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A Multifunctional Gold Nanoparticle/
Polyelectrolyte Fibrous Nanocomposite
Prepared from Electrospinning Process
Hui Chen, Anindarupa Chunder, Xiong Liu, Feroz Haque, Jianhua Zou, Lauren Austin,
Genevieve Knowles, Lei Zhai∗, and Qun Huo∗

Department of Mechanical, NanoScience Technology Center, Department of Chemistry and Department of Physics,
Materials and Aerospace Engineering, University of Central Florida, 12424 Research Parkway Suite 400,
Orlando, FL, 32826, USA

Gold nanoparticles are introduced to a fibrous
nanocomposite material prepared from electrospin-
ning a polyelectrolyte solution of poly(acrylic acid)
(PAA) and poly(allylamine hydrochloride) (PAH). The
functional groups in the fiber allow convenient ther-
mal crosslinking of the fibers and the binding of
tetrachloroaurate ions. Gold nanoparticle-modified
nanofibers can be further treated by silver enhance-
ment that increased the electrical conductivity of
the nanofibers to 10−2 S/cm. The FT-IR analysis of
the nanocomposite fibers shows that the deposition
of gold nanoparticles significantly enhances the IR
absorption intensity of the polymer fibers, offering a
potential sensing capability through enhanced FT-IR
absorption of molecules. Upon laser irradiation, the
photothemal effect generated by gold nanoparticles
caused deformation, melting, or local decomposition
of the nanofibers which allows the patterning of nano-
fibers. The multifunctional composite nanofibers may
find many important potential applications in sensors,
optical and electronic devices, tissue engineering and
catalysis.

Keywords: Electrospun Fibers, Polyelectrolyte, Gold
Nanoparticles, Light Responsive.
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1. INTRODUCTION

Metal nanoparticles such as gold and silver present unique
chemical, optical and electrical properties with a wide
range of potential applications. The surface plasmon reso-
nance and surface enhanced Raman scattering effect are
two optical properties of metal nanoparticles that have
been investigated extensively for biological applications.1–7

Gold nanoparticles have been found to be capable of cat-
alyzing many electrochemical reactions and processes that
are important for sensors, fuel cells, and other indus-
trial applications.8–13 Additionally, gold nanoparticles, with
their large extinction coefficients of surface plasmon res-
onance in the visible and near infrared region, are excel-
lent photon-thermal energy converters. This property is
currently being explored for the photothermal ablation
of tumor tissues, bacteria, and protein aggregates,6�7�14–17

and polymer nanocomposite thin films for microstruc-
ture fabrication.18 Immobilizing gold nanoparticles on var-
ious supporting materials including hydrogels,19�20 porous
silica,21�22 polymer thin films23 and polymer fibers13 has
been extensive investigated to extend the applications of
gold nanoparticles. Among these studies, one of the goals
is to achieve large surface area of the supporting materials
to improve the utilization of gold nanoparticles. Polymer
nanofibers are very attractive supporting materials for gold
nanoparticles due to their tunable chemical properties and
large surface area.
Among various methods of fabricating polymeric fibers,

electrospinning has become a popular method to gener-
ate continuous, ultrathin fibers with diameters on the order
of microns and sub-microns from a variety of polymeric
materials.24 In a typical electrospinning process, a high
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electrostatic field is applied to a polymer solution held in
a syringe with a needle. A jet is emitted from the cone-
like meniscus (Tayler cone) formed on the needle when
the field strength excesses the critical value to overcome
the polymer solution surface tension. As the jet moves
toward the collecting electrode, its diameter decreases due
to lateral excursions, and the solvent evaporates, lead-
ing to a non-woven fabric mat on the collecting elec-
trode. Electrospun nanofibers possess important properties
including high surface area, small fiber diameter, high per-
meability, and the potential to incorporate active chem-
istry. These properties make the electrospun fiber mats
promising candidates for extensive applications includ-
ing drug delivery, filtration, catalysis, sensing, composite
applications, and tissue engineering.25–29 The combination
of the unique chemical, optical and electrical properties
of metal nanoparticles with the high surface area pro-
vided by polymer nanofibers has lead to further advanced
and multifunctional nanocomposite materials with many
promising applications in these areas. To name a few,
poly(methyl methacrylate) (PMMA) electrospun fibers was
coated with poly(aniline) (PANi) to host gold nanopar-
ticles and used as matrix for enzymes such as superox-
ide dismutase (SOD) for the applications as superoxide
sensors.13 Gold nanoparticles were loaded in electrospun
polyethyleneimine (PEI)/polyvinylalcohol (PVA) fibers for
catalytic applications.30 While polymer electrospun fibers
offer promising templates to host gold nanoparticles, func-
tional groups are required for gold nanoparticle attachment
and crosslinking is needed to obtain stable polymer fibers
which usually involves extra chemical treatment such as
the exposure to glutaraldehyde (GA) vapor. Therefore,

