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ABSTRACT: The ability to tune the sensing properties with
nanostructured materials in a flexible scaffold is essential for
constructing highly sensitive and wearable sensors or biosensors.
Here we demonstrate a novel class of nanoparticle−nanofibrous
membranes as a tunable interfacial scaffolds for flexible sweat
sensors by assembling gold nanoparticles (Au NPs) in a
multilayered fibrous membrane consisting of cellulose nanofiber
(CN) top layer (fiber diameter 5 nm), electrospun polyacryloni-
trile (PAN) nanofibrous midlayer (fiber diameter 150 nm), and
nonwoven polyethyleneterephthalate (PET) fibrous support layer (fiber diameter 20 μm) through interparticle molecular/
polymeric linkages and nanoparticle−nanofibrous interactions. One strategy involves 11-mercaptoundecanoic acid (MUA) as a
molecular linker having hydrogen-bonding groups for interlinking alkanethiolate-capped Au NPs, and the other features
poly(diallyldimethylammonium) (PDA) as a matrix with positively changed groups for anchoring negative-charge capped Au
NPs. Impedance measurements of the nanocomposite membrane (Au NPs/CN/PAN/PET) as a scaffold on chemiresistor-type
platforms have demonstrated the viability of detecting ionic species in solutions with dissolved salts with different cations and
changes of relative humidity in gas phase. This type of nanoparticle−nanofibrous scaffold is further demonstrated as a flexible
sensor strip for detecting changes in sweating and perspiration for volunteers before and after exercise. The sensitivity of the
electrical responses depends on the nature of molecular interactions in the nanocomposite materials. Implications of the findings
for potential applications of the flexible nanocomposite scaffolds in developing wearable sweat sensors are also discussed.

KEYWORDS: nanoparticle−nanofibrous membrane, nanocomposite scaffolds, gold nanoparticle assembly, cellulose nanofiber,
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Sweating is primarily used to regulate body temperature by
cooling the body down with secretion of water. The

inability of human body to sweat properly is potentially
harmful, and a complete absence of sweating (anhidrosis) or
sweating less than normal (hypohidrosis) is an abnormal lack of
sweat in response to heat, which is also one of the symptoms of
some genetic diseases.1−4 As such, monitoring of the moisture
levels from perspiration provides useful information for
assessing the physical conditions, especially for people exposed
to high temperature or experiencing long time exercise who
face the risk of dehydration.5,6 The fact that sweat contains
abundant medical information has been an important driving
force for the increasing interests in developing wearable sweat
sensors.7−16 In addition to moisture, sweat is also rich with ions
such as sodium, potassium and chlorine ranging from 10 to 80
mM.17,18 Monitoring the saltiness thus provides further useful
information. Moreover, sweat may also contain biomarkers
related to metabolites of the human body, e.g., glucose, lactate,
and uric acid.19,20 While progress has been made in developing
sweat sensors,21,22 key challenges remain, including lack of
multifunctionality, biocompatibility, and flexibility in some

monitoring conditions, high cost in manufacturing, and
insufficient sensitivity and selectivity, calling for breakthroughs
in materials design and fabrication.
In comparison with traditional 2D sensing materials in most

previous studies of sweat sensors, a 3D scaffold could offer
intriguing opportunities to address some of the current
challenges. Especially, the incorporation of nanoparticle
assembly into nanofibrous membranes (NM) represents a
new pathway for constructing flexible sensors with tunable
electrical properties. One important classification of nano-
fibrous membrane consists of three-layered structures including
a cellulose nanofiber (CN) top layer (fiber diameter around 5
nm), electrospun polyacrylonitrile (PAN) midlayer (fiber
diameter around 150 nm), and nonwoven polyethylenetereph-
thalate (PET) substrate layer (fiber diameter around 20 μm),
featuring a combination of nano- and microporosities with
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extremely high surface to volume ratio.23−25 To impart
electrically responsible function to the nanofibrous membrane
toward chemical sensing, molecularly mediated nanoparticles
assembly and thin film26−29 offer highly tunable molecular
interactions and electrical properties. Here we demonstrate a
novel class of nanocomposite scaffolds structured by assembling
gold nanoparticles (Au NPs) in a flexible multilayered
nanofibrous membrane through interactions involving molec-
ular linkage and electrostatic binding, which is to our
knowledge the first example of this kind in terms of the
specific architecture. The CN (thickness < 2 μm) /PAN
(thickness ∼ 40 μm) /PET (thickness ∼ 100 μm) three-layer
membrane was utilized in combination with assemblies of Au
NPs with different nanoparticle−nanofibrous interactions. One
involves 11-mercaptoundecanoic acid (MUA) as a molecular
linker having hydrogen-bonding groups for interlinking
alkanethiolate-capped Au NPs, and the other features poly-
(diallyldimethylammonium) (PDA) as a matrix with positively
charged groups for anchoring negative-charge capped Au NPs.
Results will be shown for the detection of chemical species
relevant to sweating or perspiration such as moisture and ionic
species, demonstrating the viability of potential applications of a
new class of nanoparticle−nanofibrous membranes in wearable
sweat sensors.

