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Abstract

We report a facile, rapid, phase-transfer-assisted process to prepare Agnanoparticles (AgNP)
loaded graphene oxide (GO) nanocomposite, by<usingreysteine as a high-effective phase
transfer agent for AGNP movement from organic phase to water and subsequently as a
covalent linkage for immobilizing AgNP on GO. The obtained c-Ag/GO nanocomposite
possesses high nanoparticle loading efficiency, small particle size and monodispersity, strong
binding force, and good water dispersibility, which:endow it a great potential in a variety of
bio-applications. As the illustrations of application, ¢-Ag/GO and its derivatives c-Ag/rGO
were used for antibiosis and biosensing respectively. The c-Ag/GO composite shows the high
antibacterial activity against E. coli with a mihimal-bactericidal concentration of 10 pg/mL.
And the biosensor based on c-Ag/rGQ exhibits the rapid and sensitive response for uric acid
detection with a detection limit,of .0.025uM, asensitivity of 5.76 nA/mM, and wide linear
range of 0.025~2250 uM. The comparative analysis with relevant nanocomposites also
reveals the precedence of c-Ag/GO in thesesapplications, thus highlighting the advantages of
the developed preparation method for ¢-Ag/GO.

Keywords: phase transfergsilvernanoparticle, graphene oxide, antibacterial, biosensor
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1. Introduction

Silver nanoparticles (AgNP) have drawn considerable
attention in the fields of optoelectronics, antibiosis, catalysis
and sensor, owing/to their unique chemical and physical
properties.[1, 2] The performances of AgNP depend heavily
on their 'shape, particle size and dispersity, which are

XXXX-XXXX/ XX/ XXXXXX

determined by the specific synthetic methods.[2, 3] To make
better use of AgNP in wide applications, AgNP are
commonly dispersed and immobilized on graphene sheets to
avoid their aggregation. Graphene nanomaterials, mainly
including graphene oxide (GO) and reduced graphene oxide
(rGO), are considered as the ideal 2D support for metal
nanoparticles because of their large surface area, extreme
mechanical stiffness, abundant surface functional groups, and
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superior electronic and thermal conductivity.[2] Nowadays,
much concern has been paid on the synthesis and application
of AgNP/graphene nanocomposites due to their ease of scale-
up production and synergistically enhanced and novel
properties in comparison with individual components such as
stacking prevention of graphene sheets, enhanced electronic
conduction, more controlled Ag* release for antimicrobial
and highly efficient adsorbent.[4-17]

So far, the general approach for the synthesis of
AgNP/graphene nanocomposites is the in-site reduction of
Ag* ions on graphene sheets[13-17] or loading the premade-
in-water AgNP on graphene sheets in the aqueous media.[5-7]
However, these water-base methods have experienced
difficulty in controlling the particle size and dispersity of
AgNP on graphene sheets due to the ionic interactions
between the growing nuclei.[18] Besides, the combination
between AgNP and graphene is often obtained by
intermolecular weak interactions including physical
adsorption and electrostatic binding,[19] which may lead to
the detachment or reaggregation of AgNP on graphene sheets.
Contrarily, AgNP synthesized in organic phase can maintain
the predefined size and shape with narrow dispersity.[20] In
this regard, recent studies have presented the two-phase
interface-assembling method to prepare high-quality
AgNP/GO nanocomposite by using GO as a phase transfer
agent.[4, 19, 21] But this preparation process was time-
consuming and low-efficient probably due to the very limited
ability of GO for phase-transferring and anchoring AgNP.
Therefore, it is highly desirable to develop a novel
preparation method for addressing all these structural factors
of AgNP/graphene nanocomposite to further improve its
performance.

For the utility in biological systems, AgNP/GO
nanocomposite is normally stabilized and modified by amino
acid, proteins and other biomolecules.[22, 23] Cysteine, a
special biomolecule with multifunctional groups of -SH, -
NH, and -COOH, may effect as a organicQ-water phase
transfer agent because it can replace the hydrophabic groups
bound to the AgNP surface via metal-thiolate bond formation,
meanwhile render the AgNP./water-soluble with its
terminally polar functional groups.[24-26] Besides, the -NH.
group present in cysteine may<help:for the.immobilization of
AgNP onto GO sheets through chemisorption interaction
such as amido linkage.[27-29] The preparation of cysteine
capped-AgNP/graphene<nanocomposite has been reported
previously,[5-7] where cysteine«was, used to modify the
preformed citrate-stabilized AgNP and then link to graphene
sheets and simultaneouslyreduce GO to rGO. However,
these all-water-base preparation methods always yield the
undesirable large and dispersive AgNPs (40~70 nm), weak
bonding between "AgNP and graphene sheet, and low
nanoparticle loading efficiency, which would responsible for
their moderate performances. In this work, we propose a

