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ABSTRACT: Nanohybrids consisting of silver nanoparticles (Ag), clay platelets, and a nonionic surfactant were prepared and
used as the substrate for surface-enhanced Raman scattering (SERS). The nanoscale silicate platelets (SP) (with dimensions of
100 X 100 nm* and a thickness of ~1 nm) were previously prepared from exfoliation of the natural layered silicates. The
tricomponent nanohybrids, Ag-SP-surfactant (Ag-SP-S), were prepared by in situ reduction of AgNOj in the presence of clay and
the surfactant. The clay platelets with a large surface area and ionic charge (ca. 18 000 sodium ions per platelet) allowed for the
stabilization of Ag nanoparticles in the range of 10—30 nm in diameter. With the addition of a nonionic surfactant such as
poly(oxyethylene) alkyl ether, the tricomponent Ag-SP-S nanohybrids possessed an altered affinity for contacting
microorganisms. The particle size and interparticle gaps between neighboring Ag on SP were characterized by TEM. The
surface tension of Ag-SP and Ag-SP-S in water implied different interactions between Ag and hydrophobic bacteria (Escherichia
coli and Mycobacterium smegmatis). By increasing the surfactant content in Ag-SP-S, the SERS peak intensity was dramatically
enhanced compared to the Ag-SP counterpart. The nanohybrids, Ag-SP and Ag-SP-S, with the advantages of varying
hydrophobic affinity, floating in medium, and 3D hot-junction enhancement could be tailored for use as SERS substrates. The
selective detection of hydrophobic microorganisms and larger biological cells makes SERS a possible rapid, label-free, and
culture-free method of biodetection.
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1. INTRODUCTION selective, and efficient diagnostic systems, such as surface-
New developments in metal nanoparticles and organic/ enhanced Raman spectroscopy (SERS). This powerful
inorganic nanocomposites have advanced nanotechnology analytical tool enables the identification and detection of

over the past decade. In particular, biosensor technology ™
has made great progress through the invention of noble-metal
nanostructured materials. For example, traditional methods of

microorganisms in a direct manner because of its unique

vibrational signatures associated with chemical and structural

detecting pathogens involve the basic steps of pre-enrichment, information.””"”

selective enrichment, biochemical screening, and serological

confirmation.®~” Each step is a selective and specific process Received: September 26, 2013
that often requires tedious procedures and a fast remedial Accepted: January 10, 2014
response.® Thus, it is desirable to have highly sensitive, Published: January 10, 2014
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Scheme 1. Three Different Fabrication Processes Routes from Nanoscale Silicate Platelets, SP, Prepared from the Exfoliation of

Na"™-MMT*“
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“(a) Ag-SP-S preparation from in situ reduction of AgNOj in the presence of surfactant and SP; (b) Ag-SP by in situ reduction of AgNO; and SP
without surfactant; and (c) Ag-SP+S preparation from physical blending the reduced Ag-SP and a surfactant.

In our previous works, metal nanoparticles and clay hybrids
were synthesized for diverse applications in electronics,">" oil
recovery,”’ and biomedical apphcatlons such as bacterial growth
inhibition®’~** and wound heallng Silicate platelets (SP)
with dimensions of 100 X 100 X 1 nm® were prepared from
exfoliation of natural silicate clays'”*® such as sodium
montmorillonite (Na*-MMT). Because of the nanometer-
thickness, 9gh surface area, and multiple negative charges on
the surface,” the SP was found to have antimicrobial properties
but with less cell endocytosis or genotoxjcity.30 As the support,
the SP could stabilize Ag nanoparticles from aggregation and
generate different compositions of Ag-SP bicomponent hybrids.
The nanoscale-thin platelets have an increased affinity for
contacting microorganisms through surface polar interactions.
It is anticipated that this class of Ag nanohybrids might
demonstrate enhanced performance if using as SERS
substrates’ for detecting microbes because the Ag was
regularly tethered on the platelet surface. Furthermore, it is
known that the Ag nanostructure exhibits strong surface
plasmons across the spectrum from 300 to 1200 nm in the
visible and near-infrared regions.”” The Ag nanoparticles on
both sides of the 1 nm thick SP may allow for the generation of
strong localized surface plasma resonance (LSPR) in the x—y
directions and particularly in the z direction of individual
platelets, termed 3D hot junctions.''**°

