
Nanofibers Doped with Dendritic
Fluorophores for Protein Detection
Bryce W. Davis,† Nakorn Niamnont,‡ Christopher D. Hare,† Mongkol Sukwattanasinitt,*,‡

and Quan Cheng*,†

Department of Chemistry, University of California, Riverside, California 92521, Organic Synthesis Research Unit,
Department of Chemistry, Faculty of Science, and Center for Petroleum, Petrochemicals and Advanced Materials,
Chulalongkorn University, Bangkok 10330, Thailand

ABSTRACT We report a solid-state, nanofiber-based optical sensor for detecting proteins with an anionic fluorescent dendrimer (AFD).
The AFD was encapsulated in cellulose acetate (CA) electrospun nanofibers, which were deacetylated to cellulose to generate secondary
porous structures that are desirable for enhancing molecular interactions, and thus better signaling. The protein sensing properties
of the fibers were characterized by monitoring the fluorescence response of cytochrome c (cyt c), hemoglobin (Hgb), and bovine
serum albumin (BSA) as a function of concentration. Effective quenching was observed for the metalloproteins, cyt c and Hgb. The
effect was primarily due to energy transfer of the imbedded fluorescent dendrimers to the protein, as both proteins contain heme
portions. Electron transfer, caused through the electrostatic effects in the binding of the anionic dendrimer to the positive patches of
globular proteins, could be responsible as well. BSA, on the other hand, triggered a “turn-on” response in fluorescence, suggesting
the negatively charged BSA reduces the π-π stacking of the partially dispersed, negatively charged dendritic fluorophores through
repulsion forces, which results in an increase in fluorescence. Stern-Volmer constants (Ksv) of the electrospun fibers were found to
be 3.4 × 105 and 1.7 × 106 M-1 for cyt c and Hgb, respectively. The reusability of the nanofibers is excellent: the nanofibers
demonstrated less than 15% change of fluorescence intensity signal in a 5-cycle test.
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1. INTRODUCTION

The development of solid-state optical biosensors con-
tinues to be of major interest within the nanotech-
nology field because of many practical and potential

functions (1). For instance, these solid-state sensors can
exhibit advantages of versatility, sensitivity, selectivity,
simplified optical setup, and a large dynamic range. How-
ever, desirable mechanical, electronic, and optical properties
can be difficult to realize at the sensing interface because
they require sophisticated synthesis routes and tend to use
a broad range of discontinuous objects such as carbon
nanotubes, nanorods and wires (2). In the past decade,
electrospun polymer nanofibers have proven to contain
many of the unique properties desirable for biotech develop-
ment. Recent work using electrospun nanofibers covers a
wide range of applications, including optical sensors and
biosensors, filtration membranes, drug delivery devices, and
scaffolding for stem cell growth (3-7).

Electrospinning is a polymer processing technique used
to create fibers with diameters ranging from a few nanome-
ters to micrometers (8). The electrospinning process works
when a flowing polymer solution is subject to a high electric
field. When the repulsive electrostatic force overcomes the

surface tension of the polymer solution a stable jet is formed
and a membrane-like web of small fibers is emitted onto the
ground electrode (9). The use of electrospun nanofibers for
chemical sensors using fluorophores has been previously
reported. For instance, Samuelson and co-workers have
demonstrated that pyrene methanol and hydrolyzed poly[2-
(3-thienyl) ethanol butoxy carbonyl-methyl urethane] (H-
PURET) can be immobilized to the surface of electrospun
membranes for the detection of metal ions (Fe3+ and Hg2+),
2,4-dinitrotoluene (DNT), and methyl viologen (MV2+) (10, 11).
Tao et al. reported the use of sol-gel chemistry to make
porphyrin-doped nanofibrous membranes for the detection
of 2,4,6-trinitrotoluene (TNT) vapor (12). A major drawback
of these platforms, however, is that they require multiple
fabrication steps, resulting in inhomogeneous dispersion of
sensing molecules within the membrane and potential fluores-
cent leakage, and ultimately compromising sensitivity, stability,
and reproducibility of the solid-state optical sensors. More
recently, Yang et al. demonstrated that secondary porous
structures could be added to 9-chloromethylanthracene (9-
CMA)-doped cellulose acetate (CA) nanofibers for the detection
of MV2+ (13). Although Yang’s work provided a simple
approach to creating secondary pores within the nanofiber,
there is still a need for new fluorescent units that demon-
strate distinctive FRET properties and better process char-
acteristics, such as improved retention, all of which are
important for generating new protein sensors.