facile, rapid, phase transfer (PT)-assisted process for
preparing AgNP/GO nanocomposite, by tactfully using
cysteine as a high-effective phase transfer agent for AgNP
movement from toluene to water and subsequently as a
covalent linkage for immobilizing AgNP on GO. It is worth
highlighting that the as-prepared cysteine», stabilized-
AgNP/GO (c-Ag/GO) nanocomposite concurrently features
high nanoparticle loading efficiency, small\particle size and
monodispersity, strong binding” force, andwgood water
dispersibility. These outstanding features,confer ¢-Ag/GO an
enlarged active surface, ease access of the target substance,
good long-term stability, and hencea promising potential for
a variety of bio-applications. As the illustrations of
application, c-Ag/GO and its derivatives c-Ag/rGO were
used for antibiosis and_biosensing, respectively. Compared
with the previous /reporteds.water-base or two-phase
AgNP/graphene nanocomposites, the c-Ag/GO exhibits the
remarkably  improved  antibacterial  activity and
electrochemical biosensing performance.

2. Methods

2.1. Materials

Natural, graphite powder (325 meshes) was purchased
from Qingdao *Huatai Lubricant Sealing S&T Co. Ltd
(Qingdao, China). Tetraoctylammonium bromide (TOAB)
(98%) “and<uric acid (UA) (99%) were bought from Alfa
Aesar Chemical Co., Ltd (Tianjing, China). AgNOs; were
supplied by Sinopharm Chemical Reagent Co., Led
(Shanghai, China). Cysteine was obtained from Shanghai
Sanpu Chemical Co., Ltd (Shanghai, China). All the
chemicals were used as received without further purification.

2.2. PT-assisted synthesis of c-Ag/GO nanocomposite

2.2.1. The synthesis of TOAB-stabilized AgNP in toluene.
The synthesis of TOAB-stabilized AgNP in toluene referred
to the procedures in the published literature.[30] In brief, 30
mL AgNO; aqueous solution (30 mM) and 25 mL freshly
prepared NaBH, aqueous solution (0.4 M) were added to 80
mL TOAB toluene solution (25 mM) with continuous
stirring at room temperature. The as-prepared TOAB-
stabilized AgNP in toluene was subsequently washed with
H>SO4, NaOH, and deionized water (three times), and then
dried over anhydrous Na,SO4 and finally re-dispersed in
toluene.

2.2.2. The synthesis of cysteine-stabilized AgNP in water.
For fabricating cysteine-stabilized AgNP (c-Ag), 0.1 M
cysteine aqueous solution (80 mL) was added to the as-
prepared TOAB-stabilized AgNP toluene solution (1 mg/mL,
40 mL) under vigorous stirring. Phase transfer of AgNP from
toluene to water was initiated under vigorous shaking, with
complete transfer across the phase boundary in a few minutes.
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Almost all AgNP were transferred into water phase through
metal-thiolate bond formation between Ag and cysteine.
Solid cysteine could also be added directly to the toluene
solution to precipitate the AgNP, which could then be
resuspended in water.

2.2.3. The immobilization of c-Ag onto GO sheets in water.

GO was prepared from natural graphite powder by oxidation
with  KMnOs in concentrated H,SO4 according to the
modified Hummer’s method.[31] 20 mL c-Ag aqueous
solution (1 mg/mL) was mixed with 10 mL GO aqueous
solution (0.5 mg/mL) under constant stirring at 60 <C for 1 h.
The obtained products were separated by centrifuging,
washed with anhydrous alcohol and deionized water for three
times successively, and finally re-dispersed in deionized
water to obtain ¢c-Ag/GO nanocomposite.

2.3. One-pot synthesis of Ag/GO nanocomposite

For the comparison, one-pot AgNP/GO nanocomposite
was also prepared. 10 mL homogeneous suspension of GO
(0.5 mg/mL) was mixed with 20 mL AgNOs; aqueous
solution (31.5 mg AgNOs3). Then 0.1 M NaOH was added to
the above mixture and vigorously stirred for 1 h at 60 <C. the
products were separated by centrifuging, washed with
anhydrous alcohol and deionized water successively for three
times, and finally re-dispersed in deionized water to obtain
one-pot Ag/GO nanocomposite.

To verify the different binding force between AgNP and
GO, c-Ag/GO and one-pot Ag/GO were sonicated in an
ultrasonic generator (KQ2200DB, Kunshan Ultrasonic
Instrument Co., Ltd., China, 300 W, 40 kHz) at ambient
temperature for 2 h.

