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Abstract

This work describes the preparation of bimetallic Cu-Pd nanoparticles (NPs) on supports like reduced graphene oxide
(rGO), graphitic carbon nitride (g-C3N,4) and MoS, sheets with a size of <10 nm. rGO is found to be the best support
for synthesizing Cu-Pd NPs with controlled shape, size and oxidation state. The Cu-Pd/rGO nanocomposite also
demonstrated the best peroxidase and oxidase mimicking activity compared to Cu-Pd/g-C;N4 and Cu-Pd/MoS, nano-
composites. The peroxidase mimicking activity of Cu-Pd/rGO was investigated in more detail, and a glucose oxidase
(GOx) based glucose sensor was constructed that is based on the enzymatic formation of HO, and the Cu-Pd NPs-
assisted oxidation of tetramethylbenzidine by H,O, to give a blue-green coloration with absorption maxima at
652 nm. The assay has a 0.29 uM detection limit and a detection range that extends from 0.2 to 50 uM. The method
was applied to the determination of glucose in diluted serum samples, and results compared well to those acquired
with a clinical analyzer. The method also was applied in a colorimetric paper-based test stripe that can detect glucose
within 10 min.

Keywords 2D nanosheets - 3,3',5,5'-Tetramethylbenzidine - Colorimetric assay - Glucose assay - Paper device - Enzyme mimic

Introduction

Nanomaterials composed of metals [1], metal oxides and
sulphide [2, 3] and carbon based nanostructures [4]
can exhibit oxidase, peroxidase, catalase or superoxide
dismutase mimetic activity. Bimetallic nanoparticles, a
class of materials offering synergistic effects via cooper-
ative interactions resulting in enhanced catalytic activity,
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promoted electron transfer, biocompatibility and in-
creased surface area than the corresponding monometal-
lic systems [5]. Bimetallic nanozymes like Au-Pd bime-
tallic nanocomposites [6], core-shell Au-Pd/MoS, [7],
Pt-Ag NPs on ultrathin MoS, [8] etc. as efficient perox-
idase mimics has been explored. Considering the multi-
enzyme mimic activity and excellent catalytic properties,
noble metals like Pd, Pt and Au with transition metals,
metal oxides and carbon materials have been widely in-
vestigated. Nanomaterials of Pd are worth mentioning as
they behave as promising enzyme mimics and are exten-
sively used in biological detection, immunoassay etc.
However, its high cost persuades researchers to fabricate
bimetallic Pd catalyst with low cost transition metals
capable of rendering improved activity via modification
of the structural and electronic properties of the active
catalytic sites [9]. In this respect, Cu which is cheaper
and possess high natural abundance is widely applicable
as a catalyst [10], sensor [11], in biomedicine [12] and
can be a good alloying partner for Pd. Theoretical stud-
ies have triggered increasing interest in the nano alloys

@ Springer



Page 2 of 10

Microchim Acta

of Pd and Cu which acts as highly active catalyst in the
CO oxidation [13], oxygen reduction reaction [14], re-
duction of nitroaromatics and hexavalent chromium [15]
etc. Considering the superior activity of Cu-Pd alloy
nanoparticles in different reactions and the noteworthy
contribution of individual Pd and Cu as artificial en-
zymes, it is expected that the Cu-Pd alloy system can
behave as superior intrinsic enzyme mimetics.

Improving the nanoparticles’ physical and chemical
properties via interaction with a support material is an-
other subject of profound interest. Two-dimensional (2D)
nanomaterials possessing sheet like structures are an
emerging class of nanomaterials whose renaissance is
marked with the discovery of graphene in 2004 [16].
Graphene, a one atom thick sp® hybridized carbon atom
exhibits exceptional properties and acts as excellent sup-
port for anchoring metal nanoparticles. A number of
monometallic and bimetallic nanoparticles like Au, Ag,
Pd, Au-Pd, Pd-Ru etc. have been synthesized on
graphene exhibiting significant catalytic properties [17].
These sensational properties revitalized work on other
2D materials like graphitic carbon nitride (g-C;Ny)
[18], transitional metal dichalcogenides (TMDs) [19]
etc. g-C3Ny and MoS, nanosheets are amongst emerging
2D materials finding application in numerous areas. g-
C53Ny is environment friendly, inexpensive and possesses
appreciable thermal and chemical stability, tunable elec-
tronic structure [20], high fluorescence quantum yield
and biocompatibility. MoS,, a lamellar structured TMD
is an attracting material with widespread application in
catalysis [21], energy storage [22] etc. Thus, developing
Cu-Pd nanoparticles on such fascinating 2D support
would significantly enhance the properties of individual
Cu, Pd and the 2D support as well as add newer proper-
ties to the nanocomposite and is expected to behave as
good enzyme mimicking nanomaterial.