Fluorescent dendrimers are highly effective receptors for
fluorescent optical sensors for many different target ana-
lytes, such as explosives (TNT and DNT) and biomarkers
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(14-18). In comparison with molecular fluorophores, the
numbers of fluorophore units in dendrimers can be con-
trolled by simple synthetic means. This convergent approach
allows for more predictable structure-related and fluorescent
properties within the sensor. In this work, a diphenylacety-
lene dendritic compound containing negatively charged
peripheral groups is used as an effective bioreceptor. In the
past, Thayumanavan and co-workers have utilized dendritic
scaffolding to generate fluorescence-based patterns for both
metalloprotein and nonmetalloprotein sensing using solution
based detection schemes (19-22). The quenching property
of their sensor was reported to be caused by the charge
density around the protein, as well as quantity and position
of the heme within the metalloproteins. Although the use of
fluorescent dendrimers for solution-based protein detection
exists (19), there is still a lack of research that uses simple
approaches to creating reusable solid-state devices that can
respond differentially to a variety of proteins. In this work,
we report a novel solid-state fluorescent biosensor, using
nanofibers, for quantifying proteins in solution. A straight-
forward top-down in situ electrospinning approach is utilized
along with anionic fluorescent dendrimers (AFD) to fabricate
a reusable sensor for the detection of low concentrations of
metalloproteins via a fluorescence resonance energy transfer
(FRET) principle.

2. EXPERIMENTAL SECTION
All chemicals were of the highest analytical grade, pur-

chased from Sigma-Aldrich (Milwaukee, WI) and used with-

out further purification, unless otherwise stated. Milli-Q (>18
MΩ) water was used in the preparation of all buffer solutions.
Steady-state fluorescence measurements were performed
on a HORIBA FluoroLog spectrofluorometer using the exci-
tation at 370 nm. Fluorescence image analysis was per-
formed on a Leica TCS SP2/UV confocal microscope using
the excitation at 364 nm. The scanning electron microscope
(SEM) used is a Phillips XL30-FEG. Fiber analysis was
performed using Fourier transform infrared (FTIR) spectros-
copy on a Equinox 55/S FTIR spectrometer with a Bruker
A590 microscope.

CA is used as the host matrix in our nanofiber fabrication
because of its chemical resistance, thermal stability, low
nonspecific absorption, and capacity to be easily function-
alized with recognition elements (23). To further improve
the surface area:volume ratio and overall performance a
simple deacetylation treatment was used to create specific
secondary structures within our electrospun nanofibers. Park
and co-workers have demonstrated that secondary porous
structures can be inserted into the backbone of electrospun
CA fibers by homogeneous deacetylation treatment of CA
to cellulose using a practical processing step while at the
same time maintaining the nanofiber’s physical properties
(24-26). This deacetylation treatment is used in our work
to generate evenly distributed secondary pores throughout
the nanofiber backbone of cellulose to improve the sensing
performance. A schematic illustration of the electrospinning

Scheme 1. Schematic Illustration of the Electrospinning Setup, Encapsulation of the Fluorescent Dendrimer,
And Deacetytlation Process Used in This Study; Five Water-Soluble Fluorescent Dendritic Compounds (AFD-1,
AFD-2, AFD-3, AFD-4, and AFD-5) Composed of Phenylene-Ethynylene Repeating Units Are Illustrateda

a The circled AFD-3 is the fluorescent dye used to dope the CA nanofibers for detection of metalloproteins.
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setup, encapsulation of the fluorescent dendrimer, and
deacetylation process is shown in Scheme 1.

Five water-soluble fluorescent dendritic compounds
(AFD-1, AFD-2, AFD-3, AFD-4, and AFD-5) composed of
phenylene-ethynylene repeating units (Scheme 1) were
synthesized according to published procedures and screened
in solution for the highest visible fluorescence (see the
Supporting Information) (27). These dendrimers commonly
demonstrated low visible fluorescent emission, but AFD-3
was found to be an exception that gave visibly high fluores-
cence. The variability of the fluorescent emission among the
dendrimers is due to aggregation, which is caused by small
differences in the charge distribution among different AFDs.