2.4. Characterizations

X-ray photoelectron spectra were carriedsout on,a PHI
5300 X-ray Photoelectron Spectrometer | (PE, America).
Fourier transform infrared spectra (FTIR) were\carried out on
a Spectrum GX FTIR system (PerkinElmer). "UV-vis
absorption spectra were recorded on @ UV-2401PC UV-vis
recording spectrophotometer 4.(Shimadzu, Japan). The
morphology of as-prepared products was observed by
transmission electron microscopys(TEM;JEM2010) with an
acceleration voltage of 200 kV (the \EDS as the attached
facilities of JEM2010). Raman spectra were recorded on a
Renishaw Raman system'model 1000/spectrometer equipped
with a CCD detector.

2.5. Antibacterial’activity.test

Gram negative bacterial strain E. coli was used as an
experimentalsstrainyand the Luria-Bertani (LB) medium (10
g/L tryptone, 5 g/L yeast extract and 5 g/L NaCl) was used
for cultivating the bacterial. All plates, flasks and materials
were sterilizedvin.an autoclave at 121 <C for 20 min before

experiments. For antibacterial activity test, 5 mL of bacteria-
LB nutrient mixture (107 CFU/mL) were added into the
Erlenmeyer flask containing 45 mL saline solution and
different concentration of antimicrobials. The,mixture with
pH value adjusted to 7.0 was incubated for 24 h.at 37 <C
under 250 rpm shaking speed in the shaking incubator.No
antimicrobial was added to another (Erlenmeyer flask
containing 5 mL of bacteria-LB_nutrient and 45 mL saline
solution, which was served” as. a control® sample.
Subsequently, a certain amount of bacteria suspension was
diluted 100 times to make the final bacteria .concentration to
be 10* CFU/mL. LB medium containing agar base (20 g/L)
was treated by autoclaving@process firstly. After cooling
down to about 50 <C, the/ agar solutions were poured into
culture plates (7.5 cm insdiameter). After cooled down to
room temperature, 100 pL diluted bacteria suspension was
spread on a culture \plate. All the culture plates were
incubated for 24 h at 37 <C in'the thermostat to count and
record the number of bacterial colonies. The numbers of
viable bacteriahycells in ‘the above cultures were analyzed
using the coleny forming units (CFU) counting to determine
the E. coli viability.in accordance with the Eq. (1)

E. cali viability(%) = B/A x 100% Q)

where A is.the number of bacterial colonies counted from
control experiment, and B is the number of bacterial colonies
counted from each antibacterial experiment.

2.6. Electrochemical detection of UA

They glassy carbon electrode (GCE, ®=3 mm) was
successively polished by 0.3 pm and 0.05 pm alumina slurry,
and rinsed thoroughly with ethanol and water each for 5 min,
then dried under a nitrogen stream. 10 pL of the suspension
containing ¢c-Ag/GO nanocomposite (1 mg/mL) was dropped
onto the surface of GCE and dried in air. Electrochemical
measurements were carried out on an electrochemical
workstation (CHI660A, CH Instructions, Shanghai) at room
temperature. The employed three-electrode cell system
consisted of modified GCE as working electrode, saturated
calomel electrode (SCE) as reference electrode and platinum
sheet as counter electrode. All electrochemical experiments
were performed using a 10 mL electrolyte solution. The
electrochemical reduction of c-Ag/GO was performed at a
constant potential of -0.9 V vs. SCE for 1000 s in a 0.01 M
phosphate buffer solution (PBS, pH=4.2).[32] The as-
prepared c-Ag/rGO-modified GCE was rinsed with water
and dried for the following experiment use.

Prior to electrochemical measurements of UA, the
electrolyte solution was purged with high purity nitrogen gas
for about 10 min to remove dissolved oxygen, and then the
working electrode was immersed in the electrolyte solution
to preconcentrate UA on the electrode surface for 3 min
under magnetic stirring. Cyclic voltammetry (CV) was used
to evaluate the electrochemical behavior of c-Ag/rGO
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modified GCE in the aqueous solution of 5 mM KsFe(CN)s
and 1 M KCI with the potential range of -0.2~0.7 V vs. SCE
at a potential scan rate of 50 mV/s. Differential pulse
voltammetry (DPV) measurements were performed in 0.05
M PBS (pH = 7.0) solution containing 5 mM UA with step
height of 4 mV, pulse height of 25 mV and frequency of 10
Hz to determine the electrochemical activity of c-Ag/rGO-
modified GCE for UA. Linear sweep voltammetry (LSV)
was recorded in 0.05 M PBS containing 1 mM UA with the
range from 0.1 to 0.7 V vs. SCE at scan rate of 10~200 mV/s.
The amperometry traces was recorded on c-Ag/rGO
polarized at 0.38 V vs. SCE upon successively adding UA
into 0.05 M PBS solution under constant stirring. To evaluate
the stability, reproducibility and selectivity of the sensor,
amperometry method was used at 0.38 V vs. SCE in 0.05
mM PBS solution (pH 7.0) containing 20 pM UA. For
selectivity, 2 mM of each interference compounds was
successively added to the UA detecting solution. The real
sample analysis was performed using the standard addition
method. Before the measurement, all urine samples collected
from the colleagues in our lab were diluted to 1000 times
with PBS solution (pH 7.0) without other pre-treatment
process. The standard addition method was used for testing
recovery rates. Each experiment was repeated 3 times.