■ EXPERIMENTAL SECTION

Chemicals and Synthesis of Gold Nanoparticles. Hydrogen
tetrachloroaurate trihydrate (99%), tetraoctylammonium bromide
(99%), decanethiol (DT, 96%), sodium borohydride (99%), 11-mer-
captoundecanoic acid (MUA, 95%), (poly)diallyldimethylammonium
(PDA) (20%), sodium acrylate, sodium chloride (NaCl), potassium
chloride (KCl), lithium chloride (LiCl), and graphite powders were
purchased from Aldrich. Solvents included hexane (Hx, 99.9%) and
toluene (Tl, 99%) from Fisher, and ethanol (99.9%) from Aldrich.
Water was purified with a Millipore Milli-Q water system. 2,2,6,6-
Tetramethylpiperidinooxy (TEMPO, 98%) was purchased from Acros.
Sodium hypochlorite (NaClO solution, available chlorine 7−10%) was
purchased from Sigma-Aldrich. Sodium bromide (NaBr) was obtained

from Fisher Scientific Company. Polyacrylonitrile (PAN) having an
average molecular weight (Mw) of 150 kDa was purchased from
Sigma-Aldrich. Poly(ethylene terephthalate) nonwoven substrate
(PET microfilter FO2413 with an average fiber diameter of about
30 μm) for the membrane support was provided by Freudenberg
Nonwovens (Hopkinsville, KY).

Gold nanoparticles of 2 nm (Au2nm) capped with decanethiolate
(DT) monolayer shells were synthesized by two-phase reduction of
AuCl4

− according to Brust’s two-phase protocol30 and a synthetic
modification.31 DT-capped gold nanoparticles of 7.1 ± 1.0 nm
diameter were synthesized from a thermally activated processing of
Au2 nm nanoparticles developed in our laboratory.32 Briefly, the
solution containing the as-synthesized DT-Au2 nm nanoparticles was
heated at 150 °C to produce larger-sized Au nanoparticles. Details for
morphology and size distribution can be found in previous reports.32,33

Acrylate-capped gold nanoparticles 42 nm (42.2 ± 6.9 nm) and 70 nm
(70.6 ± 2.0 nm) were prepared by a seeded aggregative growth
method developed in our laboratory. Briefly, the synthesis involves
reacting mixture of Au seeds (30 nm) and HAuCl4 under controlled
concentrations of the reducing and capping agents, which produced
acrylate-capped Au NPs of >30 nm. Details for morphology and size
distribution can be found in previous reports.34

Preparation of Nanofibrous Membranes. Ultrafine cellulose
nanofibers were prepared by the following procedure. In brief, 10 g of
wood pulps (Biofloc 96 supplied by the Tembec Tartas factory in
France) was dispersed in 192 g of water. NaBr (0.2 g) and TEMPO
(0.04 g) were subsequently dissolved in the suspension. Then 30 g of
10−15% NaClO aqueous solution was added to start this reaction.
The pH value of the system was adjusted in the range of 10.0−10.3 by
adding sodium hydroxide (NaOH) aqueous solution (0.5 mol/L).
After 24 h, the reaction was stopped by adding ethanol (10 mL). The
oxidized cellulose product was purified by dialysis process. The
resulting cellulose slurry was dispersed in 100 g of water by using a
homogenizer (Cole Parmer, VCX-400) for 5 min. The CN
concentration was determined by using a Total Organic Carbon
analyzer (TOC-500, Shi-madzu Corporation).