Here, we report a new class of tricomponent nanohybrids by
an in situ process of surfactant modification onto Ag-SP with
different compositions and varied selectivity for contacting
hydrophobic bacteria. The newly developed SERS substrate
(Ag-SP-S) has varied surface activities and interacts differently
toward hydrophobic and hydrophilic microbes. With a suitable
selection of nonionic surfactant, the nanohybrids, Ag-SP-S,
significantly changed their surface tension when used as the
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SERS substrate in contact with microbes. Hence, the
tricomponent nanohybrids consisting of surfactant-modified
silicate platelet (SP-S) and tethered Ag nanoparticles could
render the selective detection of hydrophobic microbes. Owing
to the presence of ionic species (=Si—O™Na*) on the surface,
the SP displayed a hydrophilic nature that could be altered by
surfactant modification. Consequently, the SP may enhance the
ability of the Ag nanoparticles to contact the microbial surface,
thereby increasing SERS sensitivity. Recent research efforts
have focused on the design of high-performance SERS-active
substrates for detecting particular molecules,” >’ but there has
been less focus on utilizing this approach for large micro-
organisms such as bacteria, fungi, and mycobacterium. The
SERS-enhancing behavior that takes place between a substrate
in contact with a large microbial entity is still not well
understood. For the purpose of pathogen detection, the
development of a tricomponent nanohybrids system may lead
to the improvement of detection sensitivity over conventional
SERS substrates. Overall, the introduction of a nonionic
surfactant adjusts the surface energy of Ag-SP to facilitate
intimate contacts with a variety of organisms and particularly
tailors the affinity towards hydrophobic microbes.

The selection of a polymer or ionic surfactant has been
reported for adjusting the surface energ of nanomaterials,
enabling high selectivity for microbes.>*™*" In general, cationic
surfactants such as dodecyltrimethyl ammonium bromide
(DDTMA) can perform an ionic-exchange reaction between
alkyl quaternary ammonium salts and sodium ions in the SP
clay surface, but this leads to a lipophilic surface that does not
stabilize Ag. However, anionic surfactants such as sodium
dodecyl sulfate (SDS) are not able to interact well with SP
through the ionic-exchange reaction. Hence, nonionic
surfactants such as alkyl alcohol ethoxylates or poly-
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(oxyethylene) alkyl ether oligomers are suitable for associating
SP by dipole—dipole interactions.* By judiciously selecting the
nonionic surfactant, we prepared Ag-SP-S by in situ reduction
of AgNO; in the presence of SP and surfactant in water. In
comparison with conventional SERS of the fixed Ag nano-
particle substrate, the prepared Ag-SP-S may serve as floating
substrates in medium for selectively detecting hydrophilic
microbes such as Staphylococcus aureus as well as hydrophobic
microbes such as Escherichia coli and Mycobacterium smegmatis,
depending on the species of the surfactants. More specifically,
we report the preparation of the surfactant-modified Ag-SP
tricomponent nanohybrids as the floating substrate to achieve
high-performance SERS sensitivity and the selectivity of sensing
hydrophobic or hydrophilic bacteria.

2. EXPERIMENTAL SECTION

Nanoscale silicate platelets (SP) were previously prepared by
exfoliating the Na® form of layered silicate clay, montmorillonite
(Na*-MMT, Nanocor Co.).* Na*-MMT is a natural smectite
aluminosilicate that has a generic structure of 2:1 layered silicate to
aluminum oxides with two tetrahedral sheets sandwiching an edge-
shared octahedral sheet and exchangeable Na* counterions with a CEC
of 120 mequiv/100 g. The process of exfoliation involved using
polymeric amine salts for the ionic-exchange reaction and subsequent
extraction into a water slurry.*> The isolated silicate platelets are nearly
1 nm in thickness and ca. 100 X 100 nm?® in lateral dimensions.
Detailed characterizations of the ionic charges were previously
reported.’® The exfoliated SP was then used as the support for
generating Ag nanoparticles on SP nanohybrids. Silver nitrate
(AgNO;, M,, = 169.8 g/mol, J. T. Baker, Inc.) was used as the silver
precursor. Ethanol (99.9%, Aldrich) was utilized as the weak reducing
agent and solvent. Diethanolamine (>98%, Aldrich) was additionally
utilized as a reducing agent for reducing AgNO;. Nonionic surfactant,
poly(oxyethylene) C18-alkyl ether (SINOPOL 1830), was obtained
from Sino-Japan Chemical Co. All aqueous solutions were prepared
with deionized water. Bacterial strains, including Gram-negative E. coli
(DHSa) and Gram-positive S. aureus were obtained from Super
Laboratory Co. (Taiwan). M. smegmatis (ATCC 609) cells were
obtained from American Type Culture Collection (ATCC).

