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a b s t r a c t

A facile green biosynthesis method has been successfully developed to prepare gold nanoparticles
(AuNPs) of various core sizes (25 ± 7 nm) using a natural biomaterial, eggshell membrane (ESM) at
ambient conditions. In situ synthesis of AuNPs-immobilized ESM is conducted in a simple manner by
immersing ESM in a pH 6.0 aqueous solution of HAuCl4 without adding any reductant. The formation
of AuNPs on ESM protein fibers is attributed to the reduction of Au(III) ions to Au(0) by the aldehyde
moieties of the natural ESM fibers. Energy dispersive X-ray spectroscopy, scanning electron microscopy,
X-ray photoelectron spectroscopy, and X-ray powder diffraction unambiguously identify the presence of
AuNPs on ESM. The effect of pH on the in situ synthesis of AuNPs on ESM has been investigated in detail.
The pH of the gold precursor (HAuCl4) solution can influence the formation rate, dispersion and size of
AuNPs on ESM. At pH ≤3.0 and ≥7.0, no AuNPs are observed on ESM while small AuNPs are homoge-

neously dispersed on ESM at pH 4.0–6.0. The optimal pH for AuNPs formation on ESM is 6.0. AuNPs/ESMs
are used to immobilize glucose oxidase (GOx) for glucose biosensing. AuNPs on ESM can increase the
enzyme activity of GOx. The linear response range of the glucose biosensor is 20 �M to 0.80 mM glucose
with a detection limit of 17 �M (S/N = 3). The biosensor has been successfully applied to determine the
glucose content in commercial glucose injections. Our work provides a very simple, non-toxic, conve-
nient, and green route to synthesize AuNPs on ESM which is potentially useful in the biosensing field.
. Introduction

Metal nanoparticles (NPs) have attracted considerable attention
or their unusual chemical and physical properties such that they
how great potential applications in biotechnology, catalysis, med-
cal imaging, novel electronics and optics [1–6]. Many methods
ave been developed for synthesizing metal NPs, especially gold

anoparticles (AuNPs) [7–12]. Recently there is an ever-growing
eed to develop clean, non-toxic and environmentally friendly
“green chemistry”) synthetic procedures and researchers have
een looking at biological systems for inspiration [13–15]. Con-
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sequently, a novel biological method for the synthesis of AuNPs
and silver nanoparticles (AgNPs) using the fungus Verticillium was
reported by Mukherjee et al. [16]. AuNPs and AgNPs of good
monodispersity were formed as a result of the intracellular reduc-
tion of the metal ions when the fungal biomass was exposed to an
aqueous solution of AuCl4− or Ag+ ions. Recently, Raveendran et
al. [17] used a reducing sugar, �-d-glucose, as the reducing agent
and starch as the capping agent, to prepare “green” starched AgNPs.
Sucrose [18] and chitosan were also reported for the synthesis of
AuNPs [19].

Biological systems form sophisticated mesoscopic and macro-
scopic structures within which the placement of nanoscopic
building blocks can be manipulated or modified to extended
architectures. There is quite a list of biological species and/or bio-

materials including bacteria, cells, cellulose, DNA, enzymes, plant
leaves and wool that have been used as templates for the formation
of micrometer- and nanometer-sized inorganic structures [20–25].
However, it is still vital to explore other cheap, non-toxic and read-
ily available biomaterials for synthesizing and incorporating NPs
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or analytical applications. To our knowledge, there is no report on
he use of natural eggshell membrane (ESM) to synthesize AuNPs
nd then immobilize with enzyme for biosensing applications.