Fig. 1. The chemical structures of poly(acrylic acid) (PAA) and
poly(allylamine hydrochloride) (PAH); SEM image of pure fibers (upper-
right) and digital images (bottom-right) of pure fiber mats (a), fiber mats
after the gold nanoparticle deposition (b) and after further treatment of
silver enhancement (c).

a polymer fiber system that has functional groups to
attach gold nanoparticle and can be crosslinked without
extra chemical treatment would provide a cost effective
approach to host gold nanoparticles.
Recently, Chunder et al. reported a convenient method

to fabricate polyelectrolyte electrospun fibers comprising
of two polyelectrolytes with opposite charges, poly(acrylic
acid) (PAA) and poly(allylamine hydrochloride) (PAH)
(Fig. 1).31 These polyelectrolytes provide different func-
tional groups (carboxylate and amine) to bind metal
ions for the nanoparticle fabrication and a simple heat
treatment can crosslink the fibers through the formation
of amide bond between amine and carboxylate groups.
Such interesting propoerties make PAA/PAH electrospun
fibers unique system to support gold nanoparticles. In this
paper, we report the deposition of gold nanoparticles onto
PAA/PAH electrospun fibers and the investigation of var-
ious properties including FT-IR enhancement and pho-
tothermal effect upon laser irradiation.

2. EXPERIMENTAL DETAILS

2.1. Preparation of Nanocomposite Fibers

An aqueous solution of polyelectrolyte was made by
mixing 0.668 g poly(acrylic acid) (PAA, 25% aqueous
solution, Mw 90000, Polysciences, Inc.) and 0.083 g
poly(allylamine hydrochloride) (PAH, MW 70000, Sigma-
Aldrich, Inc.) to fabricate the nanofiber according to
a reported procedure.31 The solution was then loaded
in a plastic syringe with a blunt stainless steel needle
(22 gauge) and fed constantly by a syringe pump at
0.01 mL/h. Electrospun fibers was obtained by applying a
voltage of 10–15 kV with a high voltage DC power sup-
ply (Glassman High Voltage, Inc). A plastic substrate with
an indium tin oxide conductive coating (MIL-PRF-131J
from Ludlow Coated Product, Inc.) was used to collect the
fibers. Two methods were used to introduce gold nanopar-
ticles into the fibers:
Method A: PAA/PAH nanofiber was fabricated and the

fiber mat was then heated to 140 �C overnight to crosslink
the fibers. Gold nanoparticles were generated by first dip-
ping the fibers into a 0.01 M chloroauric acid aqueous
solution (HAuCl4 · H2O, Sigma-Aldrich, Inc.) and then
to a 0.1 M reducing reagent solution (sodium borohy-
dride, Sigma-Aldrich, Inc.). The fiber was washed exten-
sively with deionized water after each dipping to eliminate
loosely adsorbed chloroauric acid and reducing reagent.
After gold nanoparticle loading, the fiber mats were dried
in a desiccator overnight.
Method B: An appropriate amount of polyelectrolyte,

PAA and PAH, with 10wt% (with respect to weight of
polymers) of chloroauric acid was dissolved in a co-
solvent (0.13 g of N ,N -dimethylformamide and 0.15 g of
deionized water) to make a homogenous solution for elec-
trospinning. A blunt platinum needle (Hamilton Company)
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with a 22 gauge was used to prepare the fibers. The fiber
was then heated to 140 �C overnight. The color of the
fibers turned into pink reddish after the thermal treatment.