To prepare electrospun PAN/PET substrate, PAN was dissolved in
DMF at 60 °C for 2 days until the mixture became a homogeneous
solution (the solution concentration was 8 wt %). The homogeneous
PAN solution was electrospun onto the nonwoven PET substrate
under a high electrical voltage of 20 kV. The flow rate during this

Scheme 1. Illustrations of the Nanofibrous Membrane (NM), Gold Nanoparticles and Molecular/Polymeric Linkers (Top
Panel), and the Nanocomposite Scaffolds by Molecularly-Mediated Hydrogen-Bonding Linkages of Au NPs (M-NPs) or
Polymer-Mediated Electrostatic Linkages of Au NPs (P-NPs) in the NM (Bottom Panel)
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electrospinning operation was 16 μL/min and the inner diameter of
the spinneret was 0.7 mm. The working distance between the
spinneret and the collector was 10 cm. The average fiber diameter of
the electrospun nanofiber estimated from the SEM image was 150 ±

10 nm.
To complete the three-layered fibrous membrane containing the

ultrafine cellulose nanofiber top layer, the electrospun PAN/PET
substrate was first immersed in an acidic aqueous solution (pH = 2).
The cellulose nanofiber aqueous suspension (0.05 wt%) was
subsequently cast on top of the electrospun PAN nanofibrous scaffold.
The low pH value was used to gel the cellulose nanofiber suspension,
thus preventing the penetration of cellulose nanofibers into the
electrospun scaffold. The barrier layer thickness was controlled by the
gap of the casting knife. After coating, the resulting membrane was
dried at room temperature and forms a uniform coating layer of CN.
Preparation of Nanoparticle−Nanofibrous Membranes. For

the assembly of MUA-linked DT-capped Au NPs in NM (M-NPs/
NM), typically a controlled volume (e.g., 2 μL) of MUA mediated Au
NPs solution (7.1 × 1014 NPs/mL) was directly deposited in the
nanofibrous membrane (NM). For the assembly of PDA-linked
acrylate-capped Au NPs in the NM (P-NPs/NM), a controlled volume
of 10× concentrated acrylate-capped 70 nm Au NPs (5.0 × 1011 NPs/
mL), or 2× concentrated 42 nm NPs (2.7 × 1013 NPs/mL), was first
mixed with PDA solution (0.4 M) by sonication for 10 min. A

controlled volume (2 μL) of the solution was then deposited in the
NM, followed by further annealing at room temperature for at least 1 h
before use.

Instrumentation and Measurements. Electrochemical impe-
dance spectroscopic (EIS) measurements were performed on a SP-150
single-channel potentiostat (Biologic). The spectra were recorded at
open circuit in a frequency range from 100 kHz to 0.1 Hz.

Transmission electron microscopy (TEM) was employed to
determine the morphology of the nanoparticles. TEM was performed
on a JEOL JEM-ARM200F instrument operated at 200 kV with a
spherical aberration corrector. The nanoparticle samples were
suspended in hexane or water before drop casting on a carbon-coated
copper grid. The samples were then dried by evaporation in ambient
atmosphere.

Scanning electron microscopy (SEM) images of the nanofibrous
membrane and nanocomposite were performed with a LEO-1550
(Carl Zeiss) field emission scanning electron microscope. The
membrane samples were mounted on a sample holder. It was then
followed by carbon-coating with a sputter coater.

■ RESULTS AND DISCUSSION

General Characteristics of Nanocomposite Mem-
branes and Devices. As illustrated in Scheme 1, two

Figure 1. SEM images of MUA-mediated assembly of DT-capped 7 nm Au NPs (M-NPs/NM) in CN/PAN/PET membrane: (A) nanoparticles on
the CN and PAN fibers and (B) magnified image of the nanoparticles on the PAN fibers.

Scheme 2. Illustrations of the Nanoparticle−Nanofibrous Membrane Sensor Device and Measurement Configurationsa

a(A) Membrane being placed on top of a Pt IME device; (B) membrane with graphite printed electrodes (G-PE) in which G-PE is on either the CN
or PET side (from left to right); (C) manifold with embedded flow channels and a sample-holding plate with electrical leads for impedance
measurement under controlled liquid or gas flow; (D) patch with a thin nonwoven scaffold between the membrane and the wrist skin for sweat
detection; and (E) mini-compartment where the NM is placed above the palm for perspiration detection.
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pathways have been explored for assembling Au NPs in the
three-layered CN/PAN/PET membrane by either molecular
linkers or polymeric electrostatic interactions. One pathway
involves a molecular linker MUA, which forms molecularly
mediated thin-film assembly of Au NPs (M-NPs) via hydrogen
bonding. In this case, the interaction between the nanoparticle
assemblies and the nanofibers feature mainly hydrophobic
interactions. The other pathway involves polymeric linker PDA,
which forms polymer-mediated thin film assembly of Au NPs
(P-NPs) in the membrane via electrostatic interactions. In this
case, the polymeric structure provides an adhesive force
between the nanoparticle assemblies and the nanofibers.
Gold nanoparticles of different sizes and hydrophilicity