Hen egg is the most popular food in the world. ESM is the inner-
ost portion of eggshell which comprises inner and outer layers

nd eggshells can be readily obtainable as waste from kitchens
nd industry [26]. ESM mainly contains proteins such as collagen
types I, V, and X), osteopontin and sialoprotein, and a small amount
f saccharides [27]. A few applications of ESM including matrices
or adsorption of heavy metal ions and dyes [28–30], biological
ressings for burns [31], substrates for cell culture [32], platforms
or enzyme immobilization [33–35] and PbS nanoclusters synthe-
is [36], and templates for forming ordered tube networks have
een reported [37]. Herein, we present a facile and totally green
ethod to in situ synthesize AuNPs on ESM (AuNPs/ESM) using

nly a buffered Au(III) complex (HAuCl4) aqueous solution at ambi-
nt conditions. No external or added reducing agent is required
o reduce Au(III) ions to AuNPs. Au(III) ions are initially adsorbed,
n situ reduced by moieties of the ESM fibers to form Au0 atoms

hich finally deposit on the ESM as AuNPs. In this article, the for-
ation mechanisms of AuNPs on ESM are proposed. The effect of

H on the core size and distribution of AuNPs on ESM has been
tudied in detail. These AuNPs/ESMs were fully characterized by
canning electron microscopy (SEM), X-ray photoelectron spec-
roscopy (XPS), energy dispersive X-ray spectroscopy (EDS), and
owder X-ray diffraction (XRD). As compared to other biosyntheses
f AuNPs, our proposed method is simple, non-toxic, efficient and
nvironmentally friendly. Furthermore, it is well known that AuNPs
re very good electron conductors and can facilitate electron trans-
er in biosensors more efficiently [38,39]. Thus, AuNPs/ESMs were
sed to immobilize glucose oxidase (GOx) to form GOx-AuNPs/ESMs
nd the response of which to glucose was significantly enhanced.
t is anticipated that our AuNPs/ESM can be readily adapted to
evices to widen their applications in the fields of electrochemistry,
hemo/biosensor and biocatalysis.

. Experimental

.1. Chemicals

�-d-Glucose and hydrogen tetrachloroaurate(III) trihydrate
HAuCl4·3H2O) was obtained from Aldrich (Milwaukee, WI, USA).
odium dihydrogen phosphate dihydrate and disodium hydrogen
rthophosphate dihydrate were from Fluka (Buchs, Switzerland).
lucose oxidase (from Aspergillus niger with a specific activity
f 235 U/mg of solid) and horseradish peroxidase (HRP with a
pecific activity of 51 U/mg of solid) were from Sigma (St. Louis,
O, USA). 4-Aminoantipyrine (AAP) and phenol were from Kelong

Chengdu, China). The buffer solutions used in this study were
0 mM phosphate at various pHs. Fresh eggs were bought from a

ocal supermarket in Hong Kong. The water used in all the experi-
ents was doubly distilled deionized (DDW).

.2. Biosynthesis of AuNPs on ESM

An ESM was carefully peeled off from a broken fresh eggshell
fter the albumen and yolk had been removed. It was then cleansed
ith copious amounts of DDW to completely remove the albumen.

he synthesis of AuNPs on natural ESM was performed as follow.
he clean ESM was dried in air at ambient conditions and cut into

mall rectangular pieces (ca 5 × 8 mm). The weight of the pieces was
ontrolled at 2.4 ± 0.1 mg for all experiments. The ESM was initially
onditioned in a 50 mM phosphate buffer solution with a specified
H for 10 min. It was then immersed in a 1.0 mL buffered phos-
hate HAuCl4 solution for 1.5 h. The pH of this buffer solution was
2 (2010) 177–183

the same as the previous condition phosphate buffer. The reaction
was initiated by adsorption of the negatively charged Au(III) ions
onto the surface of ESM. Au(III) ions were spontaneously reduced to
Au atoms and deposited as AuNPs on the ESM. The yellow HAuCl4
solution was slowly decolorized and the white ESM finally turned
to light brown. The AuNPs-immobilized ESM was removed from
the HAuCl4 solution and rinsed with copious amounts of DDW to
remove excess Au(III) ions. The AuNPs/ESM sample was air-dried
at ambient conditions before further characterization.