Nanoparticles exhibiting peroxidase activity are
capable of catalyzing 3,3',5,5'-tetramethylbenzidine
(TMB) in presence of H,O, to blue colored 3,3',5,5'-
tetramethylbenzidine diimine (TMBDI) exhibiting an ab-
sorbance maxima at 652 nm. This less cost effective col-
orimetric assay can be utilized as a podium for the detec-
tion of molecules like glucose [23]. Glucose is indispens-
able in life cycles and alterations in its level cause’s dis-
orders of kidneys, heart, etc. [24]. Thus, detecting glucose
concentration in real time is mandatory. Paper based ana-
lytical devices, a class of disposable devices possessing
the benefits of self pumping, low cost and availability has
drawn attraction in microfluidic research on the develop-
ment of biosensors and electronic applications for the
point of care diagnostics [25].

This work demonstrates the synthesis of Cu-Pd nano-
particles on 2D sheets namely reduced graphene oxide
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(rGO), g-C3N4 and MoS, demonstrating enzymatic perox-
idase and oxidase like behavior. Amongst all the nano-
composites, Cu-Pd/rGO exhibited excellent and higher
peroxidase activity for oxidation of TMB, 2,2'-azino-
bis(3-ethylbenzo-thiazoline-6-sulfonic acid) diammonium
salt (ABTS) and o-phenylenediamine (OPD) in presence
of H,O,. Additionally, Cu-Pd/rGO exhibited oxidase like
activity capable of oxidizing TMB in absence of H,O,. A
colorimetric glucose detection assay was reported based
on the colour change of TMB with the catalytic reaction
of glucose with glucose oxidase (GOx). Furthermore, a
portable paper based analytical device embedded with
the Cu-Pd/rGO nanocomposite was designed for the point
of care diagnosis of glucose.

Experimental
Materials

Details on materials is provided in the Electronic Supplementary
Material (ESM).

Synthesis of GO, g-C;N, and MoS, nanosheets

Graphite oxide was synthesized by Hummers and Offemann’s
method followed by ultrasonication to obtain graphene oxide
(GO) sheets [26].

For 2D g-C3Ny, urea (15 g) was calcinated at 550 °C for 3 h at
5°C min"" to obtain a yellow product which was ultrasonicated
in water to obtain g-C3N,4 nanosheets (10 mg mL ™).

For MoS, nanosheets, sodium molybdate (0.62 g) and thio-
urea (2.74 g) was mixed in water and transferred to a autoclave
and heated at 200 °C for 12 h. Resulting solid was collected
and dispersed in water to obtain MoS, sheets (10 mg mL ™).

Preparation of Cu-Pd/rGO, Cu-Pd/g-C3N,
and Cu-Pd/MoS;, nanocomposites

For Cu-Pd/rGO nanocomposites, Cu(CH;C0OO),.H,0
(23.9 mg) and PdCl, (21.2 mg) was dissolved in 16 mL
H,O in 1:1 millimolar ratio followed by the addition of
10 mL of GO (10 mg mL ™). To the reaction mixture
trisodium citrate, 20.6 mg dissolved in 7 mL H,O was added
dropwise followed by addition of ascorbic acid, 70.4 mg in
7 mL H,0 and heated at 80 °C for 3 h. The solid product was
washed with water and ethanol five times and dried to obtain
Cu-Pd/rGO nanocomposite. Three different Cu-Pd/rGO nano-
composites were synthesized where millimolar ratios of pre-
cursors Cu(CH;COO),.H,O and PdClI, were 1:1, 1:2 and 2:1
and designated as Cu-Pd 1/+GO, Cu-Pd 2/rGO and Cu-Pd
3/rGO, respectively. Monometallic Cu/rGO and Pd/rGO were
synthesized adopting similar procedures by mixing either
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Cu(CH5COO0),.H,0 or PdCl, with GO to obtain Cu/rGO and
Pd/rGO, respectively.