The electrospinning solution was prepared by dissolv-
ing 17% CA and 0.1% AFD-3 (by weight) in 8:1 (v/v)
Acetone/H2O, and then placed into a plastic syringe. A
high-voltage DC power supply (Glassman High Voltage Inc.
Series EH) was connected to a 25-gauge blunt nose needle
attached to the syringe containing the electrospinning
solution. The electrospun fibers were collected on a
grounded aluminum plate. The CA/AFD-3 solutions were
electrospun at a voltage of 21 kV, a tip-to-collector
distance of 10 cm, and a solution flow rate of 1.2 mL/h.
All of the electrospinning procedures were carried out at
25 °C with a collection time of approximately 90 s. To
create secondary porous structures, we deacetylated the
CA fibers in a 50 mM NaOH ethanol solution at 25 °C for
24 h, thoroughly rinsed them with water, and then dried
them using N2. The chemical reaction of CA to cellulose
was traced by using FT-IR spectroscopy (see the Support-
ing Information). The characteristic absorption peaks at-
tributed to the vibrations of the acetate group at 1745(νCdO),
1375(νC-CH3), and 1235 cm-1(νC-O-C) disappeared after
deacetylation of CA. An absorption peak at 3500 cm-1 (νO-H)
was also observed, indicating successful deacetylation. The
FT-IR spectrum obtained after deacetylation agreed with that
of pure cellulose fibers.

3. RESULTS AND DISCUSSION
The electrospun fibers exhibited well-defined fibrous

morphology without bead formation and good structural
stability. An electrospun AFD-3-doped nanofiber non-
woven mat is shown in the SEM image in Figure 1, further
illustrating the large surface area:volume ratio formed
within the electrospun nonwoven film. The fibers were
continuous, uniform, and had a diameter ranging from
approximately 400-2000 nm, similar to those reported
by Xiang et al. (28). One-dimensional (1D) nanostructures
are distributed evenly throughout the electrospun mem-
brane using a simple electrospinning approach. It is
assumed that the nanofibers are 3D, because of their
inherent porosity created by the deacytelation of CA to
cellulose. Consequently, unique secondary porous struc-
tures are homogenously distributed throughout the back-
bone of the nanofibers creating a larger surface area:
volume ratio and in-turn substantially improving sensitivity.

The protein sensing properties of the fibers were char-
acterized by monitoring the quenching behaviors of cyto-

chrome c (cyt c), hemoglobin (Hgb), and bovine serum
albumin (BSA) as a function of concentration. All proteins
were bovine specific, where cyt c is positively charged (pI
10.2-10.7), Hgb is neutral/slightly negative (pI 7.0-7.4),
BSA is negatively charged (pI 4.8-4.9), and AFD-3 is nega-
tively charged at physiological pH (29). The fluorescence
spectra of the fiber varying with the concentration of cyt c
are illustrated in Figure 2a. The fluorescence intensity
decreases proportionally with increase in cyt c concentra-
tion. Similar behavior was observed with Hgb (Figure 2b).
The efficient quenching effects of the metalloproteins, cyt c
and Hgb, are primarily due to energy transfer of the imbed-
ded fluorescent dendrimers with the protein as both cyt c
and Hgb contain heme portions within the protein. Some
of the quenching effect for proteins can be attributed to
electron transfer, caused through the electrostatic effects in
the binding of the anionic dendrimer to the positive patches
of globular proteins. When BSA was used, however, an
increase in fluorescence was observed (Figure 2c). The slight
increase in local fluorescence of the dendritic fluorophore
within the high-surface-area of the nanfibers suggested that
the negatively charged BSA proteins reduce the π-π stack-
ing of the partially dispersed negatively charged dendritic
fluorophores through repulsion forces, resulting in an in-
crease in fluorescence (30, 31). It is expected that two main
factors contribute to protein detection: (1) the charge distri-
bution density on the proteins surface, and (2) the location
of the metalloproteins secondary structure. The intricate
nature of the interaction of these two factors should result
in protein-dependent patterns allowing for good sensing
capabilities.

The fluorescence dynamic quenching sensitivity can be
quantified through the measurements with the Stern-Volmer
equation (32)

where I0 and I are the fluorescent intensities in the absence
and presence of quencher, respectively; Ksv is the Stern-
Volmer quenching constant, and [Q] is the concentration of
quencher. The quenching data are usually presented as plots

FIGURE 1. SEM image of electrospun AFD-doped deacetylated
cellulose fibers (17% CA/0.1% AFD dissolved in 8:1 acetone/water).
Inset is a zoomed-in image of the fiber.