2.3. Characterization of AuNPs/ESM

SEM images of AuNPs/ESM were captured on a LEO 1530 field
emission scanning electron microscope (FESEM) (LEO Elektro-
nenmikroskopie GmbH, Oberkochen, Germany) at an accelerating
voltage of 5 kV. Elemental determination was performed on an
energy dispersive X-ray spectrometer attached to the FESEM. The
adsorption of AuCl4− on the surface of ESM was monitored by
recording the absorbance change of the HAuCl4 solution. UV–vis
absorption of the HAuCl4 solution containing the ESM was con-
ducted on a Varian Cary 300 UV–vis absorption spectrophotometer
(Palo Alto, CA, USA) at 10-mm path-length. XPS measurements
were conducted on a SKL-12 X-ray photoelectron spectrometer
(Shenyang, China) equipped with a VG CLAM 4 MCD electron energy
analyzer using an Mg K� source. The applied voltage and current
were 10 kV and 15 mA, respectively. The peak curve fitting was
accomplished by a Casa XPS software package. All the peaks were
corrected with the C 1s peak (carbon from the ESM) at 286.4 eV
as the reference. Powder XRD patterns of the AuNPs/ESM sam-
ples were recorded on a Rigaku Rotaflex RU-200B powder X-ray
diffractometer (The Woodlands, TX, USA) with Cu K� radiation and
a Ni filter. XRD patterns were recorded from 25 to 90◦ (2�) with a
scanning step of 0.02◦.

2.4. Immobilization of GOx on AuNPs/ESM and assessment of
response to glucose

GOx was immobilized on ESM or AuNPs/ESM by a cross-linking
method [40]. 10-mm diameters of ESMs with and without AuNPs
were firstly prepared. These membranes were cleansed with copi-
ous amounts of deionized water and placed in a clean watch glass.
100 �L of 1.0% (w/w) GOx solution at pH 7.0 was added. After about
1 h, 20 �L of 2.5% (w/w) glutaraldehyde solution was dropped onto
the surface of the membrane and left to stand 30 min. The mem-
brane was then immersed in and washed with a pH 7.0 phosphate
buffer solution for 5 min. After washing, the GOx-immobilized
eggshell membranes (GOx/ESM or GOx-AuNPs/ESM) were stored
in a pH 7.0 phosphate buffer solution at 4 ◦C until further use.

In our preliminary work, a colorimetric method based on
Trinder’s reaction [41] was employed to assess the response of
GOx/ESM or GOx-AuNPs/ESM to a glucose solution. GOx/ESM or
GOx-AuNPs/ESM was placed in a 10.0-mL of 0.60 mM glucose solu-
tion (pH 7.0). 40 �L of HRP solution (0.70 mg mL−1) was added and
followed by 1.0 mL of AAP (0.40 mM) and phenol (40 mM) solu-
tion. An UV–vis absorption spectrophotometer was then used to
assess the enzyme activity at 505 nm after this reaction mixture had
been incubated at 37 ◦C for 15 min [42]. Subsequently, the optimal
GOx-AuNPs/ESM was employed to determine the glucose content

of various commercial glucose injections. Calibration curves were
constructed using the colorimetric method and glucose standards
of various concentrations. Finally, the samples were diluted by a
pH 7.0 phosphate buffer solution and then analyzed by the GOx-
AuNPs/ESM based on the colorimetric method.
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Fig. 1. (A) The absorbance changes at 250 nm of the buffered HAuCl4 solutions con-
taining eggshell membranes at various pHs (3.0–9.0). The initial concentration of
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to reduce the surface-adsorbed Au(III) ions to form AuNPs. Uronic
AuCl4 was 0.25 mM. (B) The rate of change in absorbance at the first 10 min.
lot of �A/�t against pH. A is the absorbance at 250 nm. �A is the difference of
bsorbance values at t = 0 and 10 min. The absorbance change and the rate of change
n absorbance are normalized for ease of comparison.