3. Results and discussion

3.1. The preparation of c-Ag/GO

Phase transfer

— - OJ\fNH; ;NHT

The preparation process of c-Ag/GO nanocomposite is
illustrated in Figure 1. Firstly, TOAB-stabilized AgNP was
synthesized in toluene. After an aqueous cysteine solution
was added to the as-prepared AgNP toluene'mixture, phase
transfer of AgNP was initiated under vigorous shaking, with
complete transfer across the phase boundarysin afew minutes
(Figure la and 1b). The transfer yield is high with very few
AgNP remaining in the toluene phase. Itis proposed that the
ligand exchange happens on phase transfer process through
metal-thiolate bond formation due to the high affinity of
sulfur for Ag.[26, 33] Comparing the XPS spectra of AgNP
before and after phase transfer, identified this ligand
exchange process, with the upshift of binding energy of Ag
3d and disappearance of the Br 3d peak after phase transfer
(see Supporting Information;, Figure S1). Afterwards, the
cysteine-stabilized AgNP were-tightly immobilized onto GO
sheets through covalent bond via mixing and stirring in the
aqueous solution {Figure 1c),which will be characterized
hereinafter. The finally obtained c-Ag/GO nanocomposite
showed the excellent water dispersion stability, with no signs
of coagulation.after threesmonth standing (Figure 1d).

This preparation, process of c-Ag/GO was also monitored
by UV4vis spectra (Figure 2). AgNP has a distinct surface
plasmon. resonance (SPR) absorption at 388 nm in toluene
(Figure 2a). After PT, the SPR wavelength of AgNP in water
(389 nm) slightly red-shifted, which could arise from the
combined effect of the change in refractive index of the
solvent (from toluene to water) and adsorbed ligand
molecules (from TOAB to cysteine).[33]

b
et

Figure 1. Schematic illustration for the preparation of c-Ag/GO nanocomposite: (a) TOAB-stabilized AgNP in toluene before phase
transfer, (b) cysteine stabilized-AgNP in water after phase transfer, (c) the immobilization of c-Ag onto GO in water, (d) graphic
presentation of covalent linkage between c-Ag and GO, and photo of stable and well-dispersed ¢c-Ag/GO nanocomposite after stored in

water for 3 months.
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Figure 2. (a) UV-vis absorption spectra of water and toluene phases
before and after PT, (b) UV-vis absorption spectra of GO, c-Ag and
c-Ag/GO in water.

Meanwhile, the almost disappeared SPR peak for toluene
solution indicated complete transfer of AgNP into water.
From Figure 2b, the formed c- Ag/GO nanocomposite
exhibits the two peaks at 230 and 300 nm corresponding;to
the characteristic absorptions of GO,[9] and one peak-at,382
nm belonging to the SPR of AgNP. This SPR peak shows 7

D =50+08 nm
mean

s e oy
35 40 45 50 55 60 65 2nm
D (nm)

nm blue-shift relative to that for c-Ag, possibly due to the
presence of GO with large refractive index.[33] Additionally,
no broadening of SPR peaks was observed for all tested Ag
nanoparticles, reflecting that AgNP can retain, their original
size and dispersity through the whole < transfer and
immobilization process.

3.2. The morphologic and structural analysis of c-
Ag/GO

The morphology and particle "sizeof. c-Ag/GO were
analyzed by TEM. Figure 3a shows the smooth and wrinkled
structure of uncovered GO sheets. After combined with c-Ag,
the GO sheets are uniformly decorated by AgNP (Figure 3b)
with high loading density (the number of AgNP on the unit
area of GO sheet ~ 3.59x10* per um?). From the magnified
image of Figure 3c, thesé immobilized AgNP are well
dispersed on GO sheet without any aggregation. By means of
statistical counting from_TEM image, the average size of
AgNP on GOnis determined to be 5+0.9 nm, assuming a

narrow size_ dispersity (Figure 3d). The HRTEM image of c-
Ag/GO shows the clear lattice fringes of nanoparticles as
markedain Figure: 3e with a d-spacing of 0.236 nm,
correspoending well to the (111) lattice plane of Ag. The
SAED pattern (me inset of Figure 3e) also presents two sets
of diffraction spots corresponding to the Ag (111) and (311)
lattice| planes, demonstrating the crystalline nature of the
AgNP on"GO. Additionally, the EDS result shows the
element composition of c-Ag/GO containing C, O, Ag and S
elements, and Cu element here comes from the copper mesh
for. TEM characterization, verifying that c-Ag are
successfully deposited on GO sheets (Figure 3f).