2.1. Synthesis of Ag-SP-S Nanohybrids by an in Situ
Chemical Process. The procedure for the in situ synthesis of the
Ag-SP-S nanohybrids is as follows (Scheme 1a). Poly(oxyethylene)
C18-alkyl ether (SINOPOL 1830) was added into silicate platelets in
slurries. An aliquot of 1 wt % SP in a water suspension (25 g) was
added to 1 wt % SINOPOL 1830 in a water suspension (25g) in a
round-bottomed flask equipped with mechanical stirrer bar, and the
mixture was stirred for 30 min at room temperature. The SP-S solution
(50 g, 1 wt % in water) was added to the AgNOj; solution (33.7 g, 1 wt
% in water) and mechanically stirred for 10 min at room temperature.
To prevent the possible formation of silver oxide, nitrogen was
introduced to fill the reactor. The conversion involved the replacement
of Ag® for Na* counterions on the SP clay surface and, consequently,
the reduction of Ag* to Ag’ by diethanolamine (4.2 g, 10 wt % in
water). The reaction mixture was then slowly heated to 50 °C and
maintained for 20 h under continuous agitation. During the process,
the mixture was monitored by UV-vis spectroscopy for the color
change from yellow to deep-red, indicating the reduction of Ag" to
Ag’. In this study, we prepared eight samples of Ag-SP-S with different
surfactant compositions (i.e,, 30/70/8, 30/70/17, 30/70/35, and 30/
70/70 as well as another series, 30/35/8, 30/35/17, 30/35/35, and
30/35/70 (w/w/w), with a higher silver component for comparison).

2.2. Synthesis of Ag-SP+S by Physical Blending. We
attempted the synthesis by physical blending of the Ag-SP nanohybrids
and surfactant (Ag-SP+S), as described in Scheme Ic. In other words,
the Ag-SP was first prepared by silver nitrate reduction in the presence
of SP (Scheme 1b) and then mixed with SINOPOL 1830 surfactant
under physical stirring for 30 min. The example of preparing Ag-SP+S
(30/70+70) is described. An aliquot of SP solution (7.59 g, 9.22 wt %
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in water) was dispersed in deionized water (19.46 g) followed by the
addition of ethanol (49.5 g) and mechanical stirring for 30 min. Then,
AgNO; (23.62 g, 2 wt % in water) was added, and stirring was
continued for 30 min. The Ag-SP (30/70) solutions were filtered,
washed with ethanol, and redissolved in water. The UV absorption at
~400 nm of the final solution indicated the formation of Ag
nanoparticles. Finally, the nonionic surfactant SINOPOL 1830 (0.29 g,
4 wt %) was added to the Ag-SP slurries (2 g, 0.84 wt %), and the
mixture was stirred for 30 min at room temperature to obtain the
physically blended hybrids .

By using similar procedures, we prepared 14 samples of Ag-SP+S
(ie. 30/70+10, 30/70+20, 30/70+30, 30/70+40, 30/70+50, 30/
70+60, and 30/70+70 as well as another series, 7/93+10, 7/93+20, 7/
93+30, 7/93+40, 7/93+50, 7/93+60, and 7/93+70). The comparison
of nanohybrids prepared from the physical blending and in situ
reduction procedures was investigated to differentiate the surfactant
effects of Ag-SP+S from the in situ synthesized Ag-SP-S.

2.3. Bacteria Growth and Sample Preparation. S. aureus and E.
coli were cultivated for 16 h at 37 °C on LB agar base. After
subculturing, single colonies were collected using sterile plastic
inoculating loops. Bacteria were then suspended in S mL of LB
broth, grown for an additional 18 h, and then subcultured until ODy
reached approximately 0.5. M. smegmatis cells were cultivated for 48 h
at 37 °C on L-J agar slant base (Creative Microbiologicals, Ltd.). After
subculturing, single colonies were collected using sterile plastic
inoculating loops. Bacteria were then suspended in S mL of
Middlebrook 7H9 broth medium (Creative Microbiologicals, Ltd.)
and grown for another 48 h at 37 °C. Before SERS detection, bacteria
were washed, centrifuged three times with deionized water, and
resuspended in water again. The washed bacteria solution (100 uL, 10°
CFU/mL of bacteria) was mixed with 100 uL of the Ag nanohybrids
solution ([Ag] = 100 ppm) and dropped onto a glass-based aluminum
chip. Typically, the sample solution (1.0 mL) was placed on a SERS
substrate and then stored in an orbital shaking incubator (OSISOOR,
TKS) operated at 120 rpm and 37 °C for 1 h.

