0.93/0.94 (Figure 2), is assigned to the hydrolyzed products of glucosinolates
specifically the isothiocyanates. The spot with Rf=0.54 is an impurity in the
reference standard sulforaphane.

Figure 2. TLC profile of Moringa oleifera (CHCl3 extract) in the solvent system
chloroform: methanol: acetic Acid (18:4:0.5 v/v/v). Lane 1- skin, lane 2- pulp,

lane 3- seed coat, lane 4- seed and lane 5- sulforaphane.

Electrospray-Ionization Mass Spectrometry

The Collision-induced (CID) mass spectra of glucosinolates and their
break down products were recorded on a Micromass Quattro I tandem mass
spectrometer equipped with an electrospray ion source as described previously
(1, 8, 32). Samples were infused with acetonitrile–water–ammonia (9:1:0.00001,
v/v/v) solutions at a flow rate of 6 µl/min and the source temperature was held
at 80 °C.
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Isolation and Structure Determination

As described previously the structure and stereochemistry of glucosinolates
and isothiocyanates were elucidated via a combination of NMR and
electrospray-ionization mass spectrometry (ESI-MS) (1, 8, 24, 32). Briefly,
the hexane extraction provided low-molecular weight glucosinolates and their
hydrolyzed products. Extraction of the seed coat with chloroform provided
a mixture of intact glucosinolates, their acetyl derivatives, isothiocyanates
and rhamnose carbamate as revealed by negative ion electrospray ionization
mass spectrometry. Further MS/MS (MS2 scans) were performed for peaks
at m/z 570 and 341, which demonstrated structural assignment for 4-(±α
L-rhamnopyranosyloxy) benzyl glucosinolates, and their myrosinase hydrolyzed
low molecular weight isothiocyanates and rhamnose carbamate (Figure 3).

Bacterial Strains

Four S. epidermidis strains (designated NJ9709, NJ9710, NJ9711, and
NJ9712) were isolated from the surfaces of infected intravenous catheters
removed from patients at University Hospital, Newark, N.J. The strains were
identified by using the Api-Staph biochemical identification kit (bioMérieux,
Durham, N.C.).

All four strains contained the ica genetic locus (23) and produced black
colonies on Congo red agar both of which were indicative of slime production as
previously described (23).

Biofilm Formation

Media and Growth Conditions Protocol

The Staphylococcus epidermidis strain (designated NJ9707) was streaked
onto a 5% sheep’s blood agar plate and incubated for 24 h at 37°C in air. Three
loops of bacteria from the agar plate were transferred into a microcentrifuge
containing 200 μl of fresh medium Trypticase soy broth. The tube was vortexed
for 1 min at high speeds, and the cells were allowed to settle for 5 min. 200 μl of
the upper layer was transferred to a petri dish containing 25 ml of fresh medium,
and the dish was incubated for 18 h. Biofilms were grown in Trypticase soy broth
(Becton-Dickinson) supplemented with 6 g of yeast extract and 8 g of glucose
per liter. The biofilm that formed on the surface of the dish was rinsed with
phosphate-buffered saline (PBS) and subsequently scraped from the surface of
the dish into 3 mL of PBS by using a cell scraper. The cells were then transferred
to a centrifuge tube, vortexed for 1 min, and allowed to settle to the bottom of the
tube for 10 min. The 150 μl bacteria and the Moringa oleifera extract aliquots
were taken in the following manner (see Table 1).
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Table 1. Moringa oleifera and bacterial extract aliquots used in the
experimental protocol as shown above

Tube 1 Tube 2 Tube 3

300 μl PBS buffer and
150 μl bacteria

Moringa oleifera seed or
pulp extract in methanol
150 μl and 150 μl
PBS buffer 150 μl bacteria

Moringa oleifera
seedcoat/pulp extract
in methanol 300 μl and 150
μl bacteria

The tubes were incubated for 2 hrs in 37°C. A 0.5 ml aliquot of the top layer
was transferred to a tube containing 5 ml of fresh broth and the tube was then
vortexed for 30 s. The pellet at the bottom of the tube was broken up and allowed
to settle to the bottom of the tube for 10 min. After the serial dilutions the biofilms
on the 96 well plates were stained with crystal violet and observed.

The preparation of inocula was followed as described previously by Kaplan
et. al (23).

Briefly, a loopful of colonies scraped from the surface of an agar plate was
transferred to a microcentrifuge tube containing 200 μl of fresh medium. The tube
was vortexed for 30 s at high speed, and the cells were allowed to settle for 5 min.
Then, 100 µl of the upper layer were transferred to a 100-mm-diameter polystyrene
Petri dish (model 3003; Falcon) containing 20 mL of fresh medium, and the dish
was incubated for 16 h. The biofilm that formed on the surface of the dish was
rinsed with phosphate-buffered saline (PBS) and then scraped from the surface of
the dish into 3ml of PBS by using a cell scraper. The cell aggregate was transferred
to a 15 mL conical centrifuge tube, vortexed for 30 s, and allowed to settle to the
bottom of the tube for 10 min. A 0.5 mL aliquot of the top layer was transferred
to a tube containing 5 mL of fresh broth and the tube was vortexed briefly. The
resulting inoculums contained 109 to 1010 CFU/mL. Serial decimal dilutions were
made with fresh broth.

Growth of Biofilms in 96-Well Polystyrene Micro-Titer Plates

The wells of a 96-well polystyrene microtiter plate (model 3595; Corning)
were filled with 100-μl aliquots of inoculum, and the plate was incubated for 16 h.
The wells were rinsed with either three 200-μl aliquots of PBS or by submerging
the entire plate in a tub of cold, running tap water. Biofilms were stained with
crystal violet as previously described (23, 33, 34).

Results and Discussion

S. epidermidis is a major cause of hospital-based bloodstream, cardiovascular,
eye, ear, nose, and throat infections. This pathogen leads to acute sepsis thus
causing multiple organ failure in catheterized AIDS and HCV patients and
premature death in newborns (35).
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S. epidermidis grows on medical devices as an adherent biofilm consisting of
communities of bacterial cells, a condition called quorum sensing (17–21), which
are firmly attached to the underlying surface. Furthermore, S. epidermidis biofilms
become highly resistant to antibiotics and thus cause infections in humans that are
difficult to treat. In this context it is of paramount importance to develop alternative
strategies to inhibit bacterial growth.

Recent preliminary studies from our laboratory indicated biofilm-busting
activity is present in the compounds present in Moringa oleifera. These
experiments were carried out using the strain NJ 9709-Staphylococcus
epidermidis, a strain resistant to almost all antibiotics (24). We have now carried
out a detailed evaluation of in-vitro antimicrobial activity of various tissues
of Moringa oleifera (Drumsticks) against Staph. epidermidis. Specifically,
the growth inhibition and prevention of biofilm formation by the bioactive
compounds (isothiocyanates m/z 311, 354, 179, 175, 191, 129) present in the
Moringa oleifera seed coat and pulp tissues was evaluated.

Figure 3. Myrosinase catalyzed hydrolysis products of 4-(±α-L-
rhamnopyranosyloxy) benzyl glucosinolate and 4-[(2′-O- acetyl ±

α-L-rhamnopyranosyloxy) benzyl glucosinolate.
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The microwaved methanolic extract of bioactives present in Moringa
oleifera were resolved and analyzed by analytical and preparatory TLC (Figure
2). Examination of the mass spectrometric studies of the seed cover and
pulp sections of the Moringa oleifera showed an intact glucosinolate, 4-(±α-L
rhamnopyranosyloxy) benzyl glucosinolate, (M/Z= 570, Rf=0.18) and its
corresponding acetylated derivative (M/Z=612, Rf 0.24) (1, Figures 2,3) and
their enzymatic hydrolysis products, 4-(±α-L rhamnopyranosyloxy) benzyl
isothiocyanate (m/z=311) and its acetylated derivative m/z=354 as shown in
(Figure 3). Further, hydrolyzed products of aliphatic glucosinolates namely
1). 5-methylsufinylpentylisothiocyanate m/z 191, 2). 3-methylsulfonylpropyl
isothiocyanate m/z 179 and 3). progoitrin, (2R) -2-hydroxybut-3-enyl-
isothiocyanate m/z 129, its corresponding glucosinolate m/z 388, 4-methylsufinyl-
3-butenyl isothiocyanate m/z 175 were characterized by MS/ESI-MS studies (1,
36).

Figure 4. Structures of glucosinolates [1,2] and enzymatically hydrolyzed
isothiocyanates [3-8].

184

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IN

N
E

SO
T

A
 o

n 
Se

pt
em

be
r 

26
, 2

01
3 

| 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 S

ep
te

m
be

r 
25

, 2
01

3 
| d

oi
: 1

0.
10

21
/b

k-
20

13
-1

14
3.

ch
01

0

In Advances in Applied Nanotechnology for Agriculture; Park, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 



Figure 5. Growth inhibition and prevention of biofilm formation of Moringa
oleifera seed coat and pulp tissues. Inhibition zones are exhibited on a 96

well-plate in a concentration dependent manner and are compared to control and
methanol as shown (C- control, M-methanol, B5- pulp, C5- seed coat).

Figure 6. Antimicrobial activity of various tissues of Moringa oleifera
(Drumsticks) against Staph. epidermidis.
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Figure 7. Comparison of antimicrobial activity and dilution ratio of pulp and
seed coat.

As shown in Figures 5-7 the hydrolyzed products of glucosinolates (Figure 4)
showed the highest antimicrobial activities in a concentration dependent manner.
Inhibition zones as illustrated as shown on the 96 well plate as an example and are
compared to control and methanol (Figure 5). We believe the antimicrobial effects
of the seed cover are attributed to bioactives, 4-(±α-L rhamnopyranosyloxy)
benzyl isothiocyanate (m/z=311), its acetylated derivative m/z=354 and its low
molecular weight isothiocyanates as shown in (Figure 4). A recent study by Park
et al. (37) elucidated inhibition of lipopolysaccharide-induced cyclooxygenase-2
and inducible Nitric Oxide Synthase (iNOS) expression by 4-[(2′-O-acetyl-α-L
Rhamnosyloxy) benzyl]isothiocyanate from Moringa oleifera. Its novel
bioactive inhibitory activity on NO production was found to be greater than the
well-established isothiocyanate, sulforaphane, found in broccoli (14, 15).

More recent work by Drescher et al. (38) has described that biofilms cause
total disruption of flow, which has serious consequences for environmental and
medical catheter devices. Biofilm streamers cause catastrophic disruption of flow
with consequences for environmental and medical systems. Another important
study described in New Engl. Journal of Medicine, Spring 2012 issued a heart
alert on the use of currently used antibiotics such as azithromycin which can cause
changes in the electrical activity of the heart and may trigger a fatal irregular heart
beat rhythm in heart disease patients (39). We believe the bioactive compounds
present inMoringa oleifera seed coat and pulp are naturally occurring compounds
and possess enhanced antibacterial activities (500 µg/ml) better than existing
antibiotics including erythromycin, clarithromycin, amoxicillin and ciprofloxacin.
Our results raise the possibility of new drugs that can dissolve biofilms across a
variety of bacterial species. Mechanistical implications of dismantling biofilm
communities in infectious diseases in wound healing have been highlighted by
Losick and coworkers (22).
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Potential of Nanotechnology on Isothiocyanates/HDAC Inhibitors as
Chemotherapeutics and Biofilm Inhibitors

The enzymatically-hydrolyzed isothiocyanates (ITC) derived from
the glucosinolates present in Moringa oleifera (Figure 4) can be used as
chemotherapeutics (40–44) and in biofilm disassembly. Specifically, the ITCs
act as Histone Deacetylase (HDAC) inhibitors, stimulating differentiation and/or
apoptosis, thus inhibiting tumor growth in animals (41, 42). Nanotechnology
can improve ITC delivery and interaction with the HDAC pocket (40).
ITCs, as illustrated in Figure 4, react with Glutathione (GSH), Cysteine, and
N-acetylcysteine becoming potent HDAC inhibitors (Figure 8). For example,
Sulforaphane (SFN), isolated from broccoli, shows no HDAC inhibitory activity
on its own. However, when SFN-GSH, SFN-Cysteine, and SFN-N-acetylcysteine
adducts are formed through catalyzed reactions in the body, the inhibitory activity
increases tremendously. SFN-Cysteine shows the greatest inhibitory effect
as illustrated by Rajendran and colleagues (40–42). Likewise, the bioactive
compounds that we have isolated are expected to show similar inhibitory effects
(Figures 8 and 9).

Figure 8. Mechanism of isothiocyanate conjugate formation.
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Studies have shown that the cancer prevention activity of cruciferous
vegetables is mainly derived from the isothiocyanates, which are hydrolyzed
from glucosinolates (42–44). The ITC conjugates that are formed with cysteine,
glutathione and N-acetylcysteine have similar effects. Nanoparticles are
customizable and efficient delivery vehicles that can be used to deliver the formed
adducts (25). Nanoparticles derived from various cores including gold and silica
can bind to and deliver the ITC-GSH, ITC-cysteine, and ITC-N-acetylcysteine
adducts to the tumor cells (41, 42). Subsequently, the conjugates would be
able to bind to the HDAC binding pocket inhibiting histone deacetylation and
causing the tumor cell to enter a phase of apoptosis and induce the release
of p21WAF1-inhibiting CDK, which is required for cell proliferation (40–43).
Nanotechnology can be applied as a drug delivery vehicle for the isothiocyanate
adducts into the human body.