Intensity (a.u.)

8 10)

,f' 0 2

4 6
Energy (keV)

Figure 3. TEM images of (a) GO and (b), (c) c-Ag/GO, (d) the particle size distribution of AgNP on c-Ag/GO (N: the total amount of
nanoparticles for “statistical counting), (¢) HRTEM image and SAED pattern (inset) of c¢-Ag/GO, (f) EDS of c-Ag/GO.
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Figure 4. (a) FTIR spectra of GO, cysteine, c-Ag and c-Ag/GO. (b)
Raman spectra of cysteine, c-Ag and c¢-Ag/GO. Inset: the
amplifying Raman spectra in the wavenumber range from 60 to 400
cm* of Figure 4b.

The chemical structure of c-Ag/GO was probed by FTIR
and Raman spectra in Figure 4. From Figure 4a, c-Ag and c-

(a) Cis

c=C/C-C

Intensity (a.u.)

T T T T T
276 279 282, 285 288 291 294
Binding energy (eV)

(©) [sz

Intensity (a.u.)

T T T T T T T T
156 158 160 162 164 166 168 170 172 174
Binding energy (eV)

Ag/GO almost inherit the FTIR spectrum profile of cysteine,
proving the presence of cysteine in c-Ag and ¢c-Ag/GO as a
capping and bridging agent. Specifically, the S-H vibration
band at 2587 cm™* and N-H stretching band at,2083 cm™ are
clearly seen in the FTIR spectrum of <free, cysteine
molecule.[34] The vanishment of the S-H wibration band in
the spectra of c-Ag and c-Ag/GO can be attributed to
formation of metal-thiolate linkage between AgNP and
capping cysteine molecule.[34, 35] Also, »the® obvious
decrease in intensity of N-H stretching band in the spectrum
of ¢c-Ag/GO presumably suggests that there,exists a certain
bonding interaction between “¢-Ag and GO. Further
comparing with GO, the disappearance of band at 1729 cm*
(carboxyl group in GO) and appearance of new band at 1582
cm? (secondary amide greup).in the spectrum of c-Ag/GO
demonstrate the formation of-amide bond between cysteine
and GO,[27, 36] reflecting that the cysteine-stabilized AgNP
were immobilized‘on, GO sheets by amide bond. The Raman
spectrum of c-Ag/GO in Figure 4b shows three characteristic
peaks at 5614786 and 1093 cm, resulting from the C-C
stretching, .©=C-0 'bending and C-H bending in cysteine
component respectively,[37] and two strong peaks assigned
to D (@355 cm?®)“and G band (1600 cm?) of GO,[38]
indicating cysteine and GO have been included in the c-
Agl/GO nanocomposite. Furthermore, a weak peak at 225 cm-
! can bé detected for c-Ag and c-Ag/GO (inset), revealing the
formation of S-Ag bond between cysteine and AgNP,[25, 39]
which isconsistent with the result of FTIR.

(b)

Intensity (a.u.)

T T T T T T T T
392 394 396 398 400 402 404 406 408 410
Binding energy (eV)

—_
Q
—

Ag3d

Ag3d,,

Ag3d,

Intensity (a.u.)

T T T T T T T T
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Figure 5. High resolution’XPS of C 1s, N 1s, S 2p and Ag 3d over c-Ag/GO nanocomposite.
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Figure 6. (a) Photos of E. coli bacteria colonies cultivated on agar plates after.contactwith the antimicrobials of different concentrations. E.
coli viability after treated by (b) c-Ag/GO and (c) one-pot Ag/GO of different concentratigns.