characteristics were studied for their assembly in the nano-
fibrous membranes, including hydrophobic DT-capped Au NPs
and hydrophilic acrylate-capped Au NPs (Figure S1). While the
DT-capped Au NPs (7 nm) and acrylate-capped Au NPs (42
nm, or 70 nm) feature highly monodispersed sizes, the
nanofibrous membrane features a three-layer CN/PAN/PET
structure (Figure S2A−C). As shown in Figure 1 for the MUA-
linked DT-capped 7 nm sized Au NPs in the NM (M-NPs/
NM), the nanoparticles are well distributed on the surface of
the CN layer and along the PAN fibers (see also Figure S2D).
Similar assemblies were also observed for PDA-linked acrylate-
capped 42 or 70 nm Au NPs (P-NPs/NM) in the NM, but with
a less even distribution on the fibers and a certain degree of
aggregation at cross-fiber junctions (Figure S2E,F). The fact
that M-NPs/NM shows a much better dispersion of NPs along
the fibers than that for the P-NPs/NM indicates that the
assembly depends on the surface properties of the nanoparticles
and the solvent used for the assembly. Au NPs of different sizes
have been assembled in the NM, but this report focuses on
selected examples for the exploration of sensing properties.
The M-NPs/NM, i.e., MUA-AuNPs/CN/PAN/PET, fea-

tures largely hydrophobic network with partial hydrophilic
domains (i.e., the region of hydrogen-bonding of carboxylic
acid groups). In contrast, the P-NPs/NM, i.e., PDA-AuNPs/
CN/PAN/PET, features largely hydrophilic network with
partial hydrophobic polymer backbone structure. Both nano-
composite membranes were studied as resistance- or
conductance-responsive scaffolds on chemiresistor-type plat-
form via two different approaches. The first involves placing the
NPs/NM on top of a prefabricated Pt-interdigitated micro-

electrode (Pt-IME) device (Scheme 2A), whereas the second
involves configuring the NPs/NM in between a printed pair of
graphite electrodes on CN or PET sides of the membrane with
a controlled gap (0.5−1.0 mm) (Scheme 2B). In each
approach, the electrical responses to the analytes such as ions
in a solution or moisture change in a gas atmosphere were
measured by impedance spectroscopy. As illustrated in Scheme
2C−E, the measurements were performed in a manifold where
the NM is sandwiched between manifold with embedded flow
channels and a sample-holding plate with electrical leads (C), a
patch where the NM is placed against the wrist skin to detect
sweat (D) (see Figure S6A), or a mini-compartment where the
NM is placed above the skin to detect perspiration from the
palm (E) (see Figure S6B).
Ideally, the above chemiresistor-type device can be

represented by two equivalent circuit models featuring the
nanoparticle−nanofibrous membrane with two-electrode con-
figurations (see Scheme S1). One consists of two double layer
capacitors (capacitance near the surface of an electrode, Cdl),
one for each set of the electrodes, connected in series with a
parallel combination of a membrane resistor (Rm) and a
membrane dielectric capacitor (Cm), and all of them in parallel
with a parasitic capacitor. The other model consists of two
double layer capacitors (Cdl), connected in series with a
medium resistor (Rs), and a dielectric capacitor (Cdi).

Detection of Salts Dissolved in Water and from
Sweat. Detection of Salts in Water. In this section, we first
discuss the results of the M-NPs/NM scaffolds. With a sensor
device of M-AuNPs/CN/PAN/PET on Pt-IME (CN facing Pt-
IME, Scheme 2A) placed in the test manifold (Scheme 2C),
solution samples of K+, Na+, and Li+ with a common anion
(Cl−), prepared by dissolving KCl, NaCl or LiCl in aqueous
solutions with controlled concentrations, were introduced by a
flow controller. Figure 2A shows a representative set of Nyquist
impedance plots of solutions with different Na+ concentrations.
Similar results have also been obtained from samples of K+ or
Li+ solutions. The semicircle characteristic of the charge
transfer region and the slope characteristic of the mass transfer
region show clear variations with the concentration of ions. In
Figure 2B, the data are plotted in Bode impedance, which
clearly reveals that absolute impedance |Z| depends on the Na+

concentration.

Figure 2. (A) Nyquist and (B) Bode impedance plots of MUA-AuNPs/CN/PAN/PET NM placed on top of a Pt interdigitated IME device in
solutions of Na+ with different concentration (5 (a), 20 (b), 40 (c), and 80 mM (d)).