. Results and discussion

.1. pH effect on adsorption of Au(III) ions on ESM

The pH of the solution is a very important factor to determine the
dsorption of Au(III) ions on ESM. In order to investigate the effect
f pH, the absorbance change of HAuCl4 solution at 250 nm con-
aining ESM at various pHs (3.0–9.0) was monitored and depicted
n Fig. 1A. The absorbances were normalized at the beginning of the
xperiments for ease of comparison. It should be borne in mind that
ll Au(III) ions studied here show appreciable absorption at 250 nm
Fig. S1 of Supplementary Material). It is clearly observed that the
bsorbances decrease with the increase in reaction time, indicat-
ng that Au(III) ions are removed from the aqueous medium and
dsorbed on ESM (vide infra). The change in absorbance of aqueous
AuCl4 solution can indirectly indicate the adsorption rate of Au(III)

ons on ESM. The adsorption rate is very fast at the first 10 min and
hen slows down with the increase in time. Fig. 1B shows the change
f absorbance (�A/�t) as a function of pH at the first 10 min as in
ig. 1A. Again, �A/�t is normalized for ease of comparison. The
dsorption rate is higher at the acidic region (pH 3.0–6.0), indicat-
ng that slight acidic conditions favor the adsorption of Au(III) ions

n ESM. The absorbance of the HAuCl4 solution decreased by 95.5,
7.2, 99.8 and 94.5% at pH 3.0, 4.0, 5.0 and 6.0, respectively in the
rst 20 min. At pH 3.0–5.0, the adsorption rate increases with the

ncrease in pH. However, when the pH increases to 6.0, the rate
2 (2010) 177–183 179

drops. On the other hand, at the neutral and slightly alkaline condi-
tions (pH 7.0–9.0), the adsorption rate of Au(III) ions is much slower
and decreases with the increase in pH at this range. The absorbance
of the solution decreased by 71.0, 35.0 and 29.0% at pH 7.0, 8.0 and
9.0, respectively over the initial 20 min.

The decrease in absorbance of AuCl4− aqueous solution in con-
tact with ESM can be attributed to two main reasons: First, the
surface charge of the ESM changes with pH. ESM comprises protein
fibers which possess lots of amino and carboxylic moieties. The ESM
protein fiber is also derived mainly from amino acids such as glycine
and alanine. The isoelectric points of these two amino acids are 5.97
and 6.02, respectively [43]. At low pH (3.0–6.0), the amino moiety is
protonated to form functional groups such as –NH3

+ and –N+H2–.
As such, the negatively charged [AuClx(OH)4−x]− ions (x ≥ 2) are
electrostatically attached to the surface of ESM. By contrast, when
the pH increases to 7.0–9.0, the surface charge of ESM are less
positive with a concomitant decrease in the deposition of the
[AuClx(OH)4−x]− ions (x < 2). As a result, the change in absorbance of
an AuCl4− aqueous solution at high pH is much smaller and slower
than at low pH.

In addition, when we compare the rate of decrease in absorbance
at pH 3.0–5.0, it follows the trend: pH 5.0 > 4.0 > 3.0. The plausi-
ble reason is that the [AuClx(OH)4−x]− ions (x ≥ 2) consist of more
OH− when the pH increases in this range. It is well known that
the size of OH− is smaller than Cl−. As such, the charge density for
[AuClx(OH)4−x]− ion will be higher if it contains more OH−. Conse-
quently, the electrostatic attraction will be stronger between the
[AuClx(OH)4−x]− ions and the protein fiber so that the decrease in
absorbance is fastest at pH 5.0, followed by pH 4.0 and then pH 3.0.

3.2. Formation of AuNPs on ESM

As mentioned above, Au(III) ions can be easily adsorbed on ESM
and the ESM turns slowly from white to pale yellow and then finally
to light brown when it is in contact with an AuCl4− solution. It
is very probable that the surface-adsorbed Au(III) ions react with
some reductant moieties of the ESM protein fibers to form AuNPs
and the presence of AuNPs on the ESM can be verified by SEM, XPS
and XRD analyses (vide infra). In fact, the pH of HAuCl4 aqueous
solution also influences the nucleation and growth of Au crystals on
the substrate. Recently AuNPs with different sizes were synthesized
by the reduction of AuCl4− ions in aqueous or on the substrate by
different kinds of reducing agents at various pH [44]. As such, the
effect of pH on the growth of AuNPs on ESM was also explored in
this work.