2.4. Characterization. Raman spectra were collected with a
commercial Raman microscope (HR800, Horiba). A He—Ne laser
emitting at 632.8 nm was used as the excitation source, and the laser
beam was focused onto the sample through a 50X objective lens. The
backward radiation was collected by the same lens and delivered to an
80 cm spectrograph equipped with a liquid-nitrogen cooled charge-
coupled device for spectral analysis. Raman spectra were collected in
the frequency range from 400 to 1800 cm™" with a typical acquisition
time of 30 sec. A background subtraction and spectrum average
program, based on the algorithm proposed by M. Miroslav’s group,**
was developed to process the obtained Raman spectra. Each SERS
spectrum was measured at with least six repetitions (n > 6) and the
SERS peaks were averaged. The diameter (d) of Ag nanoparticles was
measured by examining transmission electron microscopy (TEM,
JOEL JEM-1230) images and by counting using commercial software
(Scanning Probe Image Processor, SPIP). The interaction between
nanohybrids (Ag-SP and Ag-SP-S) and bacteria (E. coli and S. aureus)
was imaged by field-emission scanning electronic microscopy (FE-
SEM, JEOL-6500) at an accelerating voltage of 15 kV. X-ray powder
diffraction (XRD) was used to characterize the Ag nanoparticles by
using a Shimadzu SD-D1 with Cu Ka radiation (35 kV, 30 mA). X-ray
photoelectron spectroscopy (XPS, VG Scientific ESCALAB 250, UK)
of Si 2p and O Is electrons revealed information on the Ag—Si
interaction. The surface tension of Ag-SP and Ag-SP-S in solution (~1
wt % range) was measured by the Wilhelmy method using a Kruss-
K10 digital tensiometer equipped with a spherical ring.

3. RESULTS AND DISCUSSION

Two synthetic methods to produce the nanohybrids of
nanosilicate platelets (SP) and Ag nanoparticles are concep-
tually illustrated in Scheme 1. The SP was prepared previously
from the exfoliation of natural clay (Na*-MMT) with a layered
structure. The in situ reduction of AgNO; to generate Ag
nanoparticles (Ag) in the presence of SP and surfactant

dx.doi.org/10.1021/am404218u | ACS Appl. Mater. Interfaces 2014, 6, 1541—1549
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Figure 1. XPS spectra of SP, SP-S silicate supports, and silver nanoparticle compounds Ag-SP, Ag-SP-S, and Ag-SP+S for (a) Si 2p and (b) O 1s
spectroscopy. TEM images of in situ synthesis of (c—g) Ag-SP-S 30/70 with various surfactant ratios from 0 to 70: (c) 30/70/0, (d) 30/70/8, (e)
30/70/17, (f) 30/70/3S, and (g) 30/70/70; (h—1) Ag-SP-S 30/35 with various surfactant ratios from 0 to 70: (h) 30/35/0, (i) 30/35/8, (j) 30/35/

17, (k) 30/35/35, and (1) 30/35/70. (The scale bar is 50 nm.)

afforded Ag-SP-S (Scheme 1a). The physically blended Ag-SP
+S was obtained by making Ag-SP in the first step (Scheme 1b)
and mixing with the selected nonionic surfactant (Scheme 1c)
in the second step. In both methods, the presence of SP as the
support allowed for the control of Ag size, which was
dependent on the amount of SP present. The role of the
nonionic surfactant poly(oxyethylene) C18-alkyl ether in the in
situ process was to assist in the formation of tricomponent
nanohybrids, Ag-SP-S, which are different from Ag-SP+S.
Specifically, the poly(oxyethylene) segment in the surfactant
molecules provides the chelating effect during AgNO;
reduction to Ag nanoparticles because of the surfactant
modification of the SP ionic character. It is noteworthy that
the geometric shape of nanometer-thick SP has a lateral
dimension of 80—100 nm in width and only 1 nm in thickness,
providing a large surface area for interacting with the in situ
generated Ag. The inherently high aggregation force among the
nanoparticles by van der Waals attraction was overcome by the
SP surface ionic interaction with individual Ag. The in situ
generation of Ag in the presence of SP and surfactant to afford
Ag-SP-S was compared to the physical blends of pregenerated
Ag-SP and the same surfactant (Ag-SP+S), as shown in Scheme
lc. Various blending compositions with different surfactant
content from 10 to 70 (weight ratio, %) were generated for
comparison.