Figure 9. Mechanism of SFN-GSH adduct formation.

The bioactive compounds described in our studies from Moringa Oleifera
can be potentially encapsulated by engineered nanoparticles. The subsequent
nanoparticle-capsules can then be delivered to the various systems in which
biofilms have formed. The encapsulated bioactive compounds, upon contact
with the biofilm, will then be released to disassemble the biofilm and therefore
inhibit bacterial growth and further biofilm formation. The importance of
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nanotechnology in terms of drug delivery through capsules and adducts is
paramount because of its efficacy and the ability to control the release of the drug
(26). We believe the present studies will play a significant role in future studies
in order to maximize the effectiveness of treatments via nanoparticle-capsuled
controlled drug delivery.

Summary
The Moringa oleifera compounds isolated in the present study demonstrate

the prevention of biofilm formation and anti-cancer properties. This could benefit
patients suffering from chronic/long term use of catheters. We believe that the
application of these compounds as a drug will promote a healthy wound healing
environment by preventing formation of biofilms from normal skin flora. Also,
the antimicrobial and anti-proliferative activities of pure fractions of Moringa
Oleifera pulp and seed coat may have potential beneficial effects for patients
suffering from severe sepsis and trauma conditions. These compounds will
eradicate pathogens and a condition called quorum sensing. The application of
glucosinolates and their hydrolyzed derivatives will also be valuable in reducing
cardiovascular risk, carcinogenesis and various neurodegenerative diseases caused
by bacterial infections. The isothiocyanate derivatives of the glucosinolates
found in Moringa oleifera, broccoli, and radish seeds are more desirable species
for nanoparticle controlled release and exhibit their chemotherapeutic potential
by way of Histone Deacetylation inhibition and biofilm and bacterial growth
inhibition.
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Chapter 11

Biochar: Sustainable and Versatile

Steven C. Peterson,*,1 Michael A. Jackson,2 and Michael Appell3
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Biochar is a term that describes any charcoal that comes from
biomass. It is a renewable, microporous, carbon-rich product
that also contains nitrogen, hydrogen, oxygen, and ash. Several
varieties of biochar are very porous with irregular surface areas.
The pore size and distribution of a given biochar can affect
its utility, and controlling the highest treatment temperature
during the pyrolysis process is the most common way to affect
this. Chemical and physical activation methods are another
means to modify the pore size and/or distribution. Biochar
can be produced from a very wide range of agricultural and
wood-based waste streams and applications of biochar include
carbon sequestration, soil amendment, and sorption of several
classes of undesirable components fromwater, soil, or industrial
processes. Additionally, recent research has shown potential in
using biochar with high pore volume concentration as a filler
for rubber composites.

Introduction

Figure 1 summarizes the differences between biomass combustion and
pyrolysis. When biomass is combusted, heat and oxygen convert the biomass into
gaseous steam and carbon dioxide, plus ash, which is primarily a mixture of solid

Not subject to U.S. Copyright. Published 2013 by American Chemical Society
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metal oxides, along with smaller amounts of silica and other volatile inorganic
elements. In order to make biochar, oxygen must be removed from the process
so that the carbon in the biomass is not lost as carbon dioxide gas. This process,
the thermochemical conversion of biomass with no oxygen present, is known
as pyrolysis. Once oxygen is taken out of the equation, carbon dioxide cannot
form, and solid carbon is left behind in the form of biochar. However, biochar is
only one of the products of pyrolysis; liquid bio-oil may also be formed, and in
many cases is a desirable alternative form of fuel (1–3). Syngas is the common
term for the combustible gases that are produced during pyrolysis and typically
consist of hydrogen, methane, and other gaseous hydrocarbons (4). The pyrolysis
process can be altered in terms of the amount and rate of heat applied to the initial
biomass.

Figure 1. Schematic diagram of combustion versus pyrolysis.

Generally, pyrolysis processes are classified as fast or slow depending on
the heating rate of the biomass. Heating rates less than around 100°C/min are
classified as slow pyrolysis and favor the production of biochar and syngas,
while fast pyrolysis can have heating rates exceeding 1000°C/min, and is used
to maximize the production of bio-oil (5). The synthesis of biochar is green and
carbon positive, which has spurred interest in identifying new applications of
the biochars for soil enhancement, contaminant sequestration, and as materials
additives. Furthermore, understanding the porous structure and surface area
properties can aid in developing biochar-based applications.
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Porous Structure of Biochar

Biochar that is produced from plant biomass will frequently retain its inherent
phytotomy, or internal structure. This can be very advantageous in terms of
surface area because the vascular systems of many plants have very ordered and
tightly packed cell walls. When discussing biochar or other sorptive materials,
pore sizes are grouped into three classes: macropores (diameter > 50 nm),
mesopores (diameter 2-50 nm), and micropores (diameter < 2 nm). In Figure 2,
two SEM images of biochar made from A) rubber tree feedstock, and B) a woody
waste feedstock are shown. In both of these images one can see the inherent
plant structure. Although not visible at this scale, macropores, mesopores, and
micropores are also prevalent in many biochars. Micropores have been shown to
be excellent sorptive sites for many metals and certain small organic molecules
with sorption capacity being directly proportional to micropore surface area (6–8).

Figure 2. SEM images of biochar from (A) rubber tree feedstock and (B)
woody waste feedstock. Image A was reproduced with permission from Dr.
Nicola Cayzer, School of GeoSciences, University of Edinburgh. Image B
was reproduced with permission from Dr. Peter Harris (Centre for Advanced
Microscopy), Joanna Uglow, and Joanna Clark (both School of Human and

Environmental Studies), University of Reading.

The pore structure of a given biochar is strongly influenced by its highest
treatment temperature (HTT). The HTT and the duration of time the biomass
is treated at the HTT is important because these factors determine the extent of
carbonization; that is essentially the degree to which the volatile components in
the biomass feedstock have been thermally driven off. As volatile components
are driven off, micropores are formed as a result (9–12). In general, both total
surface area and microporosity of a given biochar sample increase with HTT, but
usually will plateau or even decrease around a local maximum. Local maxima
in surface area are typically seen between 650 and 850°C, and there are many
possible reasons as to why this occurs due to the widespread heterogeneity of
biomass used as biochar feedstock. Pulido-Novicio and coworkers (13) postulated
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that tars present in wood during carbonization either prevent the formation of
or impede the continuity of pores below 750°C, at which point they can finally
be volatilized. Rodriguez-Marisol and coworkers (14) examined a lignin-based
biochar and found that ash content of the starting material affected a fusion and
swelling mechanism during carbonization, so they developed methods to reduce
the ash content in the starting material and foster higher structure in the final
biochar. Regardless of ash, in some biochar samples the cell structure itself
can begin to melt and undergo plasticization that clogs any previously formed
micropores during carbonization (15). The heating rate can also affect melting of
cell structures; Cetin et al (16) studied pine dust char and showed that with low
heating rates of 20°C/sec, carbonization led to biochar with fine structure that
resembled the starting feedstock, while the same material heated at 500°C/sec
destroyed the cell structure by melting and plastic transformations.

Additional treatments, both chemical and physical, can be applied to biochar
in order to increase the internal surface area; this process is called activation and
has been carried out in other forms of carbon for many years. In the past the
carbon feedstock was generally a fossil fuel product such as coal or coke (17,
18), since these yielded the most pure sources of carbon. Today an emphasis
towards biochar is being pursued in order to provide a green alternative and a
sustainable feedstock for the future. Physical activation methods utilize oxidizing
gases, typically steam, carbon dioxide, or oxygen applied to the biochar at high
temperatures, typically from 700-1200°C (19–22). Chemical activation involves
mixing the biochar thoroughly with acids (23), bases (24), or salts (25) prior
to the carbonization step. Biochars that have been chemically activated can be
carbonized at lower temperatures than those that have been physically activated
with similar resulting surface areas (19).

Surface Area Measurements of Biochar

Many proposed uses of biochar, from soil enhancer to sorbent to filler, could
benefit from high surface area. Unfortunately, “as prepared” biochars tend to
have surface areas ranging from less than one to a few tens m2/g depending on
the biomaterial charred and the conditions under which the biochar is produced.
Lower temperature charring, or torrefaction (200-320°C), gives lower surface
area products, whereas biochars resulting from gasification (>700°C) tend to
give higher surface-area products (26–28). Biochars typically have amorphous
structure with heterogeneous surface textures consisting of limited pore structure
and, often, higher ash content. These features can make measurement of the
surface areas of biochars challenging. The surface area of biochar can be
increased by treatments such as chemical activation (28–30) and ball milling (31).
The methods described here are better applied to these activated, porous biochars.

The surface area of powders such as sorbents, catalysts, and pharmaceuticals
are measured using the classical gas adsorption method of Brunauer, Emmet, and
Teller (BET) (32), typically using N2 isotherms collected on samples at 77K.
The BET theory succeeds because it allows for the determination of the mass of
molecules adsorbed on a surface despite the fact that the surface is never fully
covered by a single layer of molecules, but is instead partially covered by stacked
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layers of molecules, the uppermost being in equilibrium with the vapor phase.
Since these stacked layers are in equilibrium with the vapor and each other, the
relative number of molecules in each layer is constant. This understanding leads
to the BET equation which can be written in a linear form as:

where W is the adsorbed weight of the gas, Wm is the weight of the gas in the
monolayer, P/Po is the relative pressure, and C is the BET constant. A plot of
P/Po verses 1/W(P/Po-1) gives a straight line of slope (C-1)/WmC which gives the
weight of the adsorbed monolayerWm. The molecular cross-sectional areas of the
adsorptive gases are well established, so this weight can be converted to an area
and then this can simply be divided by the weight of the sample to give the surface
area of the sample. For common powders such as alumina and silica, the range
of the linear portion of the BET plot is typically 0.05≤ P/Po ≤0.30. However, this
range is not definitive and some judgment must be used to find the linear portion of
a BET plot. The only requirement in choosing the pressure range is to include the
inflection point, known as Point B, from the original isotherm. Point B is regarded
as the pressure at which the monolayer begins to develop into stacked layers. For
biochar samples, we find the linear range to most frequently fall at lower P/Po
values, often 0.025≤ P/Po ≤0.10. It is best that the linear range be given when the
BET surface area is reported.

The BETC constant is a dimensionless measure of the interaction between the
solid surface and the gas. It also reflects the level of coverage by the monolayer.
That is, the portion of the solid not covered by the monolayer, (θ)0, can by defined
as

From this equation it is found that only as C becomes very large, does the
monolayer actually cover the entire surface and this reflects more chemisorption
occurring rather than physisorption. In biochar samples, we find C values in the
wide range of 50-1200. There is also a strong correlation between C and the
amount of surface area of the biochars that is in micropores.

Unlike the larger pores (> 2 nm), adsorbate behavior in micropores is
controlled by gas-solid interaction which occurs at very low relative pressures.
Biochars tend to be largely microporous and the ash content contributes to the
gas-solid interaction. Characterization of the pores can, therefore, be tricky. The
classical method for micropore analysis is known as the t-Method of Lippens and
de Boer (33). This method is based on the assumption that BET results are valid
for microporous materials. Results from the method are micropore volume and
area and are complementary to the BET surface area measurement. The t-Method
calculation uses a comparison of the isotherm of the sample of interest to that
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of a sample without porosity. The comparison requires knowing the statistical
thickness, t, for the adsorbate layer. Lippens, Linsen, and de Boer (34) put forth
the following equation for t

This equation was developed for oxidic, nonporous alumina and should be
used against material with similar values of C and, therefore, surface chemistry.
Its use in the analysis of biochar is questionable since the chars are mostly
carbon although they do contain some, and often considerable amounts of,
oxides. Other definitions of t have been devised for other gases and solids and
current instrumentation allows for easy calculation of results from each. Table 1
shows the results of the t-method analysis of an activated biochar using different
calculations for the statistical thickness. Despite the wide variability in micropore
area, an attractive feature of the t-method is the quick collection of data, with as
few as eight points needed.