ESM comprises an intricate lattice meshwork of fibers at the
inner surface of the eggshell [45]. The microstructure of ESM can be
easily studied by SEM. Fig. 2 displays the SEM images of the ESMs
before and after immersion in various buffered 0.76 mM HAuCl4
solutions for 1.5 h. A network-like structure is observed on the nat-
ural ESM (Fig. 2A), indicating that ESM contains cavities and highly
cross-linked protein fibers with diameters of 0.5–1.5 �m and pore
sizes of ca 5 �m. It has been reported that collagen and saccharides
are the main constituents of ESM. Collagen is a major protein in
animal tissue and is the most abundant in vertebrates [46]. Nakano
et al. [47] have also pointed out that the main chemical compo-
sition of chicken ESM are amino acids (glycine and alanine) and
uronic acid. Thereby, lots of amino, hydroxyl and carbonyl func-
tional groups on the ESM fibers are available to interact with the
[AuClx(OH)4−x]− (x = 0–4) ions. Among the main ingredients of ESM,
only uronic acid and saccharides can possibly act as reductants
acid is a product of sugar in which the terminal carbon’s hydroxyl
group has been oxidized to a carboxylic acid and so it contains both
carboxylic acid and aldehyde moieties. The chemical structure of
uronic acid is displayed in Fig. S2. Compounds containing alde-
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ig. 2. Scanning electron micrographs of eggshell membranes after they had conta
embrane for comparison, (B) 3.0, (C) 4.0, (D) 5.0, (E) 6.0, and (F) 7.0.

yde moieties are capable to reduce Au(III) to Au0. This has been
emonstrated by mixing cinnamaldehyde, m-nitro-benzaldehyde
r �-d-glucose with HAuCl4 solutions at which typical surface plas-
on resonance bands were observed in their UV–vis absorption

pectra (Fig. S3). Our results prove the facile formation of AuNPs
rom HAuCl4 solution containing compounds with aldehyde moi-
ties [48]. By contrast, glycine and alanine (Fig. S3) did not produce
he same results [49]. As such, we can conclude that the aldehyde

oiety of uronic acid and saccharides in ESM play a significant role
n reducing the surface-adsorbed Au(III) ions to AuNPs.

SEM has been an essential tool for characterizing the surface
orphology and fundamental physical properties of samples, and

lso for determining the particle shape and size distribution of
uNPs on solid substrates. The formation of AuNPs on the surface
f ESM was evident via SEM studies. Fig. 2 visualizes the AuNPs
eposited on the surface of the ESM fibers at various pHs. These
uNPs-immobilized ESMs were prepared by exposing the ESMs
ith 0.76 mM HAuCl4 solutions at various pHs (3.0–6.0) for 1.5 h.

he Au(III) ions were initially adsorbed on the ESM fibers under
cidic conditions and followed with subsequent reduction by the
–CHO moieties (from uronic acid and saccharides of the ESM
bers) to AuNPs (see Eq. (1) of Supplementary Material).

It is interesting to note that not much AuNPs were formed on the

SM at pH 3.0 (Fig. 2B) although appreciable adsorption of Au(III)
ons on ESM was observed at this pH (Fig. 1). It is plausible that
his too acidic condition does not favor the reduction reaction. As
ndicated in Fig. 2C–E, the quantity of AuNPs on the surface of ESM
ncreases with the increase in pH from 4.0 to 6.0, inferring that
with 0.76 mM HAuCl4 solutions for 1.5 h under various pHs: (A) a natural eggshell