Likewise, nanocomposites of g-C3N4 and MoS, were syn-
thesized replacing GO with g-C3N,4 and MoS; to form Cu-Pd/
g-C3N, and Cu-Pd/MoS, nanocomposites, respectively. The
Cu-Pd/g-C;N, and Cu-Pd/MoS, nanocomposites were syn-
thesized using 1:1 millimolar ratios of precursors
CU(CH3COO)2H20 and PdC12

Instrumental techniques

Details instrumental techniques are provided in the ESM.

Peroxidase like activity

The peroxidase like activity was investigated through the cat-
alytic oxidation of TMB, ABTS and OPD in presence of
H,0,. To a 3.5 mL sodium acetate buffer (pH 4), 0.250 mL
0of 0.01 M TMB, 0.05 mL of 100 mM H,0, and 0.025 mL of
Cu-Pd/rGO nanocomposite (1 mg mL ") was added and incu-
bated for 10 min followed by monitoring the absorbance at
652 nm by a UV-visible spectrophotometer. Parameters like
effect of different catalysts, catalyst concentration (1 mg mL ™"
—12 mg mLﬁl), pH (2 to 9) and temperature (25 °C — 55 °C)
were analyzed. Kinetics analysis was carried out by changing
the concentration of either TMB (0.02—10 mM) or H,O, (10—
400 mM) at a time and keeping the other constant. The absor-
bance data were converted to concentration values using the
Beer—Lambert law with a molar absorption coefficient of
39,000 M~ em ™" at 652 nm for TMB—derived oxidation
products. Typical Michaelis-Menten curves and correspond-
ing Lineweaver-Burk double reciprocal plot gives the value of
Michaelis constant (K,;,) and maximum rate of conversion
(Vmax) on the basis of the following equation

L_(Km (1N (1 |
v \Vmax/ \[S] Vmax (1)
Glucose detection in standard and real samples

0.1 mL of 10 mg'-mL ™" glucose oxidase (GOx) and 0.1 mL of
glucose at different concentrations (I uM—1 mM) in phos-
phate buffer solution (10 mM, pH 7.0) was incubated at
37 °C for 30 min. This was followed by addition of 0.3 mL
of 20 mM TMB, 0.05 mL of Cu-Pd/rGO (7 mgmL ") and
2.5 mL sodium acetate buffer (pH 4). The entire solution was
incubated for 10 min at 35 °C and the absorbance at 652 nm
was noted to prepare the standard calibration plot for glucose.
The selectivity of this process was analyzed against glucose
analogues maltose, fructose, lactose, dopamine; L-cysteine
and ascorbic acid in a similar way but the concentration of
all other molecules were 10 times stronger than glucose. For

real sample analysis, blood serum were collected from human
volunteers from CSIR-NEIST Jorhat, Assam, India and cen-
trifuged at 4000 rpm for 5 min. The collected supernatants
were diluted twenty times using phosphate buffer solution
and used for further measurements. The absorbance at
652 nm was then monitored using UV—vis spectrophotometry.

Construction of a paper analytical device for glucose
detection

Filter paper was cut in the shape of a straight strip of length
30 mm and width 6 mm possessing a circular head of 10 mm.
The strips were washed with hot DI water and coated with
0.5% polyvinyl alcohol (PVA). They were further coated with
0.2 mL of Cu-Pd/rGO nanocomposite (7 mg mL™") followed
by administration of GOx solution (100 uL of 10 mgmL™)
and then allowed to dry at 45 °C for 2 h in an air oven. After
drying, the circular heads were drop casted with freshly pre-
pared TMB (0.3 mL) and dried at room temperature. Next, the
feet of the paper were kept vertically in different petridishes so
that the paper remains immersed in glucose solutions of dif-
ferent concentrations (1-100 uM). The glucose solutions
moved up the paper due to capillary action and reached the
circular head within moments and oxidation of TMB was
immediately initiated resulting in production of blue colour
due to formation of TMBDI exhibiting absorbance maxima
at 652 nm. Depending upon the concentration of glucose pres-
ent the colour change on the head of the paper differs.