Table 1. Micropore surface areas from the t-Method using different
calculations for the statistical thickness

Calculation Method Micropore Surface Area
(m2/g)

De Boer 70

Carbon Black 74

Halsey 54

Generalized Halsey 54

An alternative approach tomeasuring the pore size distribution inmicroporous
carbon is to use CO2 as the adsorptive gas (35–37). Carbon dioxide measurements
taken at 273K can be made at higher pressures and shorter times compared to
nitrogen measurements at 77K. The high saturation pressure of CO2 at 273K
(26141 torr) allows for rapid equilibration at each point and penetration of the
smallest pores by the gas. Whereas a nitrogen isotherm at 77K covering the
micropore region requires P/P0 values on the order of 10-6 and as long as 30
hours to measure, the same measurement with CO2 which generates the same, or
at least complementary, results can be done with P/P0 values on the order of 10-3
and be completed in around three hours. The data are interpreted by using the
Dubinin-Radushkevich (DR) equation
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where Vmp is the micropore volume, V the total volume of adsorbate adsorbed,
β is the “affinity coefficient” (38) which is a property of the adsorbate, E0 is a
property of the adsorbent and reflects the energetic heterogeneity of the adsorbent
due to the range of micropore sizes. A plot of [log(P0/P)]2 verses log V yields
a straight line with log Vmp at the y-intercept. β is defined as the affinity of the
adsorbate toward the adsorbent relative to benzene which was assigned the value
of one by Dubinin. βCO2 has earned a classical value of 0.35 although the origin
of this value is unclear; some uncertainty exists as to the value of βCO2. Bickford
et. al (39) surveyed the literature for reports on pore size in activated carbons
and calculated a range of β values of 0.26-0.69 which is wide enough to create
an uncertainty in pore diameter of ±0.5 nm. Some of this uncertainty can be
sidestepped by using simulations of individual pore filling based on statistical
mechanical model calculations known as non-localized Density Function Theory
and the Grand Canonical Monte Carlo simulation (40, 41). Unfortunately, these
models are based on a slit pore orientation for the carbons and may not be entirely
suitable for biochar.

The determination of surface area and pore size composition of biochar is an
important step in evaluating its value in different applications. However, care must
be taken in using appropriate models and data points must be selected judiciously.

Biochar for Soil Amendment

The most common application of biochar is as a soil additive to enhance the
uptake of nutrients and water by plants, mitigate the release of components, and
store carbon in soil. Sequestering carbon in soil can have a significant impact
on the environment by reducing the amount of carbon dioxide released to the
atmosphere as well as providing opportunities for distributed energy production.
Matovic has shown (42) that carbon sequestration using biochar is viable on
a global scale, although it is very important to minimize the physical distance
between the biomass feedstock and biochar dispersal in order to maintain cost
and efficiency advantages. Biochar is most frequently used in gardening and
agricultural commodity production (43). Biochar can be used to alter poor soil
qualities with respect to pH and sorption release of undesirable components such
as pollution. For example, soil enriched with biochar has been shown to mitigate
the release of nitrous oxide and ammonia runoff from the soil, and the release is
related to the residence time of the biochar in the soil (44). Wetting and drying the
biochar several times significanctly helped retain nitrous oxide and ammonium.
However, use of biochar influences soil microbes and the effects are unclear
because many studies neglect the changes of biochar while in the soil (45). A
further complication is that the effectiveness of biochar depends on the type and
properties of the biochar, including source, method of preparation, pore structure,
surface area, and stability (46–48). It has been shown that pyrolysis temperature
and soil type can influence the sequestration and release of heavy metals in soil
(49, 50). A more detailed review of biochar and its impact on soil microbiology
has been done by Ennis and coworkers (51); they believe the key to utilizing
biochar as a soil amendment effectively is to develop robust methods that can
characterize the wide range of mechanisms possible for biochar in targeted soils.
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Biochar as Sorbent Medium for Contaminants

Due to its inherent structure discussed above, biochar has been investigated
as a sorptive medium to remove undesirable contaminants such as small organic
toxins and metals from water, food, or industrial wastewater (52–54). Biochar
sorption can be modeled using Freundlich and Langmuir isotherm models,
and as dual mode sorption (12, 55, 56). Dual mode sorption has two different
mechanisms that can occur: a) linear, non-competitive partitioning, and b)
nonlinear, extensive and competitive surface adsorption. Furthermore, biochar
sorption can be more complex than these models and influenced by competitive
constituents in the media, such as minerals, metals, organic contaminants,
nutrients, herbicides, pesticides and fertilizers (50, 52, 57–59).

Partitioning occurs mainly in the non-carbonized domains of the biochar,
so this mechanism is seen more in chars that have been produced using lower
HTTs (60). In this process the contaminant is absorbed into the amorphous,
non-carbonized part of the biochar. This could be a myriad of different materials,
such as, but not limited to, polysaccharides, lignins, cellulose, amino acids,
or lipids, depending on the biochar feedstock (61). In these non-carbonized
domains of biochar, there are oxygen, hydrogen, and nitrogen atoms present in
various functional groups that, depending on the pH, can affect the partitioning of
contaminants (62, 63). Polar functional groups present on biochar surfaces tend to
adsorb water and other polar adsorbates (64, 65) that form water clusters (66, 67);
these water clusters may then reduce the accessible surface area of the biochar and
therefore lower its efficacy as a sorbent (62, 68). Due to the vast range of possible
surface characteristics of non-carbonized biochar, specific characterization of the
char along with the targeted contaminants must take place to help elucidate at
what rate partitioning between the contaminant and biochar can take place.

The other sorption mechanism, surface adsorption, occurs on the carbonized
domains of the biochar as a pore-filling mechanism (69). This mechanism is
competitive, since there are only a finite number of pores to fill in the biochar.
This mechanism happens much more quickly than the partitioning mechanism;
so much so that it can be used to determine the carbonized vs non-carbonized
ratio of the biochar, which is in turn a function of the pyrolytic temperature. This
was shown in work done by Chen and coworkers (12), where the model solute
naphthalene was sorbed to a series of pine wood biochars prepared at different
pyrolysis temperatures.

Biochar as Potential Filler in Rubber Composites

Carbon black (CB) has been by far the most popular reinforcing filler for
rubber composites for decades, due to its purity and availability in a large range
of particle/aggregate sizes. However, since it is a fossil-fuel product, partially or
fully substituting CBwith renewable biochar would be highly desirable. However,
research up to this point has been limited; Adeosun and Olaofe studied the use
of charcoal along with other inorganic materials such as clays and silica sand as
filler for natural rubber (70, 71), and previous work by Peterson has evaluated
biochars from corn stover (72) and woody waste feedstock (73) blended with CB
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in order to reinforce styrene-butadiene rubber (SBR). In all of these cases, it was
found that biochar did indeed reinforce rubber to a certain extent, but only at low
loadings. The difference in particle size between biochar and CB is thought to be
the main reason for this behavior. Biochars used in the aforementioned studies
to reinforce SBR had an average number-distribution size of 0.74 μm compared
to the control CB which was ~30 nm (25 times smaller). Also, the particle size
distribution for that particular biochar was muchmore heterogeneous than CB, and
had a small percentage of larger particles with diameters up to 100 microns. Large
particle size in filler material is a significant problem for two reasons: a) larger
filler particles have less surface area to interact with (reinforce) the polymermatrix,
and b) fracture, tearing, or other types of defects result from the polymer matrix
containing localized stresses (74, 75). Tensile properties of SBR composites made
from CB/biochar blended filler surpass 100% CB in terms of percent elongation,
tensile strength, and toughness, but only at 10% (weight) total filler concentration.
Above 10% total filler these advantages are lost relative to 100% CB (73). Hence
any practical applications that would utilize this technology to reduce CB usage
would require softer, flexible, lightly-filled components.

A recent patent claims that rubber belt composites filled with 100% biochar
can perform as well as or better than analogous composites filled with CB (76). In
this work the inventors state that one of the key factors for successful use of biochar
as filler is a high pore volume of both meso- and macropores, in order to provide
the polymer matrix accessibility to the biochar surface and foster reinforcement
interactions between polymer and filler. Ideally the inventors are striving for filler
material with a pore volume of at least 0.5 cm3/g.

Other interesting morphologies of carbon used in conjunction with biochar
such as graphene and nanowires may also provide advantages as filler, but
research to this point has focused on these materials’ sorptive properties (77–79).
It remains to be seen whether these morphologies can provide either the surface
area or surface chemistry to match or surpass carbon black as reinforcing filler.

Conclusions

Biochar is a renewable resource that can be made from practically any
carbonaceous material, including low-value agricultural and forest waste. Its
inherent fine structure and high surface area can be advantageous in sorbent
applications. The pyrolysis conditions have a major effect on the resulting
biochar; in general surface area and sorptive quality increases directly with the
highest treatment temperature. The increased surface area associated with the
microporous nature of biochars is important for certain sorbent applications.
Recent studies also suggest that biochars with a high meso- and macropore
concentration may be effective as filler for rubber composites. Larger pore
structure facilitates more interactions between the polymer matrix and the biochar
acting as filler. In order for biochar to make its way into the rubber composite
filler industry, cost-effective methods of production must be established. Large
scale characterization and standardization of biochar is also needed, since it can
come from a virtually infinite array of source feedstocks.
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Chapter 12

Bioinspired Layered Nanoclays for
Nutraceutical Delivery System
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This review focused on the promising potential of nanoclays
as nutraceutical delivery systems. In nature, two forms of
nanoclays, anionic and cationic clays, are present depending
on the surface layered charge and the types of interlayer ions.
Nanoclays including anionic and cationic clays have unique
layered structure which enables intercalation of nutraceuticals
and bioactive agents into the gallery spaces without any changes
in their chemical and functional properties. They also have
efficient cell permeation, high mucoadhesive, and low toxic
properties that offer a new route to enhance the bioavailability of
bioactive agents through oral administration. The preparation,
physical/chemical characterization and bioavailability of
nanoclay based delivery systems as well as their applications in
food system as a nanocarrier for vitamins, antioxidants, linoleic
acid, and other neutraceuticals are discussed.

Keywords: Nanoclays; layered double hydroxides (LDHs);
nanotechnology; nanomaterials; food; nutraceuticals; delivery
system
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Introduction

Nanotechnology is the science and technology that focused on the
understanding and control of matters at scale ranging from few atoms to
submicron dimension. Unique phenomena arisen from the nanomaterials and
nanostructures have been applied to produce variety of physical, chemical, and
biomolecular systems at nanometer scale, as well as integrating them into larger
scale. The technologies in nanoscience have provided promising breakthroughs
in areas such as materials science, electronics, medicine, food, healthcare,
biotechnology, and thus having consequences for the improved quality of human
life. It is also widely accepted that nanotechnology will be the next revolution
in food industry (1). Control of food materials in nanometer scale could lead to
the modification of macromolecular characteristics of food, such as taste, flavor,
texture, sensory property, processibility and stability during the process and
storage. The applications of nanotechnology in food and ingredients sector have
been growing fast.

Food safety is among the fast growing fields to which nanotechnology
provides useful tools. Advanced nanoelectronics in combination with appropriate
functional nanomaterials and smart biological components enable us to develop
highly specific and selective sensing devices for the detection of hazardous
agents including viruses, pathogenic microorganisms as well as undesirable
chemical and physical contaminants in food (2–4). Micro/nano fluidic technology
accelerates miniaturization of those sensing devices to the level that is suitable
for field application (5–7). In addition to ensuring the safety of food, the potential
of nanotechnology to monitor the quality and status of food would significantly
improve our food life. Food packaging is another area that has employed various
nanomaterials to enhance the shelf life of food by improving the barrier property
of container (8, 9). Nylon based nanocomposites developed by Honeywell and
Nanocor have already been employed to produce commercial beer bottles in
Korea and United States of America (10). Polymer nanocomposites are made
by dispersing inorganic filling nanomaterials into polymer (11). For example,
nylon layered silicate nanocomposite containing 2% inorganic nanofiller has
two-fold higher tensile strength and thermal stability over 100 °C compared with
pure nylon (11). Nylon based nanocomposites are formed by dispersing silicate
layers into a continuous polymer matrix. This structure significantly reduces the
diffusion rate of oxygen or carbon dioxide across the packaging film since those
gases should take tortuous path through the space between dispersed nanosilicate
layers (12). The notable improvements in strength, heat stability and barrier
property made this nanocomposite ideal for food packaging materials.

On the other hand, there is growing interest in nutraceutical benefits of
food. There have been numerous efforts and trials to deliver various forms of
antioxidants, nutrients, minerals, drugs and other functional agents through foods
(13). To increase the stability and absorption rate of the active compounds, a
number of encapsulation materials have been developed including liposome,
micelle, polymersome, dendrimer as well as diverse biodegradable polymeric
materials. Reducing the size to nanometer scale is another way of improving the
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bioavailability of bioactive compounds (14). Currently, most of efforts for the
development of delivery systems focus on drugs since their high production costs
are still acceptable in medicine. Meanwhile, the cost and safety concerns to near
zero-toxicity level are the most crucial factors that determine the choice of food
for customer. Therefore, food grade or “generally recognized as safe” (GRAS)
materials such as polysaccharides, food protein, emulsifier, and inert inorganic
materials, with controlled release behavior, are attractive candidates for effective
and safe encapsulation system.

Nanoclays belonging to clay minerals have attracted a great deal of attention
for their biological application due to their abundance in nature, convenience
for preparation, and biocompatibility (15–18). They also have great potential
for food application because nanoclays have been traditionally used for curative
and protective purpose as a folk medicine since the earliest days of civilization
(19–21). For example, administered clay minerals have been used as laxatives,
anti-diarrheal, and anti-inflammatory agents to purify the blood, reduce infection,
and even heal ulcers (22). Moreover, biocompatible clay minerals have been
currently applied as oral antacid or antipepsin agents (23, 24). Clays have also
been ingested as trace mineral supplements which supports their low or null
toxicity.