increasing pH is more favorable for the reduction reaction. How-
ever, when the pH increases to 7.0, it is difficult to observe any
AuNPs on ESM (Fig. 2F) even though some adsorptions of Au(III)
ions onto ESM are proved to have taken place (Fig. 1). Similarly,
when the HAuCl4 solution was at pH 8.0–9.0, it was hard to iden-
tify any AuNPs on ESM. Their SEM images (not shown here) looked
exactly the same as a natural ESM. In essence, an optimal pH is
needed to allow both adsorption and reduction of Au(III) ions on
ESM to occur so that a noticeable amount of AuNPs can be efficiently
formed. It is obvious that well-dispersed and uniform spherical
AuNPs (25 ± 7 nm) can successfully grow on the surface of protein
fibers at pH 6.0 (Fig. 2E). The SEM images show that the dispersion
and deposition of AuNPs occurs without significant disruption to
or modification of the fibrillar network of ESM. As such, pH 6.0 was
chosen for most of our studies (vide infra).

The formation of AuNPs on the surface of ESM can also be
confirmed by EDS as depicted in Fig. 3A. A spot-profile energy dis-
persive analysis of X-ray of one of the AuNPs clearly shows the
characteristics Au0 peaks at 2.12 and 9.78 keV [50] whereas other
peaks were C, N and O of the ESM. Other spots of AuNPs on ESM
display similar EDS. Our EDS analysis corroborates the presence of
AuNPs and the absence of Cl−, inferring the complete reduction of
Au3+ to Au0. In addition, the crystalline structure of AuNPs on ESM

was characterized by the powder XRD technique. The ESM sam-
ple had to be exposed to a more concentrated solution of HAuCl4
(2.54 mM) for 1.5 h in order to acquire better and stronger diffrac-
tion peak signals. Fig. 3B shows the XRD patterns of ESM before
and after immobilization of AuNPs. Natural ESM is almost amor-
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Fig. 3. (A) Spot-profile EDS spectrum recorded from one of the gold nanoparticles on
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adsorption and cross-linking of GOx onto the ESM fibers, resulting
in lower sensitivity of glucose detection. Our results demonstrate
that 0.76 mM HAuCl4 solution (pH 6.0) is the optimum solution
for preparing AuNPs/ESM which can produce the best sensitivity
ggshell membrane. (B) XRD patterns of (I) natural eggshell membrane and (II) gold
anoparticles-immobilized eggshell membrane. The eggshell membranes used for
DX and XRD were all prepared from immersing the membranes in 2.54 mM HAuCl4
olutions at pH 6.0 for 1.5 h.

hous without any diffraction peak (Fig. 3B(I)) as its ingredients
re mainly amines, amides, and carboxylic compounds. By contrast,
lear diffraction peaks are observed for the AuNPs/ESM as depicted
n Fig. 3B(II). These peaks are assigned to diffraction from the{1 1 1},
2 0 0}, {2 2 0}, {3 1 1}, and {2 2 2} planes of face center cubic (fcc)
u crystal which are in complete agreement with the Joint Com-
ittee on Powder Diffraction Standards (JCPDS card no. 04-0784).
gain, the XRD data confirm the formation of typical fcc structure
f polycrystalline AuNPs on ESM. Moreover, the oxidation state of
u species in AuNPs was studied by XPS and is displayed in Fig. S4.
1s, N 1s, O 1s, and Au 4f peaks were identified in the spectrum.

he Au 4f5/2 and Au 4f7/2 peaks with the binding energies of 84.0
nd 87.7 eV were clearly observed (Fig. S4B), respectively which are
ypical binding energies for Au atoms [51]. The XPS results are in
onsistent with XRD and EDS data that zerovalent gold atoms are
ormed on ESM.