2.2. Silver Enhancement

Silver enhancer kit was purchased from Sigma-Aldrich,
Inc. The solution A (silver salt) was mixed with an equal
volume of solution B (initiator) just prior to use. The fiber
mats with gold nanoparticles prepared from method B
were immersed into the silver enhancement solution for
8 minutes. After washing with copious amount of deion-
ized water, the silver enhancer treated fiber mats were
dipped in a 2.5% sodium thiosulfate solution for 2 minutes
to stablize the silver coating. The resulting fiber mats were
dried in a desiccator overnight.

2.3. Characterization

Transmission electron microscopy (TEM) analysis: Elec-
trospun fibers were directly deposited onto TEM copper
grids and examined by a FEI Tecnai F30 TEM.
Scanning electron microscope (SEM): The fibers on the
conductive plastic substrate were used directly for SEM
study. In order to avoid electric charge build-up, the fibers
were coated with a Pd–Au film by an Emitech Magnetron
Sputter Coater before imaging. The specimens then were
observed by a JEOL 6400 SEM at an accelerating voltage
of 5 kV.
Conductivity measurement: Three types of nanofibers, pure
PAA/PAH polyelectrolyte fibers, fibers loaded with gold
nanoparticles by method B and the fibers (preloaded
with method A) followed by silver enhancement treat-
ment, were released from conductive plastic substrates by
immersing in 4% KOH solution for 2–3 minute. After rins-
ing with copious deionized water, the free-standing mats
were transferred onto glass cover slides. The resulting fiber
coatings were dried in a desiccator overnight. The elec-
trodes were then prepared by applying two strips of silver
paint on the fiber mats. The distance between two elec-
trodes was 0.15 cm and the length was 0.6 cm. The aver-
age thickness of the fiber mat was measured by an Alpha
Step Profilometer. The conductivity was tested by two
probe method with a Keithley 6517A Electrometer/High-
Resistance meter. The conductivity was calculated from
the equation: � = l/RA, where R is the measured resis-
tance, A is the area (the thickness of the film × the length
of the electrode), and l is the distance between two elec-
trodes. For each type of fiber mats, the conductivity was
collected on three different positions. The final reported
conductivity was obtained by averaging three measurement
results.
ATR-FTIR measurement: The fiber mat was pressed on
the surface of a diamond crystal sample plate by an
attached pressure arm and the spectra were collected with a

PerkinElmer Spectrum™ 100 FT-IR spectrometer equipped
with a universal ATR sampling accessory.

3. RESULTS AND DISCUSSION

In this study, two methods were used to incorporate gold
nanoparticles into the electrospun PAA/PAH nanofibers.
The first one (Method A) involves the deposition of tetra-
chloroaurate ions (AuCl −

4 � onto nanofibers followed by
the reduction using sodium borohydride (NaBH4�. After
the electrospun PAA/PAH fibers were deposited onto a
conductive plastic substrate, the resulting fabric was ther-
mally crosslinked at 140 �C overnight to to withstand
high ionic strength solutions.24 The crosslinked fibers were
then immersed in a chloroauric acid solution (HAuCl4�
in which tetrachloroaurate ions were adsorbed onto the
nanofiber surface through ionic interactions. After the
immersion, copious water was used to wash off any loosely
adsorbed chemicals. The subsequent treatment of the gold
ion loaded fibers with a reducing agent (NaBH4� solution
generated gold nanoparticles on the surface of the prefabri-
cated PAA/PAH fibers. As shown in the TEM micrographs
(Figs. 2(a and b)), gold nanoparticles were clearly formed

Fig. 2. TEM images of electrospun nanofibers after the gold nanoparti-
cle deposition using method A (a and b); method B (c and d); method A
followed by method B (e); and nanocomposite fibers prepared using
method A after further silver enhancement (f).