Nanoclays have unique layered structures consisting of stacking nanosheets
with metal ions and interlayer counter ions for charge-balancing (25). The
2-dimensional structure represents interesting strategies to develop novel nano-bio
hybrid systems by intercalating bioactive molecules into the gallery spaces
(Figure 1). Potentially unstable and labile agents can be protected against harsh
environmental and processing conditions, and eventually released at desired
site with controlled manner (26, 27). Layered nanoclays have been applied as
host materials to encapsulate various biomolecules because flexible interlayer
spaces allow accommodation of the biomolecules depending on the volume and
molecular size of intercalated molecules. Many researches demonstrated that
layered nanomaterials can encapsulate DNA (28–30), nucleotides (31, 32), drugs
(33, 34), proteins (35), and even viruses (36). These nano-bio hybrid systems
were determined to enhance the delivery efficiency into cells and the efficacy
of bioactive molecules inside cells as well (37–39). However, application of
nanoclays for delivering nutrients or nutraceuticals is extremely limited.

Figure 1. Scheme for nutraceuticals-loaded layered nanoclay hybrid system.
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In this chapter, we describe nanoclay based delivery systems which have
shown enhanced stability, bioavailability and biological efficacies for diverse
nutraceutical compounds. Preparation, characterization and bioavailability of
nanoclay based delivery system as well as examples of the biologically active
encapsulation system are provided.

Delivery Efficiency and Biocompatibility of Nanoclays
Structural Features

Layered nanoclays are divided into two different classes, anionic and cationic
clays, depending on the surface layered charge and the types of interlayer ions.
Anionic layered nanomaterials typically stand for layered double hydroxides
(LDHs) with exchangeable anions in the interlayer spaces. LDHs consist of a
wide range of chemical compositions and their layer structure can have a variety
of stacking faults to generate many different polytypes. The general chemical
formula of LDHs is expressed as [M2+1-xM3+x(OH)2]-(Am-)x/m·nH2O, where the
Mn+ represents a metal cation (M2+ = Mg2+, Zn2+, Ni2+, Cu2+ and so on; M3+

= Al3+, Fe3+,and so on) and Am- is a interlayer anion (Am- = CO32-, NO3-, Cl-,
SO42- and other anionic species) located in the hydrated gallery spaces, giving
rise to layered structure (Figure 2A) (18). The structure of LDHs is based on
brucite (Mg(OH)2)-like layers, where the partial isomorphous substitution of
divalent cation, Mg2+, with a trivalent cation such as Al3+ yields positively
charged sheets in stacked position. Thus, the interlayer space is balanced by
charge-compensating hydrated anions, stabilized through electrostatic interaction
together with water molecules. This unique structural feature of LDHs results
in anion exchange capacity, thereby contributing to intercalation ability of
anionic molecules into the layers and controlled release property as well. The
exchangeability of interlayered anions differs with their electrostatic interaction
with positively charged sheets; divalent or trivalent anions are more strongly
stabilized into LDH layers than monovalent anions, associated with less anion
exchangeability of the former than the latter. They also have high layer charge
density (2-5 meq/g), leading to strong electrostatic forces between the sheets and
interlayer anions, thus swelling is more difficult than cationic clays. On the other
hand, the solubility of LDHs is highly dependent on pH, namely, they are stable
in an alkaline environment, but can be dissolved into ions under acidic conditions.
These characteristics of LDHs are fascinating feature as delivery carriers since
they can be gradually and easily decomposed inside cells where pH is slightly
acidic. Meanwhile, surface coating of LDH layers with acid-resistant polymers
will protect them from dissolution, which is essential for oral application.

Cationic layered nanoclays, for example, aluminosilicates such as
montmorillonite (MMT), consist of octahedral and tetrahedral sheets, having
high internal surface area. The basic structure of cationic clays is based on
a mica framework (Figure 2B) (17), where the unit layer is composed of one
octahedral sheet sandwiched between two tetrahedral sheets. The cations in
tetrahedral sheets are typically Si4+ and Al3+, while those in the octahedral sheet
are Al3+, Fe3+, Mg2+ and Fe2+. Cations of tetrahedral and/or octahedral sheets
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can be isomorphically substituted by lower-valent cations, resulting in negatively
charged layer framework. This negatively charged layer is generally delocalized
over the layer surface, thereby maintaining permanent negative charge, while
not affected by environmental conditions such as pH and ion activity. On the
contrary, additional negative charge could be also generated by deprotonation of
the exposed hydroxyl groups in the cleaved edge or structurally deformed region
in the sheets, which is highly influenced by experimental conditions. In the same
manner as LDHs, cationic clays can also accommodate exchangeable counter
ions, cations in their gallery space, endowing cation exchange capacity (CEC) as
well. Cationic clays including smectite group and vermiculite group have weak
negative charge and low charge density (0.2-0.9 meq/g) in their layers, which
allows swelling property in the presence of water. This structural swelling feature
is also related to CEC and intercalation ability of cationic molecules.

Figure 2. Schematic structure of (A) a layered double hydroxide and (B) a
cationic clay, montmorillonite.

Anionic or cationic nanoclays can therefore be applied as delivery carriers,
depending on the charge of intercalated molecules, fundamentally based on their
unique layered structure. Of course, the size and volume of biomolecules which
will be stabilized into the layers should be also carefully considered for successful
intercalation with high stability. The fact that bioactive molecules are stabilized
into the interlayer spaces through electrostatic interaction also provide controlled
release ability, by exchanging them with other ions massively present in biological
environment. Thus, sustainable bioactivity could be obtained by using nanoclays-
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bio hybrid systems. Moreover, labile nutraceuticals intercalated into the layers
could be effectively protected against both low gastric pH and various enzymatic
attacks, which is crucial to improve their activity by oral intake at the systemic
level.

Figure 3. (A) Confocal microscopic images of LDH conjugated to fluorescein
isothiocyanate (FITC) in cells (a, nuclei stained by Dapi; b, clathrin stained by
Texas-Red; c, LDH-FITC; d, merged image) and (B) magnified image of the white
box in part (A) showing high colocalization of LDH-FITC with clathrin protein.
Reproduced with permission from Ref. (71). © 2006 American Chemical Society.
(C) Size-dependent cellular uptake mechanism (chlorpromazine (cpz) and K
depletion, inhibitor for clathrin-mediated endocytosis; filipin and geninstein,
inhibitor for caveolae-mediated endocytosis inhibitor; amiloride, inhibitor for
macropinocytosis). Reproduced with permission from Ref. (41). © 2009 Wiley
Interscience. (D) Size-dependent cellular uptake amount. Reproduced with

permission from Ref. (41). © 2009 Wiley Interscience.

Cellular Uptake

One of the most important factors as nutraceutical delivery systems is that
nanomaterial-based delivery vehicles should be easily and efficiently taken up by
cells and tissues (40). In this context, LDHs are effective because they enter cells
through clathrin-mediated endocytosis, the most common endocytic pathway in
all mammalian cells (Figure 3A and 3B) (37). especially when the particle size
is controlled in the range from 50 to 200 nm (Figure 3C) (41). Particle size of
LDHs is a key factor affecting uptake efficiency (41); the smaller the particle
size, the more massive amount can be internalized (Figure 3D). Recent study
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demonstrated that intracellular trafficking pathway of LDHs after internalization
into cells via clathrin-coated vesicles is highly dependent on particle size (42).
Fifty nm particles follow a typical endo-lysosomal pathway as well as direct
exocytic route at the same degree, while most of larger particles of 100 nm
escape endosome-lysosome trafficking mechanism. They rather follows exocytic
pathway represented by endosome-golgi apparatus-endoplasmic reticulum.
Delivery efficiency of various biomolecules-loaded LDHs was demonstrated in
many researches, showing high uptake of drugs (43, 44), genes (28, 45, 46),
siRNA (47) and bioactive molecules (48–50) delivered through LDH carriers, in
comparison with that delivered without LDH nanovehicles.

Meanwhile, the size of cationic clays varies ranging from nano-scale to
micro-sized. In case of micro-sized clays, the main purpose of their biological
application is not to enhance cellular delivery efficiency but rather to stabilize and
protect molecules against unfriendly physiological environment. Bulk particles
like aluminosilicates have, however, other fascinating characteristics to be used
as oral delivery carriers. They possess highly mucoadhesive property (51), which
is essential for molecules to across the GI barrier. Some aluminosilicates such
as MMT also act as a potent detoxifier in the intestine because they have high
adsorption ability for protein and microorganisms. Thus, they can adsorb not only
dietary, microbial, metabolic toxic, and xenobiotics but also abnormally increased
hydrogen ions found in acidosis (52).

Biocompatibility

In general, clays have been considered as bioinspired layered nanomaterials.
Indeed, cationic clay minerals like smectite group have been traditionally applied
in diverse fields including cutaneous chemotherapy, laxatives, anti-diarrheal and
anti-inflammatory as well as anti-microbial agents (53–55). Recently, they are
used as excipients, lubricants and dispersants in pharmacological applications
to improve organoleptic, physical and chemical properties (56–58). Another
cationic clay, MMT is also generally recognized as a biocompatible material
(59), since it is commonly applied in many pharmaceutical formulations as
both excipient and active substance (60). Moreover, anionic nanoclay, LDH in
carbonate form, is applied as an antacid or antipepsin agent to neutralize stomach
acidity, which is related to its alkali characteristics under physiological pH
(61). However, nanomaterials-based nutraceutical delivery system could exhibit
different toxicological effects induced by pharmaceutical formulations because
nutraceuticals could be daily taken up without any prescription. Therefore,
the safety issue of nanoclays must be addressed when applied for delivering
nutraceuticals or functional nutrients, in particular, to the point of view of
long-term and chronic toxicity.

In this regard, the toxicity of LDHs was evaluated in vitro and in vivo.
Cytotoxicity of LDH was assessed in four different cell lines, in comparison with
other inorganic nanoparticles extensively applied for biological purpose (62). The
results demonstrated that LDH showed little cytotoxicity compared to silica, iron
oxide and single walled carbon nanotubes (Figure 4A). LDH nanoparticles of
about 200 nm did not significantly cause inhibition of cell proliferation, cell death,
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apoptosis and membrane damage up to 250 μg/ml with 48 h incubation. They
only induced oxidative stress and pro-inflammatory mediator like interleukin-8
(IL-8) at 500 μg/ml for 72 h exposure. Interestingly, their cytotoxicities differ
with tested cell lines (Figure 4B); the most remarkable cytotoxicity was found
in lung cancer A549 cells, while they were not toxic at all to normal lung L-132
cells. It is worthy to note here that LDHs as delivery carriers are normally applied
at concentration less than 100 μg/ml. It seems that LDH nanoparticles do not
cause acute cytotoxicity at dose level used for practical biological application. On
the other hand, size-dependent cytotoxicity of LDH nanoparticles was reported in
A549 cells, showing higher induction of IL-8 by 50 nm LDH nanoparticles than
by larger-sized one (100 to 350 nm) (63).

Figure 4. (A) Effect of LDH nanoparticles on cell proliferation of A549 cells
after 72 h. (B) Induction of reactive oxygen species in different cell lines treated
with 500 μg/ml of LDH nanoparticles for 72 h. Reproduced with permission from

Ref. (62). © 2009 Elsevier.

Toxicity of LDH nanoparticles was also investigated in mice, with respect to
particle size after repeated intraperitoneal injection (once a week) for 4 weeks (64).
They did not significantly affect body weight gain or survival rate up to the highest
dose tested, 600 mg/kg, in mice. However, when 50 nm particles were treated,
some typical inflammatory responses such as alveolar sac filled with collagen or
infiltration of neutrophils were found in about 10% of total treated mice (27, 65). It
is likely that small-sized LDH nanoparticles could induce inflammation response,
the most critical toxicological effect caused by LDH nanoparticles (66). However,
the particle size of LDH nanoparticles for oral delivery should not be necessarily
less than 100 nm. Larger size may be more efficient to protect nutraceuticals
against GI environment. According to the results of many studies described above,
LDHs are considered very attractive and safe delivery system for oral application.