.3. Response of GOx-AuNPs/ESM to glucose

Gold is not only one of the best conductor among metals but it
lso has good biocompatibility. AuNPs is one of the most important
Ps used to fabricate biosensors. AuNPs can provide a biocom-
atible environment for survival of enzyme [38] and therefore
acilitate efficient electron transfer in biosensors. Recently, reports
n enzymes connected to AuNPs for bioelectrocatalytic analysis
how that the presence of AuNPs can improve the rate of electron
ransfer and thus increase the sensitivity of enzymes to substrates
38,39]. To further explore the potential use of our AuNPs/ESM

or biosensing, various AuNPs/ESMs immobilized with GOx were
repared and tested with a glucose solution. Seven samples of
uNPs/ESMs prepared with different concentrations of HAuCl4
olution: (a) 0.00, (b) 0.25, (c) 0.76, (d) 1.27, (e) 1.78, (f) 2.54,
Fig. 4. Optical images of gold nanoparticles-immobilized eggshell membranes pre-
pared from various concentrations of HAuCl4 solutions at pH 6.0 for 1.5 h: (a) 0.00,
(b) 0.25, (c) 0.76, (d) 1.27, (e) 1.78, (f) 2.54, and (g) 5.08 mM.

and (g) 5.08 mM were initially fabricated. Each ESM sample of the
same weight and size was preconditioned in a pH 6.0 phosphate
buffer for 10 min before coating with AuNPs. Fig. 4 shows that
the AuNPs/ESM samples get gradually darker, from white to light
brown and then deep brown with the increase in concentration
of HAuCl4, indicating the increase of AuNPs coated on ESM. The
color of these AuNPs/ESMs did not change after several months of
storage at ambient conditions. These ESM and AuNPs/ESM sam-
ples were subsequently immobilized with the same amount of GOx

by using a glutaraldehyde cross-linking method. Afterwards, each
GOx-ESM or GOx-AuNPs/ESM sample was exposed to a 0.60 mM
glucose solution (pH 7.0) and followed by the addition of HRP, AAP
and phenol. The response of GOx-AuNPs/ESM to glucose can be
assessed by monitoring the absorbance of red quinoneimine dye
at 505 nm [42]. The typical reaction scheme is displayed as Eqs.
(2) and (3) (Supplementary Material). The absorbance of the solu-
tions at 505 nm containing GOx-ESM and GOx-AuNPs/ESM samples
is shown in Fig. S5. The absorbance of the solution infers the
sensitivity of a GOx-AuNPs/ESM to glucose. GOx-AuNPs/ESM sam-
ples produced higher absorbances than GOx-ESM, indicating that
AuNPs can enhance the sensitivity of glucose detection. This may
be attributed to the increase of electron transfer rate in the cat-
alytic oxidation of glucose to gluconic acid by AuNPs. However,
when AuNPs on ESM is excessive, the sensitivity to glucose detec-
tion drops as depicted in Figs S5E and F. It is possible that too
many and/or too large AuNPs deposited on the ESM will hinder the
Fig. 5. Typical calibration curve of the GOx-AuNPs/ESM glucose biosensor. The inset
displays the response of biosensor to the lower glucose concentration range.
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Table 1
Comparison of analytical performance of various nanoparticles-based glucose biosensors.

Analytical performance Nanoparticles-based glucose biosensors

AuNPs/ESM (this work) Chitosan-Fe3O4 [52] Pt-SiO2 [53] Pt [54] Pd [55]

Linear range 20 �M to 0.80 mM 500 �M to 22 mM 30 �M to 3.8 mM 250 �M to 2.0 mM 500 �M to 30 mM
Detection limit (S/N = 3) 17 �M 500 �M 20 �M 150 �M 75 �M
Shelf-life 87.3% After 70 days 80% After 8 weeks 90%After 23 days 1 month 75% After 12 days

Table 2
Determination and recovery of glucose in glucose injections using the GOx-AuNPs/ESM glucose biosensor.