The elemental composition and valence state of c-Ag/GO
were further investigated by XPS measurement. C 1s core-
level spectrum of c-Ag/GO in Figure 5a consists of five
component peaks, which are related to the different carbon
bond structures in GO and cysteine, including’ C-CIC=C
(284.4 eV), C-N (285.5 eV,), C-O/C-S (286.6 eV), O=C-N
(287.6 eV, assigned to amide linkage) and O=C-O (288.7
eV).[27] N 1s spectrum in Figure 5b can be decomposed into
two components, and the binding energy at=399:0 eV is
assigned to -NH, group in cysteine and that at 400.1 eV to
O=C-N group in the amide linkage between, cysteine and
GO.[40] Moreover, the deconvolution of S™2p spectrum
(Figure 5c) results in two subpeaks at 1624 and 163.4 eV,
which are ascribed to S-Ag and, S-C bonds respectively,[41,
42] indicating of the formation of metal-thiolate linkage
between AgNP and capping-cysteine, molecule. Ag 3d
spectrum in Figure 5d shows two feature peaks at 368.1 eV
(Ag 3dsp) and 374.1 eV (Ag 3dsp) with the binding energy
separation of 6.0 eV, which is_characteristic of metallic
Ag,[43, 44] indicating the successful.anchoring of AgNP on
GO.

The above results unveil _that the cysteine biomolecule
plays a critical frole bothasin rapid phase transfer of AgNP
from toluene to 'water and subsequently fixing AgNP on GO,
which is totally differentfrom the functions of cysteine in the
previous [ reportedy cysteine  capped-AgNP/graphene
nanocompasite [5-7] due to the distinct preparation process.
Here, the resultant c-Ag/GO nanocomposite enjoys high

nanoparticle/ loading density, improved particle size and
monodispersity, as well as the excellent water dispersibility,
which would render it a promising potential in a variety of
biological applications. To further highlight the advantages
of.the preparation method for c-Ag/GO, the control sample
Ag/GO was also prepared by conventional one-pot method.
As seen in Figure S2a and S2b, the average size of AgNP in
one-pot Ag/GO is 14+6 nm, showing the relatively larger

particle size and wider size dispersity than c-Ag/GO. This
structural difference between two samples was also reflected
from UV-vis spectra in Figure S2d, with one-pot Ag/GO
producing a red-shifted and broadened SPR absorption
relative to c-Ag/GO. Furthermore, to verify the different
binding force between AgNP and GO, these two samples
were executed with ultrasonic treatment (US) under the same
conditions and their TEM images and UV-vis spectra after
US are displayed in Figure S2c, S2d and Figure S3
respectively. There is no obvious change for c-Ag/GO in
nanoparticle morphology, loading density, and SPR
absorption after US, demonstrating the robust linkage
between AgNP and GO originated from covalent bridging
effect of cysteine. Contrarily, for one-pot Ag/GO, only
limited number of AgNP remain on GO sheet after US, along
with the great decrease in SPR intensity, indicating that a
large amount of AgNP have been detached from GO during
vigorous US treatment due to the weak interaction between
AgNP and GO.
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3.3. Antibacterial property of c-Ag/GO

Table 1. The comparison of MBC (MIC) against E. coli between this work and the literatures.

Materials Preparation method Size of AgNPs (hm) MBC (ug/mL) Ref.
Ag/rGO Water-base 1~-5 30 [13]
Ag/rGO Water-base 5 12.5 (MIC)? [14]
Ag/GO Water-base 9.4+2.8 30 [8]
Ag/GO Water-base 10~100 47 (MIC) [16]
Ag/GO Water-base 5~15 200 [17]
Ag/GO Water-base 10~70 10 (MIC) [15]
Ag/GO Two-phase 7.2 100 [19]
Ag@Fe203/GO Two-phase 2~7 43 [21]
Cysteine-Ag/rGO Water-base ~35 100 (uL)® [6]
Cysteine-Ag/rGO Water-base <50 600 [5]
Ag/GO Water-base 1446 30 This work
c-Ag/GO PT-assisted 5.9 10 o This work

@Minimal inhibitory concentration (MIC): the lowest nanomaterial concentration where no'bactefial growth was visualized. Generally,
MBC is greater than or close to MIC.[8] ® The concentration of antibacterial agent used‘Was not mentioned.

The most important application of AgNP/graphene
nanocomposite is as a broad-spectrum antimicrobial. The
antibacterial activities of c-Ag/GO and one-pot Ag/GO were
evaluated via a colony-forming count method by choosing E.
coli as the model waterborne pathogen. Figure 6 shows the
antibacterial activities against E. coli over the different
concentration of antimicrobials. It can be seen that the
number of bacterial colonies decreased with the increase/of
the concentration of antimicrobials. The antibacterial activity
is signified by the minimal bactericidal concentration (MBC)
that is defined as the lowest concentration of antimicrobial
for killing 99% of bacteria in the culture medium. c-Ag/GO
exhibits the MBC of 10 pg/mL, which is lower than that,of
one-pot Ag/GO (30 ug/mL, shown in Figure S4) and even
below the MBCs of previously reported AgNP/graphene
nanocomposite as listed in Table 1, indicatingsthe remarkably
improved antibacterial capability of c¢-Ag/GO. Several