156 Mater. Express, Vol. 1, 2011
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on the nanofibers. The average diameter of the nanopar-
ticles is around 8 nm. By applying multiple immersion
cycles in HAuCl4 and NaBH4 solutions, the concentration
of gold nanoparticles immobilized on the nanofiber surface
can be increased accordingly. The nanoparticle-modified
fiber mat appeared in a pink-reddish color (Fig. 1).
In a second method (Method B), gold nanoparticles

were generated in nanofibers by an amine reduction. It has
been reported that long chain aliphatic amine and poly-
mers containging amine groups can be used to reduce
gold salts and form stable gold nanoparticles at elevated
temperature.32–36 Since one of the components in poly-
electrolyte solution, PAH, contains free amine groups, we
hypothesized that if chloroauric acid was directly mixed
to the polyelectrolyte solution, gold nanoparticles may be
generated in-situ by a thermal treatment of the electrospun
nanofibers. A polyelectrolyte solution with chloroauric
acid was successfully electrospun into nanofibers with the
same average diameter and morphology as pure polymer
nanofibers. In order to prevent the corrosion of the metal
needle by chloroauric acid at high voltage, a platinum
syringe needle was used for the electrospinning. The elec-
trospun fibers were then heated over 140 �C for 4 hours.
Without any additional reducing agent, gold nanoparticles
formed inside the fiber as revealed by the TEM images
(Figs. 2(c and d)). The average diameter of gold nanopar-
ticles generated from this method is around 5–8 nm.
Compared with Method A, Method B can generate

nanoparticles with more uniform size distribution and less
aggreation of the particles. The homogenous mixture of a
chloroauric acid solution with PAA/PAH solution allows
the uniform distribution of particles in fibers. On the other
hand, the nanoparticle distribution in the composite fibers
fabrication through Method A shows a gradient with a
crease number of nanoparticles towards the fiber core.
Such gradient may be due to the rinse of AuCl −

4 ions
by water which tends to remove the AuCl −

4 ions close
to fiber surfaces. Therefore, Method B provide a better
control of the nanoparticle size and distribution in the
fibers. The gold nanoparticle content in the fibers can be
further increased by multiple cycles of immersion of the
gold nanoparticle-loaded fibers in a HAuCl4 solution and
a sodium borohydride solution (Fig. 2(e)).
Gold nanoparticles and colloids can catalyze the reduc-

tion of silver ions into silver islands and colloids through
a process called silver enhancement.37 In this study, we
applied the silver enhancement to the gold nanoparticle-
modified nanofibers to generate silver colloids. As shown
in Figure 1, after silver enhancement, the color of the
nanofiber mat changed from reddish pink to light brown.
A TEM micrograph (Fig. 2(f)) reveals the formation of
silver nanoparticles and aggregated silver islands on the
fiber. Gold and silver nanostructures are known to exhibit
surface-enhanced Raman scattering property, which holds
promises for biomolecular detection and chemical sensing.

By combining with the high surface area of nanofibers, the
composite nanofibers reported here may provide a suitable
material for this application.
The FT-IR spectroscopy studies of gold nanoparticle-

loaded nanocomposite fibers revealed some very interest-
ing IR absorption enhancement effect of gold nanoparticles
to the polymer fiber. In the FT-IR studies, the nanofiber
mats were pressed onto the diamond plate of an ATR
sampling accessory of the FT-IR spectrometer using an
attached pressure arm. Compared to pure polymer fibers,
the IR absorption intensity of the nanofiber after the gold
nanoparticle formation increased dramatically (Fig. 3),
particularly the broad band around 3300 cm−1 and the
carboxylate stretching band at 1550 cm−1 attributed to
the carbonyl groups in PAA.30 Because the ATR tech-
nique used here for the nanofiber analysis is a surface-
sensitive technique and the nanofiber sample mat is not
a homogeneous sample, a quantitative conclusion on the
enhancement effect could not be obtained from this study.
However, the comparison studies of multiple nanofiber
samples revealed that the absorption intensity from gold
nanoparticle-modified nanofibers was always the strongest.
In average, the absorbance of the carboxylate stretching
band at 1550 cm−1 is 4–5 times stronger for nanocompos-
ite fibers than that of pure polymer fibers. The absorption
at 3300 cm−1 is attributed to water that remained in the
fiber after gold nanoparticle loading. The surface-enhanced
IR absorption (SEIRA) effect of metal nanoparticles has
been reported previously, though not very extensively.38–41

The enhancement mechanism was attributed to similar
effect as the surface enhanced Raman scattering (SERS),
presumably due to both electromagnetic coupling and
chemical effect. While investigation is required to futher
understand the impact of gold nanoparticles to the IR
abosroption of hosting systems, the SEIRA effect makes
the nanocomposite fibers potentially useful materials for
molecular sensing applications.