Results and discussions

Characterization of Cu-Pd/rGO, Cu-Pd/g-C3N,
and Cu-Pd/MoS, nanocomposites

Figure 1a shows the TEM images of the Cu-Pd/rGO nano-
composites. The TEM images of the Cu-Pd 1/fGO nanocom-
posites (Fig. 1a (a-c)) shows well dispersed spherical Cu-Pd
nanoparticles on the rGO layers with a narrow size distribu-
tion. HRTEM images of the Cu-Pd 1/+GO (Fig. 1a(b)) shows
the multi-phase structure with distinct interplanar spacing of
0.224 nm corresponding to fcc (111) plane of Pd and 0.201 nm
consistent with the (111) plane of fcc Cu. The average particle
size processed using Image J software from a population of 80
particles is found to be 4.36 +0.16 nm (Fig. 1a(c)). The TEM
image of Cu-Pd 2/rGO nanocomposites (Fig. 1a(d)) shows
agglomeration resulting from the increased Pd concentration.
The HRTEM image of the Cu-Pd 2/rGO nanocomposites (Fig.
la(e)) displays two different lattice fringes corresponding to
the (111) plane of Cu and Pd in a single nanoparticles with an
average size 0of 6.58 £0.31 nm calculated from a population of
50 particles. The TEM images of Cu-Pd 3/rGO nanocompos-
ites displays similar results with an average size of 5.74 +
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Fig.1 a TEM image (a), HRTEM
(b), size distribution histogram (c)
of Cu-Pd 1/GO; TEM image (d),
HRTEM (e), size distribution
histogram, (f) of Cu-Pd 2/rGO;
TEM image (g), HRTEM (h), size
distribution histogram (i) of Cu-
Pd 3/rGO nanocomposites; b
TEM image of g-C;Ny
nanosheets (a), Cu-Pd/g-C3Ny
nanocomposites (b, ¢), MoS,
nanosheets (d), Cu-Pd/MoS,
nanocomposites (e, f). Insets (b, e)
shows the size distribution
histogram and (c, f) shows the
corresponding HRTEM images

0.24 nm calculated from a population of 55 particles (Fig.
la(g-h)). The Cu-Pd nanoparticles synthesized using 1:1 ratios
of the metal precursors resulted in alloy nanoparticles of the
smallest size and well distribution. Further analysis on the
morphology of the Cu-Pd 1/rGO nanocomposites was studied
using high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and elemental map-
ping images as shown in Fig. S1. This confirms the presence
of both Cu and Pd highly dispersed on the rGO surface. The
TEM images of monometallic Cu/rGO and Pd/rGO are pro-
vided in Fig. S2 and discussed.

The TEM image of g-C3Ny (Fig. 1b (a)) exhibits layered
structure comprising of small sheets with wrinkles. The TEM
image of Cu-Pd/g-C3N,4 nanocomposites (Fig. 1b (b)) shows
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the presence Cu-Pd nanoparticles on g-C3N, nanosheets with
a heterogeneous distribution and average particle size of 6.7 =
0.09 nm calculated from a population of 52 particles. They are
also observed to be agglomerated in several areas. Fig. 1b (c)
reveals flower like aggregates of Cu-Pd nanoparticles on g-
C3Ny4 nanosheets and the HRTEM image (Fig. 1b (c) inset)
clearly depicts the presence of lattice fringes corresponding to
the fec Cu (111) and Pd (111) planes. The sheet like morphol-
ogy of the MoS, is also evident from Fig. 1b (d). The mor-
phology of the Cu-Pd/MoS, (Fig. 1b(e,f)) shows that the Cu-
Pd nanoparticles are non-uniformly dispersed on MoS, nano-
sheets forming the assembly of MoS, nanosheets and Cu-Pd
spherical nanostructures. The average size is found to be 7.94
+0.07 nm calculated from a population of 48 particles. Fig. 1b
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(f) reveals that the Cu-Pd nanoparticles have undergone ag-
glomeration over the MoS; surface and the HRTEM image
(Fig. 1b (f) inset) confirms the presence of both Cu and Pd
lattice fringes. A comparison of the TEM analysis of the Cu-
Pd nanoparticles synthesized on different supports shows that
rGO acted as a better support for dispersing smallest size Cu-
Pd nanoparticles homogeneously on its surface without con-
siderable agglomeration. However, both Cu-Pd/g-C5N4 and
Cu-Pd/MoS, nanocomposites underwent considerable ag-
glomeration with non-uniform distribution. TEM characteri-
zation thus clearly suggests that rGO behaves as a better sup-
port than both g-C5N4 and MoS, for synthesizing Cu-Pd
nanoparticles with smaller size and homogenous distribution.