Samplea Claimed glucose
concentration (g/100 mL)

Concentration of glucoseb

(g/100 mL)
RSDc (%) Glucose added (mM) Glucose found (mM) Recovery (%) RSDc (%)

1 5 4.63 8.03 0.250 0.235 94.0 3.03
2 10 10.1 6.56 0.250 0.253 101 5.19
3 50 50.9 4.94 0.250 0.251 100 4.23
4 50 50.7 1.61 0.250 0.248 99.2 1.97
5 50 52.4 3.73 0.250 0.236 94.4 8.80

o
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w
c
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h
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p
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a Samples of glucose injection were obtained from different companies.
b Determined by this work.
c Three replicates were performed.

f glucose detection. As such, this GOx-AuNPs/ESM was chosen for
eal sample analysis.

.4. Analytical performance of the glucose biosensor and sample
nalysis

The optimal GOx-AuNPs/ESM was employed to construct a glu-
ose biosensor based on the colorimetric method (vide supra).
he response of this GOx-AuNPs/ESM glucose biosensor to various
oncentrations of glucose was conducted in a pH 7.0 phosphate
olution at 37 ◦C. Fig. 5 shows a typical response curve of the pro-
osed glucose biosensor. The absorbance of the solution increases
ith the increase in glucose concentration. A linear calibration

urve between the glucose concentration and the absorbance of
he solution was obtained. The inset of Fig. 5 displays the response
o lower glucose concentration. The plot reveals that the biosensor
as a good linear response to glucose ranging 20 �M to 0.80 mM
nd the detection limit was 17 �M (S/N = 3).

The operation stability of the biosensor was evaluated by repet-
tive measurements (n = 5) of its response to 0.25 mM glucose.
he response did not change much during this period with a
.S.D. of 2.98%. The biosensor retained 87.3% of its initial response
fter 70 days of storage at 4 ◦C and thus demonstrates a long
helf-life. Table 1 compares the analytical performances of vari-
us nanoparticles-based glucose biosensors [52–55] with that of
ur proposed biosensor. It can be seen that our biosensor performs
etter.

To illustrate the feasibility of the glucose biosensor in practi-
al analysis, it was employed to measure the glucose content in
ome commercial glucose injections. The glucose injections were
iluted by a pH 7.0 phosphate buffer to yield testing sample solu-
ions. In addition, the recovery test was conducted. The data are
ummarized in Table 2. The results demonstrate that our proposed
lucose biosensor offers an excellent and accurate method for glu-
ose determination. Potential interfering substrates were evaluated
o assess the selectivity of the glucose biosensor. The results show
hat 100-fold of Na+, Mg2+, K+, NO3

−, HCO3
−, SO4

2−, and Cl− did
ot cause any interference on the response of the biosensor.
. Conclusion

In summary, we have successfully developed an effective, sim-
le and green synthetic route for AuNPs via a biomaterial. Natural
SM can serve as reactive substrate and some of the active func-
tional groups of ESM fibers can act as reductants for the Au(III)
ions. The formation of AuNPs on ESM is mainly driven by adsorp-
tion of Au(III) ions on the ESM fiber, reduction by aldehyde moiety
of the fiber, and nucleation of NPs. The synthesis of AuNPs on the
surface of ESM is influenced by pH as pH affects the adsorption
and reduction of Au(III) ions on ESM. The adsorption rate is quicker
at low pH (3.0–6.0) than at high pH (7.0–9.0) whereas the reduc-
tion is more favorable at slightly alkaline conditions. The optimal
pH is determined to be 6.0 at which more and smaller AuNP crys-
tals are produced. The major attributes of our work are that no
external reductant is required, non-toxic biomaterial is used, and
the synthetic route is simple at ambient conditions. Finally, it is
worth to say that Au nanocrystals are aesthetically pleasing, chem-
ically noble, and environmentally benign [12]. GOx-AuNPs/ESM can
improve the sensitivity of glucose detection when compared with
GOx-ESM. It has been applied to determine the glucose content
in some commercial products. Our biocompatible nanocomposites
AuNPs/ESM are very promising for applications in a wide range in
the biosensor and biocatalysis fields. Our laboratories are currently
exploring other analytical applications of these AuNPs/ESMs.
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