ACS Sensors Article

DOI: 10.1021/acssensors.6b00414
ACS Sens. 2016, 1, 1060−1069

1063



By extracting the impedance values (|Z|) from Figure 2B in
the high frequency region, |Z| is shown to be dependent on the
concentration of the ions, especially in the low concentration
range. A representative set of 1/|Z| vs concentration curves is
shown in Figure 3A. In the low concentration range (<20−60
mM), the linear regression slopes of the 1/|Z| vs concentration
curves display the order of K+ (3.9 × 10−6) > Na+ (2.3 × 10−6)
> Li+ (1.6 × 10−6). The |Z| value becomes smaller when ion
concentration increases. In other words, the conductivity
increases as the ion concentration increases, and a plateau
appears at >60 mM. The slopes are steep when the
concentration is <20−60 mM. The nanocomposite membrane
appears to be more sensitive to the ions in the lower
concentration region. Similar trends are also observed by
extracting the charge transfer resistance values from the
semicircle fit of Nyquist impedance plots in the high frequency
region, as shown in Figure 3B. The magnitudes for the slopes of
1/R vs concentration curves display the order of K+ (5.6 ×

10−6) > Na+ (4.2 × 10−6) > Li+ (2.3 × 10−6), quite similar to
those obtained from the data from the Bode impedance plots
(Figure 3A).
These results indicate that the nanocomposite membrane

functions as an ion sensitive and selective interfacial scaffold on
the interdigitated microelectrode, which is consistent with the
cation exchange membrane character of the MUA-Au NP films

embedded in the nanofibrous membrane. In a typical cation-
exchange membrane as stationary phase in chromatographic
column, the relative affinities of different counterions in the
mobile phase depend on the ionic charge, polarizability, and
size of the solvated ion, and the type and interaction of the
functional groups on the stationary phase. An increase of the
charge-density (charge/solvated size) of the ion, or higher
charge with smaller solvated ion radius, leads to higher
electrostatic interactions with the stationary charges in the
membrane (carboxylates), typically K+ > Na+ > Li+.35−41 In that
case, the ionic conductance of the nanocomposite membranes
(1/|Z|) would display the order K+ < Na+ < Li+, which is
consistent with the experimental observation (Figure 3A).
The same M-Au NPs/CN/PAN/PET scaffold is configured

in between a pair of graphite printed electrodes on CN or PET
sides of the membrane (Scheme 2B). For example, the
impedance responses were measured in the test manifold in
which G-PE is on the PET side of the membrane (Scheme 2C).
As shown in Bode impedance plots for samples containing Na+

(Figure S3A), |Z| value starts to differentiate with various
concentrations even in the lower frequency region, and the
difference becomes greater in the higher frequency region.
Figure 4A shows plots of 1/|Z| values extracted from Bode
impedance at 1 kHz vs ionic concentration. In the high
frequency region, 1/|Z| shows a clear dependence of the ion

Figure 3. Plots of impedance and resistance values from Bode impedance and Nyquist impedance plots. (A) 1/|Z| vs concentration curves obtained
from Bode impedance plots at 1 kHz. (B) 1/R values obtained by semicircle fit to Nyquist impedance plots with MUA-AuNPs/CN/PAN/PET NM
on Pt-IME in solutions of K+ (a), Na+ (b), and Li+ (c) as a function of concentration.

Figure 4. (A, B) Plots of 1/|Z| values obtained from Bode impedance plots at 1 kHz (Figure S3A-B) for MUA-AuNPs/CN/PAN/PET with G-PE on
the PET side (A) and the CN side (B) in solutions as a function of K+ (a) and Na+ (b) concentration. (C) Plots of 1/|Z| values obtained from Bode
impedance plots at 1 kHz (Figure S3C) for PDA-Au NPs (42 nm)/CN/PAN/PET with G-PE in solutions of K+ (a) and Na+ (b) as a function of salt
concentration.
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concentration, similar to the results from NM-Pt-IME device
(Figure 3B) except subtle differences in the slope values. The
magnitudes for the slopes of 1/|Z| vs concentration curves
display the order of K+ (1.3 × 10−7) > Na+ (1.2 × 10−7) in the
entire concentration range. A similar trend is also observed by
extracting the resistance values from the semicircle fit of
Nyquist impedance plots.
For the case of G-PE on the CN side in solutions containing