I0
I
) 1 + KSV[Q] (1)

LE
T
T
ER

1800 VOL. 2 • NO. 7 • 1798–1803 • 2010 www.acsami.org



of I0/I versus [Q] with a slope equal to Ksv. The higher the
Ksv, the lower the concentration of quencher is required to
quench the fluorescence and thus the greater detection
sensitivity.

The Stern-Volmer analysis of the electrospun sensors for
cyt c and Hgb is shown in Figure 3. At concentrations
between 100 nM and 6.4 µM, a linear relationship between
quencher concentration and I0/I was obtained, showing
homogeneous quencher-accessible sites in the electrospun

fibers under the experimental conditions. The sensitivity,
KSV, of the electrospun fibers was found to be 3.4 × 105 and
1.7 × 106 M-1 for cyt c and Hgb, respectively. BSA tested
under the same experimental conditions demonstrated a
small negative linear relationship. The inset in Figure 3
shows the analyte-dependent pattern from the fluorescence
intensity changes at 200 nM. Differential responses for
different proteins are demonstrated and therefore illustrated
anlyte-specific patterns. The results clearly point to an
effective approach to the solid-state fabrication of biosensors
by embedding selective receptors into electrospun fibers.

The sensitive protein detection was further visualized using
a high resolution UV confocal microscope. Figure 4 shows the
fluorescence images of the AFD-3-doped cellulose nanofibers
before and after incubation with 10 µM cyt c solution for 15
min, further illustrating the remarkable quenching effect of
the nanofiber sensors. The fluorescence images before the
quenching process indicate the evident fluorescence emis-
sion and the uniform dispersion of fluorophores in cellulose,
which is beneficial to sensing performance.

The reusability, reproducibility, and stability of the
nanofiber material were also investigated. To demonstrate
the reusability of the sensor, we immersed the cellulose
nanofibers in a 25 µM solution of cyt c for 5 min, and then
in a 50 mM NaOH ethanol solution for 15 min followed
by rinsing in water and drying in air. The fibers were then
reused for sensing the same cyt c solution. Figure 5
demonstrates that the used nanofibers contain similar
quenching ability as the pristine fibers. In the tested 5 cycles,
the nanofibers exhibited less than 15% loss of fluorescence
intensity signal, indicating outstanding reusability. We at-
tribute this to the noncovalent nature of the interaction,
which is largely based on the electrostatic interaction be-
tween the fluorophore and protein. In fact, that weak binding
events and striping process do not denature the core, which
allows for excellent sample recovery. The reproducibly of
the sensor is reflected by low batch-to-batch variation of
5.3% for the CA/AFD-3 nanofibers using 3 separate mea-
surements produced on different days. For the stability

FIGURE 2. Fluorescence emission spectra of the AFD-functionalized
nanofibers in response to varied concentrations of (A) cyt c, (B) Hgb,
and (C) BSA (λEx/λEm ) 370/475 nm).

FIGURE 3. Stern-Volmer plots of the nanofibers for cyt c (9) and
Hgb (•). Inset: Analyte-dependent pattern for 200 nM of bovine
metalloproteins (cyt c, Hgb) and nonmetalloprotein (BSA) in PBS
buffer solution (pH 7.4).
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experiments, we tested the buffer solutions before and after
each test and no leakage of the fluorophore were found in
the aqueous solutions.

4. CONCLUSIONS
In conclusion, a reusable, solid-state fluorescent biosensor

was developed using electrospun nanofibers and anionic
dendrimers for quantifying proteins in solution via a FRET
mechanism. The selectivity and specificity of the sensor is
displayed in the specific response each protein has with the
fluorescent fibers. The quenching effect is a result of energy/
electron transfer processes between iron containing proteins
(i.e., cyt c and Hgb) and the fluorescent core. The increase
in fluorescence by the BSA is due to the induced decrease
in π-π stacking of the AFD-3 fluorophore localized on the
surface of the nanofibers. A relatively large quenching
sensitivity was obtained for AFD-3-doped cellulose nanofi-
bers with respect to Hgb, which is demonstrated with the
Stern-Volmer constants. The electrospun doped fibrous
material exhibited large surface area due to small diameter
and porosity of the nanofibers. This porosity stems from two
factors: the deacetylation of CA to cellulose and the disor-
derly arrangement of fibers onto the substrate. The ability
to homogenously embed fluorophores into the core of the
fiber allows for better reproducibility, reversibility, and

durability of the sensor. Future efforts will focus on exploring
a nanofiber sensor array containing different fluorescent
dendrimers for the detection and identification of protein
targets via distinct fluorescence response patterns.
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