Study on the chemical composition and the oxidation states
of all the nanocomposites were carried out using XPS analysis.
The low resolution XPS survey spectrum of all the nanocom-
posites is shown in Fig. S3 which displays prominent peaks
corresponding to Cls (284.97 eV), Ols (533 eV), Pd3d
(336.18 eV) and Cu2p (932.41 eV) for Cu-Pd/rGO; Cls
(284.96 eV), N1 s (396.21 eV), Pd3d (335.25 eV) and Cu2p
(934.34 eV) for Cu-Pd/g-C5N4; Mo3d (232.31 eV), S2p
(168.34 ¢V), Pd3d (336.37 eV) and Cu2p (935.58 eV) for
Cu-Pd/MoS, nanocomposites, respectively and their chemical
composition is provided in Table S1. The high resolution XPS
spectra for Cu-Pd/rGO along with monometallic Cu/rGO and
Pd/rGO are provided in details in the ESM (Fig. S4 and S5,
respectively) along with the XPS of Cu-Pd/g-C5N4 and Cu-Pd/
MoS; in Fig. S6. From the XPS analysis it is evident that both
Cu and Pd are present in (0) oxidation states in Cu-Pd/rGO
nanocomposite whereas they went substantial oxidation when
synthesized on g-C3N,4 and MoS; nanosheets to form Cu-Pd/g-
C3N, and Cu-Pd/MoS, nanocomposites. Detailed characteriza-
tions using other techniques like XRD, FESEM, DRIFT and
TGA are furnished in the ESM from Fig. S7-S11.

Enzyme like catalytic activity

Peroxidase like catalytic activity of the nanocomposites was
evaluated for TMB oxidation in presence of H,O, for 10 min
(Fig. 2a). All the catalyst effectively oxidizes TMB to blue
colour TMBDI exhibiting absorbance maxima at 652 nm.
The peroxidase activity of the catalysts follows the order
Cu-Pd 1/rGO > Cu-Pd 2/rGO > Cu-Pd 3/rGO > Cu-Pd/g-
C3Ny4 > Cu-Pd/MoS, > Cu/rGO > Pd/rGO. The results con-
firmed that bimetallic Cu-Pd alloy nanoparticles synthesized
in 1:1 millimolar ratio of the metal precursors and supported
on rGO exhibited highest peroxidase activity was thus used
for carrying out further enzyme catalytic activity. The high
catalytic activity of Cu-Pd/rGO compared to Cu-Pd/g-C;Ny
and Cu-Pd/MoS, nanocomposites is due to the small size and
well distribution of the nanoparticles as confirmed from TEM
analysis. This leads to increased surface area and high catalyt-
ic sites in Cu-Pd/rGO for the adsorption of TMB molecules.

Moreover both Cu and Pd in Cu-Pd/rGO nanocomposite are
present in (0) oxidation states and are thus stable in nature. On
the other hand the Cu-Pd nanoparticles supported on g-C3N4
and MoS, nanosheets are heterogeneously distributed and are
agglomerated in several areas. Additionally they possess larg-
er size than Cu-Pd/rGO nanocomposite which leads to de-
creased catalytic sites and hence lowered activity. Also, TGO
possess a large number of 7t electrons that can be transferred to
the bimetallic center creating a good network for electron
mobilization and easy adsorption by TMB. The amino groups
present on the TMB offers many lone electron pairs that could
pass the electrons to the nanocomposites and thus provide
easy access of electrons to reduce H,O,. H,O, gets converted
to H,O and consequently rate of TMB oxidation increases.
These factors contribute towards the high performance of
Cu-Pd/rGO nanocomposite to peroxidase mimicking activity.