Na+ with different concentrations, the |Z| vs frequency curves
(Figure S3B) in the low frequency region appear to be
independent of the concentration of ions. At > 10 kHz, the
impedance shows changes in the |Z| vs frequency curves,
exhibiting a clear dependence of the ion concentration. A
similar Bode impedance plot is also observed for samples
containing K+. By extracting the impedance values (|Z|) from
the Bode impedance plots at three frequencies in the high
frequency region, |Z| is shown to be linearly dependent on the
ion concentrations (Figure 4B). The slopes of the 1/|Z| vs
concentration curves are quite comparable (K+ (5.0 × 10−7) ∼
Na+ (4.2 × 10−7)), showing much smaller differences in
comparison with the data shown in Figure 4. A similar trend is
also observed by extracting the resistance values from the
semicircle fit of Nyquist impedance plots.
The P-NPs/NM scaffolds were also examined. For example,

with PDA-Au NPs (42 nm)/CN/PAN/PET being configured
in between a printed pair of graphite electrodes on CN or PET
sides of the membrane (see Scheme 2B), the Bode impedance
plots of solutions containing different concentrations of Na+

show clear changes (Figure S3C). For the data at frequency
greater than 10 Hz, bode impedance curves display a clear
dependence on the ion concentration. By extracting the
impedance values (|Z|) at 1 kHz, a comparison between Na+

and K+ shows that the overall 1/|Z| values of K+ are greater than
those of Na+ (Figure 4C). This finding is opposite to the results
observed from Au-MUA NPs (see Figure 3), suggesting the
operation of a different mechanism in the thin film. In the
acrylate-capped Au NPs (42 nm)/CN/PAN/PET membrane,
the acrylate-capped Au NPs feature multiple negative charges
on the nanoparticle surface. Upon incorporating the positively
charged polymer (diallyl ammonium groups), there must be
excess negative charges on the NPs which are balanced by the
mobile cations in the solution, forming an electrical double
layer around the nanoparticles. In this case, it is the ionic

mobility that determines the ionic conductance of the
membrane. Since K+ ions exhibit a higher ionic mobility than
Na+ ions,42 the overall 1/|Z| values of K+ are greater than those
of Na+ in the MUA-Au NPs (7 nm)/CN/PAN/PET
membrane. It is important to note that the slopes of the 1/|
Z| vs concentration curves are quite comparable between K+

and Na+ (e.g., K+ (6.50 × 10−6) ∼ Na+ (5.35 × 10−6) for <20
mM). Unlike MUA-AuNPs film, the selectivity of the PDA-Au
NPs film is apparently very limited.

Detection of Sweat. On the basis of the above data for the
detection of salts in solutions, the viability of the MUA-AuNPs/
CN/PAN/PET with G-PE on the PET side was further
examined with normal volunteers before and after exercises.
While sweat contains different chemical constituents with
different concentrations, as stated earlier, the study described in
this subsection focused on the salt and moisture detections to
demonstrate the sensing properties of the as-prepared nano-
particle−nanofibrous nanocomposites. The detection of bio-
logical species (e.g., glucose, urea, or lactate) with enzymatic or
nonenzymatic modifications of the nanocomposite will be part
of our future work. Figure 5 shows a representative set of data
with the measurement configuration illustrated in Scheme 2D.
The data were extracted from the impedance data (Figure S4)
at 1 kHz of volunteers before and after ∼5 min exercise
(running stairs). The measurement was performed by placing a
thin nonwoven scaffold on the sensor surface (CN side) and
lightly pressing it against the skin of an individual’s wrist, which
produces conformal contact between the membrane and
volunteer’s skin due to the highly flexible and bendable
characteristics of the membrane (see Figure S7). The
impedance was then monitored before and after exercise or
in real time (see Figure S8). A control experiment was also
performed by measuring the impedance before and after
placing a small drop of pure water onto the sensor surface. In
the control experiment, the results clearly show a sharp drop of
impedance (or increase of conductance) from dry to wet
membrane (Figure 5A). In comparison, the difference between
“before exercise” and “after exercise” is much greater than that
observed from the control experiment (Figure 5B). This is
mainly attributed to the presence of salts in the sweat, which is
substantiated by rinsing the membrane with water several times
after which the impedance values were almost the same as that
before subjecting to sweat test.

Figure 5. 1/|Z| values extracted from Bode impedance plots (Figure S4) for MUA-AuNPs/CN/PAN/PET with G-PE in response to water (as a
control, A) and sweat (perspiration test, B). Data were collected by placing a thin nonwoven scaffold on the sensor surface (CN side) and lightly
pressing it against the wrist (see Scheme 2D) before and after ∼5 min exercise (running stairs). The control experiment was performed by directly
placing a drop of water on the dry nanocomposite in between the two electrodes, followed by impedance measurement of the wet membrane.
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It is evident that the relative change for the individual before
and after exercise (96%) is smaller than that for the control
experiment using pure water (99%). This is expected because
salts in the sweat greatly increase the conductivity in
comparison with pure water.
Detection of Relative Humidity Changes in Air and