The X-ray diffraction (XRD) patterns illustrated that Ag was
generated in high purity without the side reaction of forming
silver oxides from air oxidation, as shown in Figure S1. The Ag-
SP samples showed Ag-(111), Ag-(200), Ag-(220), and Ag-
(311) diffraction peaks as the characterization of face-centered-
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cubic (fcc) alloy structure for metallic silver. The positions of
the four peaks corresponding well to the JCPDS standard data
for cubic-phase Ag (metallic Ag, JCPDS file: 65-2871).
Furthermore, X-ray photoelectron spectroscopy (XPS) pro-
vides a sensitive measurement of the chemical state in the
surface region of the silicates and Ag-silicate nanocomposites.
In Figure 1a, high-resolution Si 2p spectra revealed information
on the Ag—Si interaction, showing the binding energy between
Ag and Si atoms in Ag-SP with an enormous shift of binding
energy from 105.6 (Si—O™Na’, SP, black line) to 102.6 eV
(Si—O—Ag", Ag-SP, green line), implying the existence of
interaction forces between Ag and the silicate surface. A slight
shift of the binding energy from 105.6 (SP, black line) to 105.2
eV (SP-S, red line) was noticed, presumably because of the
chelation between poly(oxyethylene) or (—CH,CH,O),—
segment in the surfactant and sodium ions on the SP surface.
The presence of surfactant caused a difference in the Ag
interaction with SP, resulting in a binding-energy shift from
102.6 (Ag-SP, green line) to 101.9 eV (Ag-SP-S, blue line). In
Figure 1b, the Ag—Si interaction was further verified for the
high-resolution oxygen O 1s spectra, showing the shift from
534.6 (SP, black line) to 532.1 eV (Ag-SP, green line) and
indicating a considerably strong interaction between the Ag and
silicate anion. It is noted that the chemical shifts for Ag-SP-S
and Ag-SP+S are significantly different, with the chemical shift
occuring from Ag-SP (532.1 eV, green line) to Ag-SP-S (531.1
eV, blue line) versus no shift for Ag-SP and Ag-SP+S for the
physically added surfactant. This is the direct evidence for the
interaction of the surfactant in Ag-SP-S by the in situ synthesis.

dx.doi.org/10.1021/am404218u | ACS Appl. Mater. Interfaces 2014, 6, 1541—1549
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Table 1. Correlation of SERS Intensity, Surfactant Fraction, and Silver Particle Size in Ag-SP-S Tricomponent Nanohybrids

30/70/X
weight fractions of Ag-SP-S fraction X (surfactant)® 0 8 17 35 70
mean diameter (nm)” 17.0 + 5.0 143 + 5.5 12.8 + 3.5 11.8 + 4.7 57 31
SERS intensity X 107>¢ S. aureus 139.1 + 13.2 101.7 + 8.7 88.0 = 17.9 274 +£ 7.6 104 + 34
E. coli 104 + 4.3 26.7 + 3.5 302 + 4.4 320+ 5.2 154 + 3.8
30/35/X
weight fractions of Ag-SP-S fraction X
(surfactant)® 0 8 17 3 70
mean diameter (nm)? 30.5 + 203 23.1 + 102 193 + 74 184 + 9.9 14.7 + 5.9
SERS intensity X 107>¢ S. aureus 218.3 + 34.9 1242 +£ 7.6 115.0 £ 114 953 £ 144 84.7 + 184
E. coli 18.5 £ 5.2 69.7 + 10.3 181.8 + 164 1103 + 16.2 97.5 £ 20.0

“Weight fractions of Ag-SP-S. "Measured by TEM. “SERS intensity: integrated area of SERS peaks in the range from 700 and 770 cm™,
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Figure 2. Correlation of SERS intensity and surfactant fraction in Ag-SP-S floating substrates for S. aureus (curve black square) and E. coli (curve red
circle). Ag-SP-S at composition weight ratios of (a) 30/70/X, X = surfactant fraction from 0 to 70 and (b) 30/35/X, X = surfactant fraction from 0 to
70. Integration of SERS peak area between 700 and 770 cm™ (gray triangle; particle sizes of AgNP in Ag-SP-S were determined by TEM
observation). (c) Water surface tension of two series of Ag-SP-S tricomponent nanohybrids with varied fractions of surfactant in their composition
and S. aureus™® and E. coli.®® (d) SERS spectra of E. coli measured using Ag-SP with a composition ratio from 1/99 to 30/70 and the selected Ag-SP-S

at 30/70/35.