The oxidation of TMB was also evaluated using Cu-Pd 1/
rGO catalytic system more commonly referred to as Cu-Pd/
rGO under different conditions as shown in Fig. 2b. From the
figure it is observed that both H,O, and Cu-Pd/rGO nanocom-
posite is required for efficient oxidation of TMB. The catalyst
with the best activity was further selected to examine its ability
to test the oxidation of other substrates like ABTS and OPD.
Cu-Pd/rGO is capable of catalyzing fast oxidation of TMB,
ABTS and OPD in presence of H,O, to give different colored
solutions and typical absorption curves are shown in Fig. 3a.
At the same time the Cu-Pd/rGO nanocomposites also cata-
lyzes the direct oxidation of TMB in absence of H,O, sug-
gesting the oxidase like behavior of Cu-Pd/rGO nanocompos-
ites (Fig. 3b). Thus, in conclusion, Cu-Pd/rGO nanocompos-
ites exhibited dual enzyme mimetic activity. The TMB oxida-
tion reaction was carried out further using Cu-Pd/rGO nano-
composite to analyze the dependence on pH, temperature and
catalyst loading as shown in Fig. S12. It is found that the TMB
oxidation was most effective at pH 4, with a 7 mg L™ catalyst
loading amount at 35 °C.

Kinetic studies of peroxidase like activity

Steady state kinetics was investigated using Cu-Pd/rGO under
optimal reaction conditions (pH 4, 7 mg L' Cu-Pd/rGO and
35 °C) using H,O, and TMB as substrates and by changing
the concentration of one substrate at a time while keeping the
other constant. A series of experiments were carried out and
the Michaelis Menten curves were found by changing the
absorbance values to their corresponding concentration using
the Beer Lambert’s law:

A= ETMBDI X € X L (2)

Where, ermppr = 39,000 M ' cm™! for TMB.
Fig. S13 (a) shows the Michaelis Menten kinetics for TMB
and H,0,. K,;, and V,,,« of the Cu-Pd/rGO enzyme mimic was
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Fig. 2 a UV-visible curves a g b
showing TMB oxidation as a Cu-Pd 1/rGO 18 ——TMB + Hy0; (1)
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calculated from the Lineweaver Burk plots (Fig. S13 a, b
insets) where the intercept gives V. and the slope gives
K. The kinetics parameters were calculated and summarized
in Table S2. All the experiments were carried out in duplicate.
The K, value (0.211 mM for TMB) exhibited by Cu-Pd/rGO
was found to be lower than horseradish peroxidase (HRP,
0.434 mM) indicating higher substrate affinity of Cu-Pd/
rGO than HRP. Moreover, the K,,, value was found to be lower
than the monometallic analogues as well as Cu-Pd/g-C3Ny4
and Cu-Pd/MoS, nanocomposites towards TMB. The K, val-
ue for Cu-Pd/rGO with TMB as well as H,O, is much lower
which indicates better efficiency of this material and the fact
that lower H,O, concentration is required for TMB oxidation.

Determination of glucose and selectivity study

Considering the enzyme mimic property of the Cu-Pd/rGO
nanocomposite, a colorimetric platform was designed for glu-
cose detection using TMB. As H,0, is the main product of the
glucose catalytic reaction by GOx, the TMB-H,O, reaction
couples with the glucose reaction to produce the blue colored
oxidized TMBDI exhibiting maximum absorbance at 652 nm.
GOx in presence of oxygen catalyzes the conversion of glu-
cose to gluconic acid and H,O, and the released H,O, cata-
lyzed by Cu-Pd/rGO reacts with TMB to produce TMBDL
The colour change from the converted TMB is then employed

700
Wavelength (nm)

600 650 700 750

Wavelength (nm)