Nanoclays for Nutraceutical Delivery System

As described earlier, nanoclays are biocompatible materials with high internal
space area, high ion exchange capacity and low toxicity, which make it ideal
as a delivery system for bioactive compounds. Nanoclay encapsulation system
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can be prepared by relatively simple and inexpensive process compared with
other delivery system. Various inorganic and organic bioactive compounds could
readily be introduced into the hydroxide interlayer space by simple ion exchange
reaction or co-precipitation method. In addition to improving the solubility
of drug or active compounds, nanoclay encapsulation system is particularly
attractive for oral application due to its high mucoadhesive property which
is useful for delivered molecules to across the GI barrier (51). Choi research
group reported a facile way of encapsulating glutathione, a most powerful
antioxidant, into MMT by cation exchange reaction (Figure 5A) (67). Glutathione
(γ-L-glutamyl-L-cysteinylglycine, GSH) is an endogenous antioxidant protecting
cells from reactive oxygen species by neutralizing free radicals. GSH is also
essential for maintaining the normal function of immune system, and its deficiency
occurs commonly in immunocompromised patients. But oral intake of GSH
results in low bioavailability because of the chemical and enzymatic hydrolysis
reaction in intestine and liver. The stability of GSH could be increased by
encapsulating GSH into MMT. Oral administration of GSH-MMT hybrid to mice
resulted in significantly increased bioavailability and high antioxidant activity
in plasma (Figure 5B). The stability of GSH was further increased by coating
GSH-MMT hybrid with polyvinylacetal diethylaminoacetate (AEA) (Figure 5B).

Figure 5. (A) Powered X-ray pattern and schematic diagram of (a) MMT
and (b) GSH-MMT hybrid. (B) Plasma concentration of GSH in mice after
oral administration of free GSH, GSH-MMT, and polymer-coated GSH-MMT,
respectively. Reproduced with permission from Ref. (67). © 2012 Elsevier.

Conjugated linoleic acid (CLA) is another attractive functional ingredient
with its health benefits including anticancer, antioxidant and anti-arteriosclerotic
activities. However, the application of CLA as a food ingredient is limited
because CLA oxidizes easily to volatile compound and impart off-flavor to the
food. Oh research group encapsulated CLA into zinc basic salt by co-precipitation
method (68). CLA molecules were shown to be packed with zigzag form between
the intracrystalline spaces nanoparticles. The thermal stability of CLA at 180 °C
increased by about 25% through nanoencapsulation, compared to that of pristine
CLA.
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Gasser research groups also encapsulated vitamin C into LDH by ion
exchange process between anionic derivatives in LDH and the anionic ascorbic
acid (69). Vitamin C is sensitive to oxidation in the presence of oxygen of which
the reaction is assisted by trace amount of metal ions under neutral and alkaline
condition. Intercalation of vitamin C into gallery space of LDH is expected to
offers a new way of stabilizing the sensitive compound as well as controlling
the release at given condition. The release of encapsulated vitamin C out from
the LDH lattice occurred by ion exchange and diffusion reaction in carbonated
aqueous solution. Choy group was also successful to intercalate vitamin C
and E, tocopherol acid succinate, into LDH by coprecipitation reaction, clearly
demonstrating controlled release property of both vitamin C-LDH and vitamin
E-LDH hybrids (48). Figure 6 shows powdered X-ray patterns and schematic
illustration of vitamin-loaded LDH nanohybrid systems.

Figure 6. (A) Powder X-ray diffraction patterns of (a) ZnAl(NO3)-LDH, (b)
ZnAl(vitamin C)-LDH and (c) ZnAl(vitamin E)-LDH. (B) Schematic illustration
of (a) ZnAl(vitamin C)-LDH and (b) ZnAl(vitamin E)-LDH. Reproduced with

permission from Ref. (48). © 2004 KCSNET.

Edible dyes are widely used in food industry, however their stability is
often challenged by thermal treatment which commonly takes place during food
processing. Thus, enhancing the thermal stability of those edible dyes is essential
for the production of high quality and more acceptable food. Choy group has
employed ZnAl layered double hydroxyde as an encapsulation material for
several edible dyes, such as Allura® Red AC, Sunset Yellow FCF, and Brilliant
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Blue FCF (70). The dye molecules were intercalated into hydroxide layers
during co-precipitation process without any chemical and structural changes. The
thermal stability and absorbance intensity of dye-LDH were found to be clearly
enhanced compared to those of the corresponding dye salt because of the charge
transfer between the dye molecules and LDH lattices.

Nanoclays have received a great deal of attention as a good candidate to
encapsulate diverse nutraceuticals and clearly exhibited enhanced stability and
bioactivities of encapsulated functional molecules. But most of studies so far
have been conducted in vitro. More oral administration research using animal
model will be necessary for actual application of the nanoclay encapsulation
systems in food industry.

Conclusion

Nanoclays have been traditionally used in many fields such as pelotherapy,
cutaneous chemotherapy, and medicine to improve human health and life.
Moreover, they have been recently developed as excipients, lubricants, and
active substances in diverse pharmacological formulations. Although their
application in food science is relatively limited, they have promising potential
as oral carriers for effectively delivery of nutraceuticals and nutrients; 1) their
unique structure enables to intercalate bioactive molecules into the interlayer
spaces, 2) nutraceuticals-loaded nanoclays have controlled release property and
protection ability against GI environments, 3) they can be easily internalized into
cells, 4) they have high mucoadhesive property which facilitates transportation
of molecules across the GI barrier, 5) they exhibit low or null toxicity. Research
on the development of nanoclays based oral delivery system for nutraceuticals or
functional ingredients showed that they are effective in protective and controlled
delivery of intercalated molecules, contributing to enhance bioavailability as well.
The promising potential of nanoclays provides novel perspectives to develop
nanomaterials-based oral delivery systems.
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Chapter 13

Nano/Microencapsulation of
Functional Ingredients and Drugs

into Biopolymer Matrices:
A Study of Stability and Controlled Release

G. K. Kouassi,*,1V. Gogineni, T. Ahmad, N. M. Gowda,1M. S. Boley,2,1
and N. Koissi3

1Department of Chemistry, Western Illinois University, Macomb, Illinois
2Department of Physics, Western Illinois University, Macomb, Illinois

3Department of Chemistry, University of Maryland at Baltimore County,
Baltimore, Maryland

*E-mail: gk-kouassi@wiu.edu.

Nano/microencapsulation of Vitamin K into whey protein
and κ-carrageenan and the microencapsulation of Piroxicam
into whey protein, κ-carrageenan, and chitosan are described.
Power ultrasound was used as the coating technique. The sizes
of the particles were characterized using AFM and FlowCam
imaging. The turbidity study suggested that in the presence of
whey protein, coating was successful in both acidic and basic
conditions. Furthermore, controlled-released of vitamins K and
Piroxican was water activity-dependent. Optimal release of
both compounds was found at water activity values of 0.662
and 0.769 due to water plasticization of the glassy coating
matrix. The models studied show that a proper control of
pH, temperature, and water activity could be useful for target
delivery of encapsulated lipophilic substances.

Introduction

Encapsulation is one of nature’s techniques used to protect essential materials
from degradation or from attacks from the surrounding conditions (1). Thus,
most biological systems are protected with capsules or layers. For example, at

© 2013 American Chemical Society
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a molecular level, the cell, known as the basic structural and functional unit of all
living things is protected by the cellular membrane. At a microscopic level, the
essential components of seeds in the embryo are surrounded by the seed coat.

Encapsulation can provide a physical barrier between the core compound
and the other components of the product (2). It can also be used to control
the release of the core substance, or to regulate the interactions between the
core components and the surroundings, and/or to mask or halt undesirable
properties of the core component. Encapsulation of drugs and nutraceuticals
within colloidal-sized polymer particles can provide sustained release, reduce
the side effects of the drugs, and improve delivery and bioavailability (1). When
structures have at least one dimension with a size below 100 nm, the process
of encapsulation is termed nanoencapsulation. The term microencapsulation is
used when the structures have sizes comprised between a few micrometers and
a few millimeters (2). Nano-and/or microencapsuation are increasingly used
in formulation of food or pharmaceuticals. Liposoluble food ingredients such
as vitamin K have many benefits to health (3–5). A vast majority of lipophilic
ingredients and drugs are prone to oxidation and degradation under the effects
of various environmental conditions, or due to their interactions with other
components (1, 3). Thus, nano/microsize formulation processes have been
adapted to limit their degradation. The structure, size, shape, and functionality
of the nano/microcapsules depend on the materials and the techniques used for
the encapsulation, as well as the types of core/shell interactions occurring during
processing and storage. Biopolymers, including polysaccharides, biodegradable
polymers, and proteins, present a wide array of potential applications, particularly
for the food industry (6–10). Carrageenans are hydrocolloids obtained by
extraction from the red sea weeds (members of the class Rhodophyceae). They
consist of potassium, sodium, calcium, magnesium, and ammonium sulfate
esters of galactose and 3,6-anhydrogalactose copolymers (11). They are mainly
divided into three types based on the position of sulfate groups and presence
or absence of anhydrogalactose. Kappa(κ), Iota(ι), and lambda(τ) carrageenan
have wide applications in the world of encapsulation (12). Chitosan is a cationic
polysaccharide obtained by partial deacetylation of chitin, the major component
of crustacean shells. It is a hydrophilic polymer with positive charges that come
from weak basic groups, useful for special applications (13). Proteins are used
as emulsifiers during the encapsulation processes owing to their amphotheric
character, and their ability to form complexes with both anionic and cationic
substances (1, 14, 15).

In general, encapsulation is conducted in a continuous fluidic phase and
the core material is embedded into a coating material, in the form of emulsions.
Emulsions may exhibit limited thermodynamic stability due to poor miscibility of
their components. As a consequence, the emulsion may be dispersed if energy is
applied for mixing (9). Dispersion of the components of an emulsion often leads
to coalescence or phase separation. Therefore, thermodynamic compatibility
between the coating materials and the core component/s is critical in encapsulation
processes that are conducted through emulsions. Nano/microcapsules prepared in
the form of emulsions are made amorphous through vitrification. For example,
spray-drying, freeze-drying, and complex coarcevation are techniques that
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are used to prepare dry capsules (10). Thus, like most amorphous materials
containing polymeric materials, the stability of the coating matrix is dependent
on change in the physical state (9). In the dry amorphous state, encapsulated
materials are glassy. At temperatures above the glass transition temperature,
the solid glassy material can become a supercooled liquid, referred to as a
plasticized material. For example, water is a plasticizer. Increasing the water
content of a glassy material leads to significant water plasticization (10, 16, 17).
Plasticization is necessary for the release of encapsulated substances, because the
molten supercooled liquid state resulting from plasticization is often associated
with increase in molecular mobility at temperature above the glass transition
(17). Therefore, the controlled release of encapsulated substances may be
achieved through appropriate management of water content, water activity, and
temperature. Vitamin K is a fat soluble substance that exists in the two natural
forms of Vitamin K1, (phylloquinone) and Vitamin K2 (menaquinone). Vitamin
K1 consists of four isoprenoid residues in its side chain, and is an obligatory
cofactor in the post-translational carboxylase modification of calcium-binding
proteins involved in antihemorrhagic activity (18). It has a great physiological
role in blood coagulation and bone metabolism. Due to the presence of the
hydrophilic functional group naphthoquinone, all forms of vitamin K are active
in the human body. The sensitivity of vitamin K1 to external heat and light and its
high degree of lipophilicity, makes it highly unstable. Therefore, encapsulation
of vitamin K could improve stability, biological efficiency, better characteristics,
and good solubility profile (19).

Piroxicam is a derivative of the Oxicam group of non-steroidal anti-
inflammatory drugs (NSAID). It is a 4-hydroxy-2-methyl-N-(pyridin-2-yl)-
2H-1,2-benzothiazine-3-carboxamide-1,1-dioxide that exhibits weakly acidic
4-hydroxy proton at pKa 5.1 and weakly basic pyridyl nitrogen at pKa 1.8 (20).
It is used to relieve the symptoms of rheumatoid and osteoarthritis, primary
dysmenorrhea, and postoperative pain (20) Pixoricam is poorly soluble in both
hydrophilic and hydrophobic media. These limitations reduce its absorption into
the intestinal mucosa because, the cell membrane is lipophilic and limits the
diffusion of compounds that are ionized. In spite of the important efforts that are
still being made to develop suitable systems of Piroxicam that allow its delivery,
very few reports on the physical state of Piroxicam containing amorphous systems
are available in the literature (20).

The objective of this study is two-fold. First, encapsulate vitamin K and
Piroxicam into nanosize andmicrosize biopolymermatrices. Secondly, investigate
the effects of the change in the glass transition temperature (Tg) and water activity
on the stability of the matrices and the release profile.

Material and Methods

Carrageenan and Chitosan were received as gifts from Ingredient Solutions,
Inc, Waldo, and whey protein was purchased from Bulkfood, Toledo, Ohio. All
reagents and chemicals used in this study were purchased from Sigma Aldrich, St
Louis, Missouri.
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Nano/Microencapsulation of Vitamin K and Piroxicam

Figure 1 shows the procedure for nano/microencapsulation of vitamin K and
Piroxicam. Droplets of Vitamin K1 were prepared in whey protein emulsion and
coated with κ-carrageenan as follows: 1.25g of whey protein was dissolved in
15 mL of distilled water using a magnetic stirrer. A solution of κ-carrageenan
was prepared by dissolving 0.1 g of κ-carrageenan into 10 mL of distilled water.
About 100 mg of vitamin K1 was dissolved in 2 mL of n-hexane and then
dropped into the whey-protein solution and mixed using a magnetic stirrer. The
prepared protein-vitamin mixture was homogenized using a Power Ultrasonicator.
Emulsification was achieved by adding 0.125 mg of Tween 20. Tween 20 was
added as a surfactant to improve the miscibility of the lipophilic vitamin K and
the hydrophilic whey protein.