The SERS intensity for detecting S. aureus (a hydrophilic
bacterium) and E. coli (a hydrophobic bacterium) was found to
be dependent on the surfactant content in the Ag-SP-S
nanohybrids. The TEM micrographs (Figure 1c—1) showed a
slight change in Ag particle size when increasing the surfactant
composition in the Ag-SP-S tricomponent nanohybrids. For
example, the increase of the surfactant fraction in Ag-SP-S from
weight ratios of 0, 8, 17, 37, and 70 to the pristine 30/70 Ag/SP
bicomponent hybrids could affect only the Ag particle size,
which decreased from 17, 14, 12, 12, and 5.7 nm in diameter. A
similar trend was observed for the 30/35 Ag-SP from the in situ
synthesis as a result of adding different surfactant amounts, with
the Ag size dropping in the range of 30, 23, 19, 18, and 14 nm,
respectively (Table 1).
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These size variations and their association with the thin
platelets and surfactants were correlated to the SERS intensity
using these nanohybrids as the floating substrate, as shown in
Table 1 and Figure 2. In Figure 2a, for S. aureus (black line), the
strongest SERS signal appeared at zero surfactant content (the
pristine Ag-SP without surfactant addition), whereas the trend
of the SERS intensity was inversely dependent on surfactant
participation (the SERS spectra is shown in Figure S2a). It can
be rationalized that the surfactant in Ag-SP-S may alter the
interfacial interaction between the Ag-SP and the bacteria,
which have a different surface affinity for organic surfactant. In
the case of S. aureus, the poly(oxyethylene) segment tends to
chelate onto SP, and the resultant hydrophobic alkyl tails have a
poor affinity for the surface of the hydrophilic bacterial cell. The

dx.doi.org/10.1021/am404218u | ACS Appl. Mater. Interfaces 2014, 6, 1541—1549
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Figure 3. SEM images of actual contacts between SERS substrate and bacteria. (a) Ag-SP at a 30/70 weight ratio on E. coli, (b) Ag-SP at a 30/70
weight ratio on S. aureus, (c) Ag-SP-S at a 30/70/35 weight ratio on E. coli, and (d) Ag-SP-S at a 30/70/35 weight ratio on S. aureus.

Scheme 2. Mechanism of Ag-SP and Ag-SP-S Contact with Hydrophilic and Hydrophobic Microbes®

(a) Hydrophilic Hydrophobic
microbes microbes
<% Microbes <
Ag-SP w
(b)
Microbes
—_—

“(a) Ag-SP and (b) Ag-SP-S.

presence of surfactant also slightly affected the Ag size, from
17.0 to 5.7 nm in diameter, although the Ag size became
smaller by increasing the amount of surfactant in Ag-SP-S.
When detecting E. coli, as indicated in Figure 2a, the SERS
intensity (red line) in the range of 700—770 cm™ was
extremely low using the Ag-SP substrate; however, Ag-SP-S,
with an increasing composition of surfactant, enhanced the
SERS peaks with an optimized surfactant composition of 10—
40 wt %. The optimal SERS intensity (34.9 X 10° counts) was
S-fold more than that using Ag-SP without surfactant (6.9 X
10® counts, SERS spectrum shown in Figure S2b)