750 800 500 550 800

for determining the glucose content. The calibration plot for
standard glucose detection is shown in Fig. 4a with a linear
detection range between 0.2 and 50 uM and limit of detection
0.29 uM. The selectivity for the process was studied consid-
ering lactose, maltose, fructose, dopamine, L-cysteine and
ascorbic acid (Fig. 4b) which shows the better selectivity of
Cu-Pd/rGO nanocomposites towards glucose. All the experi-
ments were carried out in duplicate. Comparative table for
glucose detection using other reported enzyme mimics is pre-
sented in Table 1 [8, 27-30]. Itis seen that the catalytic activity
of our synthesized Cu-Pd/rGO nanozyme is comparative to
many other reported nanozymes and in certain cases are even
better. The work reported by Nirala et al. on the peroxidase
activity of nanoporous palladium (II) bridged coordination
polymer outperforms the activity of our nanozyme in terms
of detection limit of 0.047 uM and range of glucose detec-
tion, 1-300 uM [29]. However, their enzyme could exhibit
only peroxidase like activity whereas Cu-Pd/rGO nano-
composite exhibited both peroxidase and oxidase like cat-
alytic activity and is also capable of oxidizing other perox-
idase substrates such as OPD and ABTS along with TMB.
Moreover, our nanozyme system could be repeatedly
reused upto five cycles without much loss in its activity
which is discussed in the next section. Thus, our designed
biosensor is reusable and sustainable in nature which im-
plies its utility in robust practical fields.

b 0.7

Fig. 3 a UV-visible spectra a 1.0

showing oxidation of TMB, OPD T™MB
and ABTS using Cu-Pd/rGO

nanocomposite (b) Oxidase like 0.8

activity of Cu-Pd/rGO
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Fig. 4 a Standard calibration plot a 0.3 b 1.0
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Glucose detection mechanism

The origin of glucose catalytic reaction is the generation of
hydroxyl radical (OH - ) from the decomposition of H,O, as
shown in following steps:

0, + Glucose 9%, H,0, + Gluconic acid (3)
H,0, —— OH- (4)

TMB (colorless) + OH- ~**4*%%, TMBDI (blue) + H,0 (5)

In presence of O, and GOx, glucose is oxidized to
gluconic acid along with release in H,O, (Eq. 3) which
gets adsorbed over the Cu-Pd/rGO nanocomposite surface
and via Fenton type reaction generates OH- radical (Eq. 4).
The formed OH- radical quantitatively oxidizes TMB pres-
ent in the reaction to the corresponding TMBDI (Eq. 5).
The generation of OH- radical was assessed by adding a
fluorescent probe terephthalic acid (TA) which reacts with
OH- to produce fluorescent 2-hydroxyterepthalic acid [31].
Original TA do not exhibit fluorescence under excitation
but glucose-GOx/TA system in presence of Cu-Pd/rGO
exhibits considerable fluorescence ~420 nm when excited
at 315 nm (Fig. S14). The glucose- GOx/TA system in
absence of Cu-Pd/rGO do not exhibit significant fluores-
cence signal thus suggesting that Cu-Pd/rGO nanocompos-
ites can decompose in-situ formation of H,O, from
glucose-GOx system to produce OH- radical.

0.04
Glucose (mM)

005 0.06

Glucose detection in real samples

The glucose determination technique can be extended to esti-
mate glucose in real samples like blood serum of human vol-
unteers as shown in Fig. S15. The glucose concentration de-
termined in blood serum from the standard glucose calibration
plot was found to be 5.89 and 4.74 mM. The glucose concen-
tration determined using our method agrees to that determined
using standard hospital method and is presented in Table S3
and thus we can successfully utilize our method to determine
glucose concentration in real samples.