Figure 1. Nano-microencapsulation of vitamin K and Piroxicam by controlled
emulsification.

Microencapsulation of Piroxicam into a dual polymer system of κ-carrageenan
and chitosan was similar to the nanoencapsulation of vitamin K, except that in the
later case, a solution of chitosan was added as a second coating biopolymer during
ultrasonication, and in each phase of the ultrasonication, the frequency was kept
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at 10 MHz for 10 min instead of 5 MHz in the former case. The stability of the
encapsulated vitamin K was evaluated at various pH levels to assess the extent
of the interactions between the layers surrounding vitamin K droplets. Drops of
the emulsions were taken for AFM and FlowCam imaging. The turbidity of the
emulsion was evaluated at various pH values, and the remainder of the emulsion
was freeze-dried. The freeze-dried amorphous microparticles were stored in
evacuated desiccators containing salt solutions of MgCl2, K2CO3, Mg(NO3)2,
NaNO3, and NaCl, corresponding to water activity (aw) values of 0.333, 0.444,
0.538, 0.663, and 0.763, respectively. Water sorption properties of the samples,
and the amounts of vitamin K released was determined gravimetrically.

HPLC Analysis of Release of Vitamin K

Duplicate samples of 100 mg of freeze-dried encapsulated vitamin K were
stored in desiccators at various water activity conditions described above. After 6
hours of storage, the samples were added to 5 ml of petroleum ether contained in
a glass vial and gently mixed to extract the surface oil. Evaporation of petroleum
ether was done by flashing petroleum ether with nitrogen gas for about 5 min.
Reverse phase HPLC with a UV-Visible detector and a Grace Smart C18 column
was used to detect the amount of Vitamin K in the sample Methanol 90% HPLC
grade and 10% dichloromethane (DCM) were used as a mobile phase for HPLC
analysis. About 2ml of Methanol/DCM (90:10) was added as a mobile phase to
vitamin K and filtered with a 0.2 µm filter. The injection volume of the sample
was 10 µl, and the flow rate was maintained at 0.9 ml/min. The detection was
conducted at a wavelength of 294 nm. Samples were analyzed for 90 min. The
amount of vitamin K was determined using a least square analysis using external
standardmethod. The vitaminK releasedwas calculated by subtracting the amount
of total vitamin K extracted from the sample of an equal amount of freeze-dried
encapsulated vitamin K.

HPLC Analysis of Piroxicam

The extraction of Piroxicam was similar to that of vitamin K. The mobile
phase for HPLC analysis of released Piroxicam was a mixture of buffer and
methanol in the ratio of 65:35. About 7.72g of anhydrous citric acid was
dissolved in 400ml of water and separately 5.35g of dibasic sodium phosphate
was dissolved in 100 ml of water. The buffer was prepared by adding phosphate
solution to the citric acid solution, then diluted with water to make up to 1000 ml.
The columns were equilibrated for at least one hour with each mobile phase. The
column and HPLC conditions were similar to those used for vitamin K analysis,
except that the wavelength of the UV detector was set at 254 nm. The amount of
Piroxicam in the encapsulated sample was calculated using a least square analysis
using external standard method. In this method, the concentration of unknown
Piroxicam extract was determined by extrapolating the graph of absorbance
versus concentration of standard samples of Piroxicam. The amount of released
Piroxicam was calculated by subtracting the amount of Piroxicam extracted from
equal amount of freeze-dried encapsulated structures which has not been stored
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at water activity conditions. The encapsulation efficiency (EE) was calculated by
dividing the amount of surface vitamin K or Piroxicam extracted using petroleum
ether by the amount of vitamin K or Piroxicam extracted using hexane. The
following equation was used:

where SP represents the surface product (non-encapsulated product) extracted with
hexane and TP stands for the total contents of the product in a given amount of
freeze-dried sample.

Glass Transition Temperature and Water Sorption

In general, the state of vitrification can be achieved after freeze-drying.
Prepared emulsions were pre-frozen with liquid nitrogen to entrap the
nano/microcapsules. Then, the pre-frozen preparation was frozen overnight at -
20°C, and finally freeze-dried at -40 °C using a freeze-dryer model 4.5 originated
from Labconco, Cambrdige MA. To remove any residual water, the samples
were stored for two days in desiccators in the presence of phosphorous pentoxide
(P2O5). A Differential Scanning Calorimeter (DSC) was used to determine the
glass transition temperature of freeze-dried amorphous nano/microcapsules. The
glass transition is a well known change in the state of amorphous materials (10).
About 20 mg of dried capsules were placed in aluminum pans and stored in
evacuated desiccators containing the saturated salt solutions described above.
The samples in aluminum pan were sealed after 24h of storage over the saturated
salt solutions and analyzed using a DSC. The amorphous nano/microcapsules in
aluminum pans were scanned from 2 °C to 120 °C, to measure the change in heat
capacity, as a function of temperature. The glass transition temperature (Tg) of
the particles was measured. Tg serves as a reference temperature above which
possible alteration of the polymeric coating material mayoccur. The effects of
water content and water activity (aw) on the release profile of vitamin K and
Piroxicam were investigated after exposure of the encapsulated materials to
various salt solutions in evacuated desiccators corresponding to the same water
activities described above.

Sizes Characterization of Capsules by AFM and FlowCam Imaging

Size and structure characterization of the particles were conducted using
atomic force microscopy (AFM) and FlowCam imaging. A drop of the emulsion
was deposited on a gold plate and dried overnight. The dry capsules were scanned
with atomic force microscopy model Q-250 (c.1999) from Quesant Instruments,
Agoura, CA, and was operated in the non-contact wave mode in order to obtain
3D topography images. Size, structure, and dispersity of capsules in emulsion
were analyzed using the FlowCam imaging technique from Fluidic imaging
Technology, Yarmouth, Maine, as described by Kouassi et al. (1).
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Measurement of Turbidity in Whey Protein, κ-Carrageenan, and
Encapsulated Vitamin K

The stability of the nano/microcapsules depends to some extent on the strength
of the interactions between the layers surrounding the core material. To assess
the strength of these interactions, the turbidity of encapsulated vitamins K, κ-
carrageenan, and whey protein solutions were measured using a turbidimeter. The
pH of the emulsions was adjusted with either 1 M HCl or 0.5 M NaOH solution
and nephelometric readings were made in the pH range from 2 to 12 pH.

Results and Discussions
Protein-Biopolymer Interactions

Changes in turbidity of whey protein κ-carrageenan interactions at various pH
are presented in Figure 2.

Figure 2. Turbidity of whey protein, κ-carrageenan and nanoencapsulated
vitamin K measured at various pH. Below its isoelectric point (pI) whey protein
(WP) carries positive charges. At neutral pI both positive and negative charges
exist in the structure of whey protein. At very high pH>10, whey protein carries
negative charges. Therefore, repulsions between whey protein and κ-carrageenan

are likely to occur.

The isoelectric pH (pI) of whey protein is 5.2. At a pH level below this value,
whey protein is readily in a cationic form and partially soluble. The turbidity of
the whey protein solution slightly increased from 33 to 54 NPU. Above the pI,
the turbidity of the solution decreased gradually and falls below 10 NPU at pH
10. This decrease in turbidity indicated that whey protein is soluble in a relatively
basic medium. In the 2-5.5 pH range, κ-carrageenan exhibited low turbidity due
to attractions between the negatively charged sulfate groups in its molecules and
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the cationic medium reflected in the value of the pH. Above a pH value of 9.0, the
turbidity increased as a consequence of the absence of intermolecular attractions
between negatively charged sulfate groups of κ-carrageenan and that of the anionic
solution

When the solutions of whey-protein and κ-carrageenan were mixed, the
turbidity of the mixture remained low around 30 NTU and started to increase
around the pI of whey protein. Indeed, in the vicinity of pI, whey protein exhibits
an amphoteric character. In this condition, positive moieties in the whey protein
molecules are involved in electrostatic interactions with the negatively charged
sulfate groups of κ-carrageenan. As the pH of the mixture is raised above the
pI, whey protein molecules carry negative charges and experienced no apparent
interaction with the SO4- groups in the κ-carrageenan molecules above pH
5.6. The turbidity decreased below 10 NTU. This sudden decrease in turbidity
observed above pH 5.6 is the result of intermolecular attractions, eventually
electrostatic interactions, between SO4- groups, the protein, and κ-carrageenan
molecules. The protein polymer mixtures formed soluble complexes above
pI and become turbid below pI. The interaction between protein and polymer
was high at pI due to reactions between protonated amine in the whey protein
and the SO4-of κ-carrageenan. The interactions were also high in the vicinity
of pI due to the amphoteric character of the protein which allows electrostatic
interactions between cations in the protein and sulfate groups in κ-carrageenan.
The electrostatic interactions occurring between cationic and anionic substance
around the core substance can be estimated using the Coulumb’s law for point
charge interaction.

The work associated with this force depends on r and is given as

where q1 and q2 are the charges on each particle, r is the distance between the
charges, ε0 the permitinity of the air, and ε the relative permittivity of the medium.

Size Characterization of Capsules

Figure 3 shows a 3D AFM image of nanoencapsulated Vitamin K. Nanosize
particles were obtained by applying ultrasonication of frequency 10 MHz for 10
min. On the basis of the color scale in the top right corner of the image, the sizes
of the capsules are around 100 nm.
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Figure 3. 3D AFM image of nanoencapsulated vitamin K. The core vitamin K
droplets are surrounded by biopolymer layers.

Figure 4 shows FlowCam images of microencapsulated Piroxicam. These
images were obtained by setting the ultrasonication frequency to 7 MHz for 5 min
after a coating biopolymer was added. The microcapsules have spherical shapes,
and the layers surrounding the drug droplets were distinct.

Figure 4. FlowCam screen shot images of microencapsulated Piroxicam,
prepared using ultrasonication frequencies comprised between 5 and 7 MHz

for 4-6 min.
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Glass Transition, Water Sorption, and Controlled Release

DSC results revealed a broad transition indicating two successive glass
transitions. The onset of the first transition was at 47.8°C and that of the second
transition was at 59.10 °C. The presence of a broad Tg suggested that the layers
surrounding the droplets coexist in separated phases. It can be assumed that whey
protein is in one phase and κ-carrageenan and/or chitosan in another one. This
is probably because proteins and polysaccharides exhibit poor miscibility (10).
Figure 5 shows the glass transition of vitamin K encapsulated into whey protein
and κ-carrageenan matrix.

Figure 5. DSC thermogram of nanoparticles of vitamin K encapsulated into
k-carrageenan and whey protein matrix; Tg of κ-carrageenan at 59.11°C; Tg

of whey protein at 47.62°C.

The order in which the coating materials were added during emulsification
and ultrasonication suggests that the whey protein forms the first layer around the
core and κ-carragenan forms a second layer. In the flowcam image, chitosan forms
the outmost layer. This broad transition indicated the presence of individual layers
made of each polymer around the core droplet. The onset represents the starting
point of the transition and the endset represents the end point.

Figure 6 and Figure 7 show HPLC chromatograms of samples of vitamin K
and Pixoxicam, respectively. The retention time for vitamin K and Piroxicamwere
7.3 min and 4.0 min, respectively.
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The encapsulation efficiency (EE) was 92.1± 0.2% for vitamin K and 89.4
± 0.3 for Piroxicam. This EE was much higher than the previously reported EE
of 83% of linoleic acid in κ-carrageenan matrices (1). EE obtained in this study
were also higher than 87.9% and 52.2% EE obtained by coating vitamin D3 with
carbomethyl chitosan and zein nanoparticles, respectively (14).

Figure 6. HPLC chromatogram of Vitamin K (1000 ppm).

Figure 7. HPLC chromatogram of Piroxicam (1000 ppm).

231

D
ow

nl
oa

de
d 

by
 M

O
N

A
SH

 U
N

IV
 o

n 
Se

pt
em

be
r 

30
, 2

01
3 

| 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 S

ep
te

m
be

r 
25

, 2
01

3 
| d

oi
: 1

0.
10

21
/b

k-
20

13
-1

14
3.

ch
01

3

In Advances in Applied Nanotechnology for Agriculture; Park, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 



Figure 8. Water sorption properties and release profile of nanoencapsulated
vitamin K. The water sorption isotherm of freeze-dried vitamin K was used to
predict the Guggenheim-Anderson de Boer (GAB) sorption isotherm model.
The glass transition temperature decreased as water activity increased. The
supercooled molten region refers to the condition in which the coating matrices
are plasticized, and the glassy state referes to the state in which vitrification

occurs.