possible mechanisms have been propo\%d for the
antibacterial behavior of AgNP-GO _nanocomposite,

including specific-interaction of AgNP with bacteria,
releasing Ag* ions to interfere with'bacterial DNA, oxidative
stress generated by reactive oxygen, species (ROS), and a
synergetic antibacterial effect of AgNP andGO.[6, 17] Here,
the enhanced antibacterial performance of c-Ag/GO can be
attributed to the following aspects: (1) small and
monodispersed AgNP lead to a high.antibacterial activity due
to the large specific surface area; ease cell penetration, and
more ROS generation; (2) the cavalent bridging by cysteine
between AgNP and GO can:provide a good binding stability
to avoid the detachment/f AgNP during the antibacterial
process;[6] (3) “the introduction of biomolecule cysteine
promotes the compatibility and contact of nanocomposite
with bacteria,[5] further improving the antibacterial activity
of c-Ag/GO.

3.4. UA detectionperformance of c-Ag/GO
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Figure 7. (a) CV curves of bare GCE and c-Ag/rGO in the aqueous
solution of 5 mM KaFe(CN)s and 1 M KCI at a potential scan rate
of 50 mV/s. (b) Stability of CV curves of c-Ag/rGO in the same
solution.

As an example of another potential application for
AgNP/graphene nanocomposite, the biosensor based on c-
Ag/rGO modified glassy carbon electrode (GCE) for
detecting uric acid was investigated. The c-Ag/rGO modified
electrode was obtained by in-site electrochemical reduction
of c-Ag/GO modified electrode, and its electrochemical
behavior was firstly evaluated in the aqueous solution of

Page 8 of 13
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Ka4Fe(CN)s and KCI. From Figure 7a, both CV cycles of c-
Ag/rGO and bare GCE show a pair of oxidation and
reduction peaks owing to Fe3*/Fe?*. It is clear that the CV
peak current of c-Ag/rGO are much higher than that of bare
GCE, revealing the improved electrochemical activity of
modified electrode. Moreover, the redox peak separation of
c-Ag/rGO (84 mV) is just slightly bigger than that of bare
GCE (76 mV), implying the small charge transport resistance
of modified layer attributed to the interconnected conductive
rGO sheets and tightly binded individual AgNP. Additionally,
Figure 7b shows that c-Ag/rGO almost retains the original
shape of CV curve after multi-cycle CV measurements,
demonstrating its good electrochemical stability, which is
probably related to strong binding force between AgNP and
rGO via cysteine bridging effect.

As a primary product for purine metabolism, the abnormal
concentration levels of UA in urine and serum will lead to
the symptoms of gout and hyperuricemia.[45-47] Thus, the
detection of UA from the simulated humoral environment is
of great significance. Figure 8a shows the DPV curves of c-
Ag/rGO and bare GCE in 0.05 M PBS (pH = 7.0) solution
containing 5 mM UA. An oxidation peak due to UA was
detected at 0.38 V vs. SCE for two electrodes, while the peak
current on c-Ag/rGO at this potential is greatly higher than
that on bare GCE, indicating that c-Ag/rGO nanocomposite
exhibit a significantly enhanced electrocatalytic activity for
UA oxidation, which may results from the enlarged,
activated surface of c-Ag/rGO for fully contacting with UA
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molecules and its good conductivity for electron transfer.
The electrocatalytic oxidation of UA on ¢c-Ag/rGO was also
tested at different scan rates as depicted in Figure 8b. The
oxidation peak current increases linearly with'the square root
of the scan rate in the range of 10 to 200 mV/s, suggesting
that electrochemical reaction process is controlled bythe
diffusion of UA, and further proving the fast charge transfer
characteristic of the modified layer. The-amperometry traces
in Figure 8c was recorded on c-Ag/rGO polarized-at 0.38 V
vs. SCE upon successive adding UA inte.PBS solution under
constant stirring. The anodic current increases abruptly after
each addition of UA, and reaches a plateau in a very short
time (< 0.5 s), indicating a guick and stable response to UA
amount change. The limitation of detection (LOD) for c-
Ag/rGO measured at a.signal-to-noise ratio (S/N) of 3 is
0.025 puM (inset of /Figure-8e€)."In addition, the current
response of this sensor shows a well-defined linear
relationship to the eoncentration of UA in the range of
0.025~50 puM (R=0.998)rand 200~2250 uM (R=0.999) with
sensitivity of 6:76 and 0.98 (LA/mM) respectively (Figure
8d). All the.above values obtained from c-Ag/rGO are found
to greatly surpassithose of previously reported noble-metal-
loaded-graphene madified electrodes for detecting UA as
listed«in, Table 2, evidencing the advantages such as high
sensitivity, low LOD and wide linear range of ¢c-Ag/rGO for
UA detection.
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Figure 8. (a) DPV curves of bare GCE and ¢c-Ag/rGO modified GCE in 0.05 M PBS (pH=7.0) solution containing 5 mM UA. (b) LSV
curves of c-Ag/rGO at:scanate of 10~200 mV/s in PBS containing 1 mM UA, Inset: plots of peak current vs. the square root of the scan
rate. (c) The amperometry traces recorded on c-Ag/rGO polarized at 0.38 V upon successive adding UA into PBS solution under constant
stirring. Inset: the current response at the LOD concentration of UA. (d) The calibration curves at a concentration range of 0.025~50 (the