Previous theoretical and experimental works indicated the
possibility of controlling the size of Ag from 10 to 60 nm in
diameter for SERS enhancement.***® The control of particle
size was achieved by the composition of the SP support®® as
well as the surfactant addition during the in situ reduction of
AgNO;. The enhancement of SERS sensitivity using Ag-SP-S as
the floating substrate was found to be different for the varied
bacterial species. Two series of Ag/SP weight ratios of 30/70
and 30/35 were investigated. In Figure 2b, the SERS intensity
of S. aureus (black line) by Ag-SP 30/35 was increased nearly 2-
fold more than by Ag-SP 30/70, but it decreased when the
surfactant addition was involved (the SERS spectrum is in
Figure S2c). In Figure 2b, the surfactant effect was found in
detecting E. coli. With the increasing composition of surfactant,
the SERS intensity (red line) was significantly enhanced and
achieved an optimal value (181.8 X 10° counts) with a
surfactant ratio in the range of 10—30 wt %. In summary, the
Ag-SP 30/3$ series displayed a 6-fold stronger signal for the
optimal SERS intensity compared to the Ag-SP 30/70 series
(349 X 10* counts; the SERS spectrum is shown in Figure
S2d).
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The interfacial interaction between the Ag nanohybrids and
the bacteria surface could be one of the important factors for
affecting SERS sensitivity. Because of the presence of
lipopolysaccharide (LPS) on their outer membrane,*’ the E.
coli cells displayed a hydrophobic property, as indicated by their
surface free energy (y) of 39.7 mJ/m?* The measurement for
the pristine Ag-SP without surfactant modification was 75 mN/
m (Figure 2c). The difference in the surface energy implies the
degree of surface contact between Ag-SP and bacteria and
consequently the Raman enhancement. In Figure 3b, four
additional different compositions of Ag-SP and Ag sizes ranging
from 3.8 nm in Ag/SP (1/99) to 17.0 nm in Ag/SP (30/70)
are shown with their correlations for affinity for E. coli. All
indicated no SERS enhancement. In contrast, surface free
energy (7) of S. aureus at pH 7 was shown to be 60.3 mJ/m?,*
which was relatively close to Ag-SP (75 mN/m). When
surfactant was introduced, the surface free energy of Ag-SP-S
significantly decreased from 75 to 45 mJ/m? which was close
to that of E. coli (39.7 mJ/m?). Apparently, the surfactant acts
as an amphiphilic moiety to alter Ag-SP to be more
hydrophobic in nature and hence higher in affinity for
contacting the hydrophobic bacterial surface. In Figure 2d, a
strong enhancement of E. coli on Ag-SP-S 30/70/35 (light blue
line) can be seen, indicating the high interaction of Ag and the
hydrophobic microbes. These values of the surface tension and
energy of the nanohybrids toward bacteria are recorded in
Table S1.

In Figure 3, SEM micrographs illustrate the actual contacts
between the floating SERS substrates and bacteria. In the Ag-SP
series (without surfactant), the interaction between hydrophilic
Ag-SP and hydrophobic E. coli was relatively poor (Figure 3a),
so the Ag-SP nanohybrids tended to self-aggregate and had less
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contact with E. coli. By comparison, the same substrates had
better contact with hydrophilic S. aureus (Figure 3b). In the Ag-
SP-S series (with surfactant), good adhesion on the surface of
E. coli (Figure 3c) was observed and rationalized by their
similarities in surface energy. In contrast, the contact with S.
aureus was relatively weak (Figure 3d) because of the difference
in surface energy. The mechanism of Ag-SP and Ag-SP-S in
contacting the bacterial surface can largely affect the sensitivity
of SERS intensity, as shown in Scheme 2a,b, respectively. Ag-SP
exhibited a stronger affinity for the hydrophilic microbe (S.
aureus), whereas Ag-SP-S demonstrated better contact with the
hydrophobic microbe (E. coli).

To understand the role of the surfactant in the tricomponent
nanohybrids, the physical blends of Ag-SP and the surfactant
(S) were investigated. Ag-SP (30/70 weight ratio and 17 nm Ag
in diameter) was physically mixed with the surfactant in the
amount of 10—70 wt %, which was analogous to the
compositions of Ag-SP-S, to produce Ag-SP+S. As a result,
the corresponding SERS intensity of S. aureus decreased from
137.0 X 10° to 3.5 X 10° counts by introducing the surfactant in
the physical manner, as shown in Figure 4a (black line).
However, the SERS intensity of E. coli remained almost the
same or a slightly decreased from 10.4 X 10° to 1.0 X 10° (red
line). In another series of Ag-SP at a 7/93 weight ration for Ag-