Fig. 3. FTIR spectra of (a) electrospun pure polymer fibers; (b) elec-
trospun composite fibers with gold nanoparticles formed using method A
after gold salt immersion-reduction treatment with 6 cycles.

Mater. Express, Vol. 1, 2011 157



IP: 132.170.192.79 On: Thu, 07 Mar 2019 19:21:21
Copyright: American Scientific Publishers

Delivered by Ingenta

Materials Express
A Multifunctional Gold Nanoparticle/Polyelectrolyte Fibrous Nanocomposite

Chen et al.

A
rt
ic
le

One of the most appealing potential applications of
electrospun nanofibers is as a scaffold material for tissue
engineering.26 It has been known that many of the cell
functions, such as surface adhesion, proliferation, migra-
tion and differentiation, can be modulated by electrical
stimulation. Nanofiber scaffolds have been prepared from
conducting polymers such as polyaniline (PANi) and stud-
ied extensively for cell adhesion and proliferation.42 The
electrical conductivity of the nanocomposite fibers was
also investigated in our study. The measured volume con-
ductivity of pure polymer fiber, gold nanoparticle-modified
fiber, and fibers further treated by silver enhancement
is in the order of 10−9, 10−7, and 10−2 S/cm, respec-
tively. The silver-enhancement treated gold nanoparti-
cle/PAA/PAH nanofiber has the conductivity in the same
range as a PANi nanofiber used in the work by Lelkes
et al. on the study of an H9c2 rat cardiac myoblast cell
growth.42 This level of conductivity is considered as ade-
quate for studying the effect of electrical stimulation on
cell growth and differentiation in vitro.
Another important property of the gold nanoparticle-

modified nanofibers is the photothermal effect upon laser
irradiation. The extinction coefficients of gold nanoparti-
cles are orders of magnitude higher than typical organic
dye molecules.43 Gold nanoparticles can convert the

Fig. 4. SEM images of laser-irradiated composite nanofibers using a
532 nm CW Nd:YAG laser at 100 mW for 2 minutes. Gold nanoparticles
were generated on the nanofibers using method A after a 3-cycle (a) and
6-cycle (b) of gold salt immersion-reduction process.

photon energy to thermal energy efficiently upon laser
irradiation.18�44�45 The photothermal response of gold
nanoparticle-modified nanofibers was studied. The elec-
trospun nanofibers after three cycles of treatment with a
HAuCl4 solution followed by a sodium borohydride reduc-
tion were irradiated by a 532 nm CW Nd:YAG laser at
100 mW for 2 minutes. The fibers melted under the irra-
diation as shown in Figure 4(a). Complete decomposition
of the fibers was observed when the fiber was treated with
six cycles of nanoparticle formation process (Fig. 4(b)).
The photothermal effect and deformation of the nanofiber
can be adjusted by tuning the nanoparticle concentration as
well as the laser power and irradiation time. Such property
may lead to the application of the composite nanofibers as
light responsive scaffold materials for tissue engineering
studies. For example, a patterned nanofiber scaffold can be
prepared by the laser irradtion through a photomask which
has potential applications in evaluating cell behavior with
and without nanofiber scaffolds.

4. CONCLUSIONS

In summary, we generated gold nanoparticles in PAA/PAH
polymer electrospun nanofibers with controlled nanopar-
ticle content. The functional groups in the fibers offer
convenient binding with metal ions and allow for sim-
ple thermal crosslinking of the fibers and the reduc-
tion gold ions, offering a cost effective approch to host
gold nanoparticles. The resulting nanofibrous composite
materials demonstrate multifunctional properties includ-
ing high electrical conductivity, photothermal response,
surface-enhanced IR absorption. These materials may find
many potential applications in the areas of sensor, optical
and electronic devices, tissue engineering and catalysis.

Acknowledgment: This work is supported by the
National Science Foundation CAREER award DMR
0552295, NIRT award CMMI 0506531, and NUE award
EEC-0741508.
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