inset) and 200~2250 uM.
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The c¢-Ag/rGO sensor was further investigated by
amperometry method at 0.38 V vs. SCE. Five parallel c-
Ag/rGO electrodes were made to evaluate the reproducibility,
and their current responses to UA (20 uM) were almost the
identical with the relative standard deviation (RSD) of 2.07%
(Figure S5a), confirming that the preparation method for c-
Ag/rGO was highly reproducible. One c-Ag/rGO electrode
stability was estimated by measuring its current responses to
UA (20 pM) repeatedly for 10 days. There is no obvious
current change for these repeated measurements and the RSD
was found to be 3.94% (Figure S5b), indicative of the
excellent stability of c-Ag/rGO electrode, which may results
from the combined factors including the strong binding
between AgNP and rGO, the anti-fouling behavior of
cysteine  on the electrode surface,[48] and the
electrochemical stability of cysteine protective AgNP during
detection process.[49] To investigate the selectivity of the
sensor for detecting UA, several possible interference

molecules involving ascorbic acid (AA), dopamine (DA),
glycine, glucose, lysine, NaNOs, KCI, NaSOs and
acetaminophen were added successively into the UA

detecting solution, and no significant current interference
was observed (Figure S6), demonstrating that c-Ag/rGO is
highly selective to sensing UA. Finally, the c-Ag/rGO
electrode was used in real urine sample analysis by standard
addition method, and the results were listed in Table S1. The
recovery rates of the spiked samples are checked in a range
from 97.67% to 104.00%, confirming the reliability of ‘c-

Ag/rGO modified electrode for UA determination in real
urine samples.

4, Conclusion

¢-Ag/GO nanocomposite was prepared by_using cysteine
as a high-effective phase transfer agent for moving AgNP
synthesized in toluene to water andasubsequently as a
covalent linkage for fixing AgNP on GO. FTIR and XPS
results demonstrate that the bridging effect of cysteine
biomolecule between AgNP and /GO was, achieved via the
formation of S-Ag and amide bonds. As the illustrations of
application, c-Ag/GO and its.derivatives c-Ag/rGO were
used for antibiosis and/ biosensing respectively. The
antimicrobial c-Ag/GO shaws the high antibacterial activity
against E. coli with the.sminimal,bactericidal concentration of
10 pg/mL. And the biosensor based on c-Ag/rGO exhibits
the rapid and sensitive response/for uric acid detection with
the detecting limit of 0.025 uM, sensitivity of 5.76 pA/mM,
and wide linear range of 0.025~2250 uM. The comparative
analysis with relevant nanocomposites also demonstrates the
advantages of» c-Ag/GO in these applications. These
outstanding performances of c-Ag/GO can be attributed to its
superior-_features including high nanoparticle loading
efficiency;. small particle size and monodispersity, strong
binding/force;-and good water dispersibility. Besides, the
developed phase-transfer-assisted method provides a new
avenue forpreparing water-soluble and size-controlled metal
nanoparticle immobilized graphene nanocomposites for
broad applications.

Table 2 The comparison of linear range, LOD and sensitivity for UA detection from literatures and this work.

Electrode material Linear range (1M) LOD,(uM) Sensitivity (LA/puM) Ref.
Ag/rGO 10~800 8.2 0.39 [50]
Ag/rGO 35~300 0.30 0.26 [47]
Au/rGO 2~62 0.2 (~0.066) [51]
Au/GO 8.8~53 1.8 0.5 [32]
P/rGO 0.05~11.85 ™ 0.05 0.4119 [52]
PH/rGO 10~130 0.45 0.042 [53]

Pd-Ag/rGO 1.0-150 0.081 (~0.05) [54]
Au-Pt/rGO 0.125~82800 0.0407 -0.6913 [55]
Ag/Zeolite 0.05~0:7 0.0251 19.2975 [56]
c-Ag/rGO 0.025~50.200~2250 0.025 5.76, 0.98 (WA/mM) This work
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