from Perspiration. Detection of Relative Humidity Changes
in Air. With devices of Au70 nm/CN/PAN/PET (with G-PE on
CN side), the response characteristics between PDA-Au NPs
(70 nm) and MUA-Au NPs (7 nm) in NM were first
compared. The impedance data at different RH% were
collected by flowing air or N2 from a water bubbler with a
flow controller, at each flow rate the RH% were recorded by a
commercial humidity meter. Data were first obtained with a
sensor device of MUA-Au NPs/CN/PAN/PET on G-PE in
which the G-PE is on CN side. On the basis of impedance data
extracted from Bode impedance plots, both 1/|Z| (Figure 6A)
and Δ|Z|/|Zi| (= (|Z| − |Zi|)/|Zi| where Zi is the initial
impedance) (Figure 6B) are plotted against RH%, in which the
Δ|Z|/|Zi| ∼ RH% plots seem to provide a better comparison of
the responses. When RH% > 50%, the results display a
significant response. When RH% < 50%, the response is
independent of RH%. The results are likely reflecting the low
hydrophilicity of the nanocomposite membrane, which is

responsible for the insignificant response sensitivity in the low
RH% range.
To manipulate the hydrophilicity, a highly hydrophilic

polymer, PDA, was used for the assembly of Au NPs in the
nanocomposite membrane. The membranes were fabricated by
PDA mediated assembly of acrylate-capped Au NPs of different
sizes (70 or 42 nm) in the nanofibrous membranes. Different
concentration ratios of PDA vs Au NPs were studied for the
assemblies. As shown in Figure 6B for PDA-Au NPs (70 nm)/
CN/PAN/PET NM on G-PE, it is evident that the response to
a wider RH% range. Note that the slope in the low RH% range
(<50%) is slightly smaller than that in the high RH% range. In
comparison with MUA-Au NPs/CN/PAN/PET on G-PE, in
the high RH% range (>50%), the sensitivity of PDA-Au NPs
(70 nm)/CN/PAN/PET NM on G-PE is relatively smaller,
indicating the importance of balancing hydrophobicity and
hydrophilicity in the nanocomposite. Note that the sensitivity
also depends on the gap between electrodes. A smaller gap
shows a great sensitivity, which is evidenced by the impedance
changes as a function of relative humidity for PDA-Au NPs (70
nm)/CN/PAN/PET NM with G-PE with different G-electrode
gaps. In this work, no attempt was made to maximize the
sensitivity by further reducing the electrode gap.

Figure 6. Comparison of 1/|Z| (A) and Δ|Z|/|Zi| (B) vs RH% curves (extracted from Bode impedance plots at 20 kHz) as a function of relative
humidity for two different sensing scaffolds: MUA-Au NPs (7 nm) NM (slope in linear region: −3.2 × 10−2 (a)) and PDA-Au NPs (70 nm) NM
(slope in linear region: −1.5 x10−2 (b)).

Figure 7. Plots of Δ|Z|/|Zi| vs RH% for PDA-AuNPs/CN/PAN/PET NM on Pt-IME. (A) Data for scaffolds derived from PDA of constant
concentration and Au NPs (70 nm) of different concentrations (5.0 × 1010 (a), 2.0 × 1011 (b), and 1.0 × 1011 NPs/mL (c)). (B) Data for scaffolds
derived from PDA with different concentrations (0.4 M (a) and 0.76 M (b)) and the same concentration of Au NPs (70 nm, 5.0 × 1010 NPs/mL).
(Slopes: (A) −2.3 × 10−2 (a); −2.0 × 10−2 (b); and −4.5 × 10−2 (c); and (B) −2.8 × 10−2 (a); and −3.1 × 10−2 (b)). (C) Data for scaffolds derived
from PDA of the same concentration (0.4 M) and Au NPs of two different sizes (70 nm (a) and 42 nm (b)). (Slopes: −2.6 × 10−2 (a) and −3.6 ×
10−2 (b).)
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To understand the composition effect of the nanocomposite
on response characteristics, we also examined the nano-
composite membranes with different ratios of Au NPs vs
PDA, as well as different particle sizes using IME as the
detection platform. With PDA-Au NPs (70 nm)/CN/PAN/
PET on Pt-IME (Scheme 2A) placed in the test manifold
(Scheme 2C), a series of impedance values (|Z|) extracted from
the Bode impedance plots at 20 kHz (not shown) as a function
of the relative humidity are compared with sensors of PDA-Au
NPs/CN/PAN/PET on Pt-IME with subtle differences in PDA
and Au NPs. Figure 7A shows a set of ΔZ/Zi data (also see
Figure S5A) as a function of the relative humidity for PDA-Au
NPs/CN/PAN/PET prepared by mixing PDA with a constant
concentration and Au NPs (70 nm) with different concen-
trations. It is evident that both the sensitivity and the sensitive
range increase with an increase ratio of Au NPs to PDA in the
NM. Figure 7B shows a set of ΔZ/Zi data (also see Figure S5B)
as a function of relative humidity for PDA-Au NPs/CN/PAN/
PET prepared by mixing Au NPs with a constant concentration
and PDA of different concentrations. The sensitivity in the low
RH% range increases with PDA concentration in the NM.
However, in the high RH% range the sensitivity increases with a
decrease of PDA concentration in the NM. This behavior is
consistent with the highly hydrophilic nature of PDA.
The particle size effect on the response sensitivity was also