Since the temperature at which plasticization of the coating matrix occurred is
useful to determine the conditions pertaining to the release of the core substance,
the endset of the broad glass transition (Tg), can be considered as the temperature
above which change in the physical state of the nano-microcapsules may lead
to release of the core substance. Hence, below this reference temperature,
vitrification is likely to occur and may lead to solidification of the coating
layers (10). Above this temperature, according to the glass transition theory,
plasticization of the coating matrices are likely to occur (10), while the core
is gradually released from the polymeric coating matrix. Figure 8 illustrates
the change in the glass transition temperature, Tg, of nanoencapsulated vitamin
K. We assume that at temperatures above 60°C the whey protein layer around
the lipophilic core is a super-cooled liquid state with liquid-like characteristics.
Water sorption study of dried nano/microcapsules was conducted after storage
of samples of about 100g at water activity conditions identical to those used
for the DSC analysis. A sorption isotherm of nanoencapsulated vitamin K is
shown in Figure 8. Water uptake started slightly around 0.444 aw values and
became significant at aw values 0.662 and 0.764. The release of encapsulated
vitamin K followed a similar trend with about 21% of encapsulated vitamin K
released at aw value of 0.662, and 66% released at aw value of 0.764. It appears
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that the release of encapsulated vitamin K occurred when the samples were in
the supercooled molten state, and not in the glassy state. Figure 8 also shows
a schematic representation of changes in the structure of the coating matrix in
the range of water activity from 0 to 0.8. As aw increased, Tg values decreased
because the coating matrix underwent gradual plasticization.

In the glass state, the coating matrix is stable and no release of vitamin K
occurred. This suggests that temperature and water activity, or water contents play
important roles in the release of encapsulated vitamin K.

Conclusion
Vitamin K and Piroxicam were successively encapsulated into the whey

protein-carrageenan-chitosan matrix. The sizes of the particles were in the
nano-regime when the ultrasonic frequency was 10MHz for a treatment of 10
min, and around 2µm for a treatment of 5 min at 5MHz. The encapsulation
was mainly dependent on coulumbic interactions between oppositely charged
biopolymers. The release of vitamin K increased with increasing water activity
due to plasticization of the coating matrix. The release of nano/microencapsulated
bioactive and drugs is not likely when the capsules are in the glass state, but are
significant in the ruberry, supercooled state. A good selection of temperature
below the glass transition and water activity below 0.534 is essential to keep
the encapsulated substances stable. The release profile obtained from HPLC
analysis suggested that water activity values of 0.662 and higher were suitable
for controlling the release of nano/microencapsulated substances. This study
described efficient encapsulation methods of vitamin K and the complex drugs,
Piroxicam. A future study, will address the effects of change in the physical state
of the coating materials under conditions similar to the digestive system.
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Chapter 14

Encapsulation of Flavor Compounds as Helical
Inclusion Complexes of Starch

K. Kasemwong1 and T. Itthisoponkul*,2

1Nano Delivery System Laboratory, National Nanotechnology Center,
National Science and Technology Development Agency, Klong-Luang,

Pathumthani 12120, Thailand
2Faculty of Agricultural Product Innovation and Technology,

Srinakharinwirot University, Bangkok 10110, Thailand
*E-mail: teerarat@swu.ac.th.

Inclusion complexes between starch and flavor compounds are
of great interest in food science as they influence the retention
and release of flavor in food systems. Starch is a mixture of
the glucose polymers, amylose and amylopectin. Amylose, the
linear chain is mainly responsible for the complex formation,
while amylopectin, the highly branched component of starch,
can also form complexes with certain types of guest molecules.
In the presence of flavor compounds, amylose changes from a
double helix to a single helix, forming a helical structure that
has a hydrophobic cavity and a hydrophilic exterior enabling
it to form inclusion complexes. The flavor molecules are
included within the cavity, in between the helices, or in both
locations, depending on the structure of the molecules. It has
been suggested that amylose inclusion complexes can be used
in the food industry to prevent the loss of volatile or labile
flavoring materials during processing and storage because the
complexes are markedly resistant to high temperature and
oxidation. Furthermore, the release of the complexes can be
controlled by α-amylase enzyme hydrolysis and changes in the
moisture content and temperature.

© 2013 American Chemical Society

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

PI
T

T
SB

U
R

G
H

 o
n 

Se
pt

em
be

r 
26

, 2
01

3 
| 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 S
ep

te
m

be
r 

25
, 2

01
3 

| d
oi

: 1
0.

10
21

/b
k-

20
13

-1
14

3.
ch

01
4

In Advances in Applied Nanotechnology for Agriculture; Park, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2013. 



Introduction
Encapsulation is widely used in the food industry for providing the

stability and controlled release of flavor ingredients. The advantages of flavor
encapsulation include protecting compounds against loss through evaporation,
chemical degradation, or reaction with other components during processing and
storage. The controlled release of flavor during the consumption of foods is
also achieved by using this technology. It is well known that cyclodextrins, the
cyclic oligosaccharides, are playing the important role of being a host to stabilize
a number of flavor compounds. Cyclodextrins have a hydrophobic cavity and
a hydrophilic exterior which enables them to accommodate a range of guest
molecule shapes and sizes (1). Starch can be used as an alternative host for
molecular encapsulation because it offers a unique advantage in this regard and
the material cost would be less than for cyclodextrin. Starch, particularly amylose,
can also form a helical structure with a hydrophobic core that can accommodate
hydrophobic flavor molecules. The starch-flavor inclusion complexes are of
interest in connection with flavor retention and release in foods as well as the
texture of foods (2–4). The linear amylose fraction of starch has the ability to
form molecular inclusion complexes, termed Vh-amylose, with small molecules.
The molecular dimensions of the inclusion complexes are varying with external
diameter of 1.35-1.62 nm and inner diameter of 5.4-8.5 Å (5, 6), and thus,
Vh-amylose is considered as a possible platform for encapsulation.

Figure 1. Left-handed single helix of Vh-amylose. (a) side view, (b) front view.

Amylose is a linear polymer consisting of (1→4)-α-D-glucose units with very
minimal α-(1→6) linked branching (7). Native amylose usually occurs as a double
helical assembly. However, a simpler single helix is favored during the inclusion
complexation with guest molecules. In such complexes, the hydrophobic parts
of the ligand are entrapped in the central helical cavity of amylose. This type of
complex, a so-called Vh arrangement (8, 9), normally features six glucose residues
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per turn in a left-handed single helix (Figure 1a). Vh-amylose has an overall helix
diameter of approximately 13.5 Å, a channel of 5.4 Å width, and an axial pitch of
8.1 Å per turn (9) (Figure 1b). It is most often observed with small guest molecules
or those of linear shape such as iodine, monoglycerides, fatty acids and long-chain
alcohols (9, 10). Most flavor compounds are small molecules with short carbon
chains and generally present a ring structure. It seems that lipids and most flavor
compounds have a common property in term of the hydrophobic attribute and
flavor compounds generally have poor water dispersibility. For this reason, it is
possible to encapsulate flavor compounds by forming the inclusion complex with
amylose.

Formation of Starch Inclusion Complexes

The important factors in forming starch inclusion complexes include starch
or amylose, guest compounds and condition during preparation. The amylose
form double helices in water through intramolecular hydrogen bonding. However,
in the presence of suitable guest molecules, amylose undergoes conformational
rearrangement to form a single helix. The other main component of starch,
amylopectin, also has the ability to form inclusion complex but only amongst
its longer, external branches (2). Inclusion complexes have been shown to be
stabilized by a combination of hydrogen bonds, hydrophobic, dipolar and charge
interactions (11). Typically, compounds that can form complexes with amylose
posses both polar and nonpolar parts in their molecular structure (12).

Complex formation of pure amylose in aqueous system requires temperatures
above 100 °C to avoid the spontaneous crystallization of amylose in the double
helices form which impedes the formation of complexes due to the absence of a
central channel (2). To obtain amylose from native starch it is first necessary to
break up the starch granular structure by heating it in excess water. The method
of preparing starch-flavor inclusion complexes can be explained as follows (3).
First, the native starch or lipid free starch need to be suspended with water to
make a proper concentration. The starch suspension is then placed in a seal
containers and heating to 85°C with gently stirred. Second, just before cooking,
the excess amount of flavor compound is added to starch paste. However, a
concentration in the final products of 0.4 mmol of flavor compound per kg of
starch paste is suggested. The starch-flavor mixtures are held at about 85°C
for 15 min, then cool down to room temperature and held at room temperature
over night to allow precipitation of complexes. The starch inclusion complexes
are collected by centrifugation and rinse with ethanol to eliminate free flavor
compounds. The formation of complexes can be indicated by the turbidity of
solution and the formation of a precipitate during the cooling of starch mixtures
(13). In the solid form, the single helix structure and its crystalline packing is
revealed by wide-angle X-ray diffraction (9, 10, 14). Electron microscopy and
electron diffraction has also be used to investigate the inclusion complexes of
amylose (15). The quantitative determination of inclusion complexes can be
carried out by measuring the iodine binding capacity (12). Moreover, calorimetric
methods are appropriate to follow the formation, melting and characterization of
complexes (16).
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Molecular Structure of Amylose Inclusion Complexes

The nature of the guest molecules has a considerable influence on the helical
inclusion complexes of amylose. Many different types of Vh-amylose complex are
known, featuring a wide variety of guest molecules as shown in Table I.

Table I. Characteristic of amylose-flavor inclusion complexes

Type of guest
compounds

Type of
crystal

Characteristic of complex Ref.

Decanal (9)

Hexanal (17)

Lactones

Vh
amylose
or V6I

Sixfold left-handed amylose helices in
which the guest is included in the cavity.

(18)

Butanol V6II Six monomers of D-glycosyl per turn. (9)

Isopropanol V6III (19)

Menthone

V6II , V6III : ligand could also be
entrapped between helices

(15)

Fenchone (15, 20)

Geraniol (15)

Thymol

II, III represent varying volume between
helices in the crystalline stacking which
are larger than Vh

(15)

Linalool (3)

α–Naphthol V8 Amylose complex with largest helix
diameter. The ligand is included in the
helix and between the helices.

(9, 15)

Amylose complexes can be classified by the size of helix, which corresponds
to the number of glucose monomers per helical turn, or by the packing of
Vh-amylose in the crystalline structure. Linear flavor compounds such as decanal,
hexanal and lactones induce the formation of amylose complexes with six
glucose units per turn, and yield a Vh amylose or V6I crystalline form (9, 17, 18).
Crystalline amylose complexes features a larger size of cavity than Vh amylose
have been observed with compounds such as menthone, fenchone, geraniol,
thymol and linalool (3, 15, 20). It has been suggested that the ligands of V6III
complexes are entrapped between the helices in the crystal. For bulky ligands
such as α–naphthol, a larger helical diameter involving eight glucose units per
helical turn (V8-amylose) has been reported (9, 15).

Flavor compounds are postulated to be accommodated within amylose
helices (Vh amylose or V6I) or may be entrapped outside the crystalline amylose
helices (V6II, V6III), depending on the size of the ligands (Figure 2). In addition,
as the exposed surface of the helices is more hydrophilic than the interior, the
hydrophobic flavor compounds preferred to stay inside the helices while the
hydrophilic flavor compounds preferentially lie entrapped between the helices
(21).
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Figure 2. Schematic showing modes of complexation between amylose and
ligand flavor compounds.

Inclusion Complexes between Starch and Flavor

Different starches exhibit different tendencies to form complexes, largely
on account of their differing amylose content. As expected, amylose-rich
starch tends to bind greater amount of compounds (4, 6). Furthermore, use of
commercial native starch appeals because of its low cost compared to that of
pure amylose. Native starch that contains little or no internal lipid is preferred
because internal lipids can compete with flavor compounds and interfere with
amylose complex formation (22). In the system that contains native lipid and
low solubility flavor compounds, the structure may consist of starch-lipids and
starch-lipid-flavor compounds. While in the presence of high solubility flavor
compounds, the system may consist of starch-flavor compounds, starch-lipids and
starch-lipid-flavor compounds (21). The mixed helical structure of complexes
would result in compromised stability and an altered release profile of flavor
compounds. For this reason, potato starch (internal lipid (<0.1 %) (23) has been
used more often than other similar starches in studies on amylose inclusion
complexes. It binds (-)fenchone, menthone and geraniol, resulting in a crystalline
structure of V6III (V-isopropanol pattern). Moreover, the complex with decanal
showed a Vh amylose pattern (9). In addition, γ- and δ-lactones with a linear chain
length ≥ C5 formed inclusion complexes with potato starch, whereas lactones
with a short linear chain showed poor complexing ability. Most lactones induced
the formation of Vh helices, except δ-decalactone (18).

Inclusion complexes of other native starches and flavors have previously
been investigated including corn starch (24) and pea starch (25) with linear
alcohols, tapioca starch (26) with alcohol and ketone compounds, high-amylose
maize starch with limonene, cymene, thymol, menthone (21) and α–naphthol (4) .
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Several works have reported evidence of pure amylose complexed with
flavor compounds such as n-butanol, isopropanol, thymol, linalool, α–naphthol,
limonene, menthol and menthone (6, 9, 12, 15, 27). Here the amylose chain
length significantly affects complex formation and the properties of the complexes
themselves. In general, the longer the amylose chains, the more stable are the
complexes that are formed (28). However, conformational disorder within the
crystal structure may occur if the amylose chains are too long or too short. An
amylose chain length of containing 8–16 glucose units per bound flavor molecule
was suggested by Wulff et al. (29) to maximize stability.