(a) Ag-SP+S at 30/70+X (X from 0 to 70)
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Figure 4. SERS intensity of S. aureus and E. coli detected by Ag-SP+S
in various surfactant fractions synthesized by physical-blending. Ag-SP
+S at composition weight ratios of (a) 30/70+X, X = surfactant
fraction from 0 to 70 (the gray line shows the AgNP size of Ag-SP 30/
70 at 17 nm) and (b) 7/93+X, X = surfactant fraction from 0 to 70
(the gray line shows the AgNP sizes of Ag-SP 7/93 at S nm). SERS

intensity was integrated between 700 and 770 cm™".
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SP+S (5 nm Ag in diameter), a lower SERS sensitivity (Figure
4b) for both E. coli (from 0.9 X 10° to 0.4 X 10%) and S. aureus
(from 54.3x10° to 0.5X10%) was also demonstrated. The
physically mixed Ag-SP+S showed significant differences from
Ag-SP-S (generated by in situ synthesis), which demonstrated
sufficient Raman enhancement. It was noted that the surfactant
effect was more predominant than the Ag particle size. These
results indicated the uniqueness of the tricomponent Ag-SP-S
by in situ synthesis in comparison to the physically blended Ag-
SP+S. The phenomenon was correlated to the binding energy
difference at the molecular level (Figure 1). The binding energy
of Ag-SP-S (in situ synthesis) exhibited a significant shift from
analogous Ag-SP, whereas Ag-SP+S (physical blend) remained
the same as Ag-SP in binding energy. The mutual interaction
through the tricomponent hybridization of SP, surfactant, and
Ag nanoparticles is crucial for the nanohybrids to interact with
individual bacteria.

Because the development of a method for rapidly sensing
mycobacteria is rather difficult as a result of the low growth rate
and hydrophobic nature of the bacteria, the Ag-SP-S SERS
substrate was tested for detecting the super-hydrophobic
bacterium, M. smegmatis. The SERS signals using Ag-SP-S
(30/35/X) with various surfactant compositions ranging from
X = 8 to 70 are shown in Figure S. The characteristic SERS

475 1046
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Figure S. SERS spectra of M. smegmatis with various composition
ratios of Ag-SP-S at 30/35/X, where X = surfactant fraction from 0 to
70.

peaks for the bacteria using Ag-SP-S appeared to have a Raman
shift at 475 cm™ and also in the range of 1300—1600 cm™’,
whereas 1046 cm ™" was the background signal of Ag-SP-S (blue
line). In the Raman signal, M. smegmatis showed none of the
characteristic peaks (orange line). The Ag-SP-S substrate has
the potential for being developed into a sensor for detecting
super-hydrophobic bacteria by adjusting the surfactant
modification. The surfactant composition in the tricomponent
Ag-SP-S could enhance the bacterial contact and display the
characteristic detection for the specific bacteria.

4. CONCLUSIONS

We demonstrated a novel, flexible SERS substrate with 3D hot-
junction capability as well as selective SERS detection for
hydrophobic microorganisms by employing tricomponent
nanohybrids of silver (Ag)-silicate platelet (SP)-surfactant
(S). The selective SERS biodetection was emphasized, and
the effect of the 3D hot junctions was discussed in the
Supporting Information (Figure S3). The effective SERS
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substrate, composed of Ag nanoparticles, nanosilicate platelets,
and in situ added surfactant, was fabricated and compared with
conventional SERS substrates of nanoparticles (<50 nm) on
rigid (glass or silicon-based) substrates (1—10 cm).>*73% The
novel nanohybrid arrays of silver-on-silicate platelets (size: 100
nm to submicrometer) exhibited several advantages such the
high flexibility, stability, and mobility of the substrate for
contacting microorganisms as well as optical transparency for
reducing the interfering background SERS signals, which can
improve the stability of free nanoparticles and the mobility of
rigid substrate in SERS detection technology. In particular, the
surfactant modification allowed for the tailoring of the floating
tricomponent nanohybrids to contact hydrophobic bacteria
during SERS detection. The surface energy of the floating SERS
substrates could be adjusted by changing the surfactant amount
for selectively detecting hydrophilic or hydrophobic bacteria.
Even for super-hydrophobic M. smegmatis detection, the Ag-SP-
S displayed an effective and reproducible SERS spectrum in a
fast mode. Comparable compositions were also produced by
physical blending, resulting in Ag-SP+S, which failed to
enhance the Raman signal. The findings of surfactant-modified
Ag on silicate nanoplatelets may open new avenues for
developing the ability to detect various types of pathogenic
microorganisms selectively, including hydrophobic and irregu-
lar-shaped biological cells.
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Surface energy and interfacial affinity between Ag-SP-S and
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