examined. Figure 7C shows a set of ΔZ/Zi data as a function of
relative humidity for PDA-Au NPs/CN/PAN/PET NM/G-PE
with Au NPs of two different sizes. It is evident that the NM
with small size Au NPs seems to exhibit overall smaller 1/|Z|
value in comparison with the large size NPs (see Figure S5C).
The sensitivity clearly depends on the particle size in different
RH% ranges. The smaller-sized particles show a higher
sensitivity in the low RH% region, whereas the larger-sized
particles exhibit a higher sensitivity in the high RH% region.
Detection of Perspiration. The viability of PDA-AuNPs/

CN/PAN/PET devices (with G-PE) for detection of
perspiration was examined with normal individual volunteers
before and after exercises. Figure 8 shows a typical set of ΔZ/Zi

response (measured at ∼20 kHz) of a device of PDA-AuNPs/
CN/PAN/PET (with G-PE on CN side) with the measure-
ment configuration illustrated in Scheme 2E. Data were
collected from palms of volunteers #1 and #2 before and
after ∼5 min exercise (running stairs). The measurement was
performed by placing the sensor compartment on top of the
palm and the perspiration was measured by stopped air flow

method.1 During the initial 30 s, air flows into the device to
establish a baseline. The perspiration of the volunteer’s palm
was monitored for 45 s upon stopping air flow. The baseline
returns upon air flowing again. This procedure was repeated for
one more time. The responses to exercises are significant and
reversible, with the response magnitude being clearly depend-
ent on the individual, as reflected by the difference between #1
and #2.
Based on the relative changes of ΔZ/Zi values before and

after the exercises, it is evident that the corresponding changes
of RH% falls in between 50 and 72% (for #1) and 56−62% (for
#2), as estimated from the calibration data shown in Figure 8C.
Devices with G-PE on the PET side were also tested. For

example, the response for PDA-AuNPs/CN/PAN/PET with
G-PE on the PET side was found to be much smaller than that
with G-PE on the CN side. This finding is indicative of the
importance of the nanocomposite membrane-electrode config-
uration in the sensor response.

■ CONCLUSION

In conclusion, a novel class of nanocomposite membranes has
been demonstrated for constructing sensitive scaffolds for
potential applications in flexible sweat sensors. The nano-
composites are assembled by molecular or polymeric linkers
that incorporate gold nanoparticles into a three-layer structured
nanofibrous membrane. Impedance measurements of the
nanocomposite membrane as a scaffold of chemiresistor-type
platform have demonstrated the capabilities for ion detection in
solutions with dissolved salts and changes of relative humidity
in the atmosphere. This nanoparticle−nanofiber sensor plat-
form is further demonstrated as a flexible sensor strip for
detecting changes in sweating and perspiration of individuals
before and after exercises, showing promising potentials for
applications of the flexible nanocomposite scaffolds in wearable
sweat sensors. Further refinements of the nanocomposite
structures with functionalized or alloyed gold nanoparticles and
surface-modified nanofibrous membranes in our ongoing work
is expected to enhance the performance characteristics of the
flexible sensors toward the targeted applications.
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Figure 8. (A,B) Sensor responses (Δ|Z|/|Zi|) measured at ∼20 kHz for a device of PDA-AuNPs (70 nm)/CN/PAN/PET with G-PE for two
volunteers (#1 (A) and #2 (B)) before (a) and after (b) exercise (running stairs for ∼5 min). The measurement was performed by placing the sensor
compartment on the palm and the perspiration was measured by stopped air flow method (see Scheme 2E). (C) Calibration curve for the same
sensor device with controlled RH% in air (slope: 2.0 × 10−2).
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TEM images of Au NPs, SEM images of nanofibrous
membranes and nanoparticle−nanofibrous nanocompo-
site membranes, schemes illustrating the equivalent
circuits of the device, Bode impedance plots of ions in
different nanocomposite, 1/|Z| vs RH% plots extracted
from Bode impedance, photos showing the sensor setups
for perspiration and sweat detection, and photos showing
the flexible bending of the nanofibrous membrane (PDF)
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