The ratio of ligand to amylose also affects the characteristics of the amylose
inclusion complex. With an excess of ligand some of the uncomplexed ligands
become trapped between the amylose helices. At low flavor concentration,
uncomplexed amylose remaining after ligand is utilized forms double helices
conformation instead of single helix, thereby diminution of the formation of
inclusion complexes. The optimum guest molecule-to-amylose ratio varies
depending on the structure and solubility of guest molecules in the amylose
solution. For example, 10% lipids is sufficient for complexing all amylose
molecules (30), however for some flavor compounds, a loading of 4-10%
flavor compounds is attainable maximum (21, 29). It is likely that, amylose
or starch-inclusion complexes can exist in different polymorphs of V-amylose
depending on the factors such as amylose fraction, flavor compound characteristics
and concentration.

Thermostability and Melting Behavior of the Amylose-Flavor Complexes

Regardless of flavor compounds types, amylose complexes can form either
amorphous or crystalline structures, depending on the temperature at which they
are synthesised (31). Amorphous (type I) complexes are formed below 60 °C
and exhibit a low order of crystallinity, while the type II complexes are obtained
at temperature of at least 90 °C and are typically characterized by a well defined
crystalline structure. Because of their lack of crystallinity, type I complexes
usually melts 10-30 degrees below those of type II, depending on the ligands and
the experimental conditions (24, 25). The nature of the bound flavor compound
markedly influences the distribution of complex types formed and its melting
temperature as shown in Table II.

Several studies have shown that the melting temperature of amylose
complexes increases with the chain length for ligand compounds such as fatty
acids and alcohols. Whittam et al. (24) reported that complexes formed between
amylose and C4-C8 alcohols showed the endothermic transition increased with
hydrocarbon chain length. The enthalpy of complex dissociation did not vary
significantly with alcohol chain length. The same correlation between chain
length of linear alcohols (C7-C10) and melting temperatures and enthalpies has
also been reported (26).

In general, it is only possible to dissociate an inclusion complex at, or above its
melting temperature. Since amylose-flavor complexes melt at high temperature,
it is suggested that they offer a practical method for stabilizing flavor against high
temperature and degradation during prolonged storage times. There have been
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only a limited number of studies on the stability of flavor-inclusion complexes
against oxidation. It has been reported that tapioca starch-linalool complex had a
great ability to protect linalool against oxidation across a wide range of relative
humidity levels (11-75%RH) (32).

Table II. Type of amylose-flavor complexes and their melting temperature

Guest compounds Type of complexes and
Melting temperature (°C)

Ref.

Decanal typeI (90) + typeII (100) (9)

Butanol typeI (66.5) + typeII (80) (9)

Menthone typeII (114) (15)

1-Naphthol typeII (121) (9)

Carvone typeII (91) (18)

Geraniol typeII (91) (15)

Campher typeI (76) (18)

Thymol typeII (105) (15)

Fenchone typeII (114) (15)

Geraniol typeII (92) (15)

γ–Heptalactone typeI (90) + typeII (117) (18)

γ-Nonalactone typeII (90) (18)

γ-Decalactone typeI (95) + typeII (127) (18)

γ–Dodecalactone typeI (72) + typeII (105) (18)

δ–Decalactone typeII (104) (18)

δ –Dodecalactone typeI (89) + typeII (115) (18)

Release of Flavor from Amylose Inclusion Complexes

The release of bound flavor molecules from the encapsulated starch
complexes is of importance in the flavor perception in food. The release of
flavour compounds can occur by various methods including thermal, mechanical
and hydrodynamic treatment (33). It has previously been stipulated that high
temperatures are required to dissociate amylose-flavor complexes (17, 26). In
addition, α-amylase (34) and moisture (32) are alternative options. The release
of amylose-hexanal complex was investigated and found that at 30°C the guest
molecules were stable but at high storage temperature (80°C), 9 % of hexanal
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had been released after 21 h. However, when the complexes were heated in the
excess of water at 30°C, a sudden release of the hexanal occurred and the release
increased with temperature. Almost no evaporation or oxidative degradation was
observed after one year storage under dry conditions at 20°C (29).

The stability of complexes across a range of different water activities (aw) was
also investigated at 30°C, 50°C and 80°C. At 30°C and up to aw=0.5 no hexanal
was released; but at 50°C and 80°C the release of hexanal increased with aw. These
results are compatible with those of recent work (6) which found that the release
of menthone and menthol increased with temperature. There was no aroma loss
at low temperature (4°C and 25°C), but at 80°C only 65 % of aroma retained
in the complex. It has also reported that volatile release of volatile compouds
depended on relative humidity. The release of volatiles from tapioca starch-alcohol
complexes was greater at high relative humidity (32).

As the dissociation of the amylose-flavor complexes is possible upon
complex melting at high temperature, it is possible to apply this system to food
products that are processed at high temperature such as baking, drying, extrusion
and pasteurization in which a high retention of flavor is maintained. For example,
in hard candy making, the flavor compounds are added to the molten candy at
120°C. It is expected that the good retention of flavor compounds in the hard
candy was achieved if starch-flavor inclusion complexes were used. It should
be noted that the food products such as instant soup and noodles, tea and other
hot drinks often need to be consumed at higher temperatures as well to help fully
release their flavors.

Studies involving α–amylase indicate that amylose-lipid complexes display
a substantially reduced susceptibility to this hydrolytic enzyme in comparison
to uncomplexed amylose. The enzymatic breakdown of partly crystalline
amylose-lipid structures is initiated in the amorphous areas on the surface
of lamellar regions of crystalline amylose helices. The remaining crystalline
fragments are hydrolysed rather more slowly and the final extent of starch
hydrolysis depends on the α–amylase activity (35). The digestibility of amylose
complexes depends not only on the incubation time but also on the enzyme
concentration and the specific structure of inclusion complex. It was showed
that complexes of potato starch and either geraniol or γ-nonalactone were very
slowly attacked at low enzyme concentrations which is similar to human saliva
(α–amylase 25-200 U/g dry starch). Rapid breakdown of the complexes became
possible in the gastrointestinal tract where the concentration of enzyme was high
(2000 U/g dry starch) (36). The release of menthone and menthol from inclusion
complexes in the mouth condition has been investigated and reported that at first
40 min only about half of the aroma was released and that full release was only
achieved after 4h of hydrolysis (6). Release of flavor from amylose complexes is
unlikely during the chewing process that lasts mere seconds. However, inclusion
complexes can be used as flavor carriers in food systems where a slow flavor
release is desired, such as in chewing gum. Furthermore, such complexes can be
used to mask the bitter taste or off-flavor of certain compounds.

The starch-flavor complexes can considerably affect the texture and hence the
flavor release properties of foods (36). For examples, starch-naphthol inclusion
complex affected the rheological properties of wheat starch by enhancing the
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stronger shear-thinning properties of wheat starch gel (4). Potato starch-lactone
inclusion complexes resulted in lower gelation times and higher gel strength (18).
Starch inclusion complexes with decanal and fenchone would readily induce
the gelation of starch dispersion (20). Cayot et al. (37) studied the release of
isoamyl acetate from a starch-based food matrix and showed that potato starch
cream had a better aroma retention than corn starch cream because potato starch
has no internal lipid and may thus form stronger complexes with isoamylacetate.
However, the researchers found that the release of the aroma compounds was not
correlated only to the rheology of the starch gel because the experiments was
conducted in a complex matrix and that aroma compounds can also be bound to
other ingredients in the system.

It would be of great interest to find a way to prove if starch-inclusion
complexes affect the texture and release of flavor in real food systems. In addition,
more work is necessary to evaluate the effect of different types of starch-inclusion
complexes on the flavor retention and release and on the rheologhy of the food
matrix. To our knowledge, few works have been reported that probe flavor release
from inclusion complexes during oral digestion. Interesting future studies could
involve the in-vivo testing of both the release of required flavor and masking of
off-flavor compounds.

Conclusions

Amylose inclusion complexes can be used as a platform to provide thermal
and oxidative stability and a controlled release of flavor compounds. Under
the right conditions, either pure amylose or raw starch form amylose single
helices, when mixed with the desired flavor. These entrap the small-molecule
flavor compounds either inside or between the amylose helices with a binding
favorability that appears to depend on properties of the ligand such as its steric
hindrance and solubility. Release from starch-flavor complexes increases with
temperature and moisture content, while the release by α-amylase is possible
but is time consuming. Retaining, stabilizing and controlling the release of
foodstuff flavors via amylose inclusion complexes continues to be show exciting
potential for the food industry for which more research is needed to improve this
technology and its valuable applications.
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profile, 232f

Piroxicam, 223
HPLC analysis, 225

protein-biopolymer interactions, 227
release of vitamin K, HPLC analysis,
225

sizes characterization of capsules, AFM
and FlowCam imaging, 226

turbidity, measurement, 227
at various pH, 227f

vitamin K, 222
HPLC chromatogram, 231f

vitamin K and Piroxicam,
nano/microencapsulation, 224
controlled emulsification, 224f

Nanoporous materials, agricultural
commodities, 174

Nanoporous materials, food safety
bacteria pathogens detection, 170
detection, 169
gibberellic acid and patulin, 171f
nanoporous materials as sorbents, 171
streptomycin and norethisterone, 170f

Nanoporous materials as catalysis, 173
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Nutraceutical delivery system
biocompatibility, 213
bioinspired layered nanoclays, 207
effect of LDH nanoparticles on cell
proliferation, 214f

nanoclays, 214
conjugated linoleic acid (CLA), 215
MMT and GSH-MMT hybrid, 215f
ZnAl(NO3)-LDH, ZnAl(vitamin
C)-LDH and ZnAl(vitamin
E)-LDH, 216f

nutraceuticals-loaded layered nanoclay
hybrid system, 209f

R

Rapid detection of Salmonella enterica
Serovar Enteritidis, 43
absorbance spectrum of AuNPs, 49f
biosensor detection, 47f
CV of unmodified AuNPs on SPCE, 48
DNA sandwich complex, DPV detection,
51

DNA targets, DPV hybridization
response, 51f

electrochemical measurement of AuNPs,
48f

experimental
apparatus, 45
DNA hybridization, 46
electrochemical detection on SPCE,
47

genomic DNA preparation, 45
materials and reagents, 45
nanoparticles, fabrication and
functionalization, 46

nanoparticles, characterization and
functionalization, 48

oligonucleotide-functionalized AuNPs,
49

probe modified-AuNPs detection,
optimization, 50

probe-modified AuNPs, cyclic
voltammogram, 50f

unmodified AuNPs, cyclic
voltammogram, 49f

Resonance energy transfer-based
biosensing, 55
aflatoxin monitoring, 63f
biosensor setup, 57f
BRET, application, 74
charged couple device (CCD) array, 78f
chemiluminescence based dipstick
competitive immunoassay, 63f

chemiluminescence based formaldehyde
detection, 64f

chemiluminescent/bioluminescent
reactions, examples, 79

fluorescent and luminescent probes, 76
food contaminants, 58
food safety assessment
biophotonics, 76
biosensors as alternative techniques,
57

food toxins detections, nanoparticles, 67
BRET, 68
rate of transfer of energy, 67
spectral overlap integral, 68

foodborne pathogen detection, 56f
FRET based immunoassay, 70
FRET based target gene detection, 72f
GNPs as labels, SPR and RET, 73
highly sensitive calcium assays, 76
immunoreactor setup, 62f
introduction, 56
methyl parathion, qualitative
determination, 64f

nanoparticles and their properties,
biosensing application, 65

photo-absorption and resonance energy
transfer, 61f

photomultiplier tube, 78f
photonic emission from biological
source, 75f

principle of surface plasmon resonance,
66f

QD fluorescence, 65f
QD properties, overview, 70t
QDs as fluorescence marker, 69
QDs for detection of toxin-producing
genes, 71

self-illuminated quantum dots (QDs),
luminescent protein, 76f

specific nucleic acid detection, QD-based
FRET, 71

S

Screen-printed carbon electrodes (SPCE),
43

SERS with BeSN substrates
chemical constituents, 35
foodborne pathogen detection
bacteria sample preparation, 35
bacterial SERS data acquisition, 36
data analysis, 36
PCA classification, 37f
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foodborne pathogens and empty
substrate, SERS signals, 38f

Silver nanorod array-based
surface-enhanced Raman scattering
sensor, 85

SPCE. See Screen-printed carbon
electrodes (SPCE)

Surface plasmon, 23
Surface-enhanced Raman scattering
(SERS) sensor
nanocolloid substrates, 21
silver colloidal nanoparticles, 24
substrate, 23

U

Use of microfluidic system, improve food
production
animal food production, 157
bacterial plant pathogen’s infection
studies, microfluidic, 157

food production, 158f
summary, 159

Using gold nanomaterial based assays,
advantages, 16
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