Construction of paper based analytical device

To make the detection process more user friendly we ex-
tended the concept towards construction of a paper based
analytical device. A filter paper was used and the process for
construction of the paper strips is described in the
Experimental Section. The surface morphology of the paper
strips were studied using FESEM. The morphology of the
paper before PVA coating shows the porous structure of
cellulose (Fig. S16 (a, b)) which decrease after being coated
with 0.5% PVA solution (Fig. S16 (c, d)). PVA coating has
no effect on the morphology and porosity of the paper and
also helps to retain aqueous samples which have an affinity
to spread on normal paper. The FESEM images of Cu-Pd/
rGO nanocomposites coated paper strips clearly show the
presence of spherical Cu-Pd/rGO nanocomposites on the

Table 1 Comparison of

colorimetric methods for Catalyst Linear Range Limit of Ref.

determination of glucose using detection

peroxidase mimics
Bimetallic Bi/Pt 1-100 M 0.2 uM [27]
3D graphene/Fe;04 — AuNPs 0.02-0.19 uM 0.012 uM [28]
MoS,-Pt;4A g, nanohybrids 5-150 uM 1.2 uM [8]
Nanoporous palladium(II) bridged coordination polymer 1-300 M 0.047 uM [29]
FeOOH/N-doped carbon nanosheets 0.08 uM —0.8 mM 02 uM [30]
Cu-Pd/rGO nanocomposites 0.5 and 50 uM 0.29 uM This work
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Fig. 5 a Paper strip assay of Cu-Pd/rGO nanosensor using glucose of
varying concentration (b UV-visible spectra of the paper strips dipped in
different glucose solutions

paper matrix (Fig. S17 (a-c)). The porous nature of the cel-
lulose was completely coated with Cu-Pd/rGO nanocom-
posites and the EDX analysis confirms the presence of Cu
and Pd on the paper matrix (Fig. S17 d).

b

[\

Absorbance (652 nm)

Cycles

The head of the constructed paper strips after being coated
with nanocomposites were drop casted with freshly prepared
TMB and the feet of the paper was allowed to stand in glucose
solutions of varying concentrations. The glucose solutions
move up to the circular head of the paper strip via capillary
action and resulted in immediate colour change after interac-
tion with TMB their in. Depending upon the glucose concen-
tration, the oxidation of TMB and the colour generation varies
and as shown in Fig. Sa. The results were confirmed by
performing the solid state UV-visible analysis of the paper
strips as shown in Fig. 5b and maximum absorbance is noted
for the glucose solution with highest concentration. The col-
our change is significant and can be detected using bare eyes
and thus this study suggests that such types of user friendly
paper strip devices can be easily implemented for fast and
ready detection of glucose.

Reusability and sustainability of the Cu-Pd/rGO
nhanocomposites

Recyclability of the Cu-Pd/rGO was studied upto five cycles.
After each cycle, the catalyst was separated, washed with hot
water followed by acetone and dried in a hot oven followed by
mixing with freshly prepared TMB to study the oxidized prod-
uct. Figure 6a shows that the intensity of TMB oxidation

Before reaction (111) a

Intensity (a.u.)
Intensity (a.u.)

After reaction

931.98

Intensity (a.u.)

10 20 30 40 50 60 70 80
29 (degree)

960 955 950 945 940 935 930
Binding Energy (eV)

346 344 342 340 338 336 334 332 330
Binding Energy (eV)

Fig. 6 a Recyclability of the Cu-Pd/rGO nanocomposite; b TEM analysis (¢) XRD patterns and (d) XPS spectra of Cu-Pd/rGO nanocomposites after

reuse
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decreases with every recycling experiment indicating decrease
in the efficiency of the Cu-Pd/rGO nanocomposites. The re-
usability experiment clearly indicates the efficient use of Cu-
Pd/rGO upto five cycles without much activity loss. The struc-
tural, crystalline and oxidation changes associated with the
reused Cu-Pd/rGO were studied using TEM, XRD and XPS.
The TEM images (Fig. 6b(a,b)) shows spherical nanoparticles
of Cu-Pd on rGO ascertaining retention in the morphology
after five cycles of catalytic experiments. The XRD (Fig. 6¢)
also showed no change in its crystallinity. However, the XPS
analysis shows changes in the oxidation states of Cu. In the
Cu2p high resolution spectra (Fig. 6d(a)), peaks at 931.98
and 951.76 eV are due to Cu2p;), and Cu2p; », respectively
from metallic Cu® or Cu* (Cu,0). Peaks at 934.52 and
954.2 eV are from Cu®* due to Cu2p;,, and Cu2py,, respec-
tively, arising from Cu(OH), rather than CuO. The XPS
analysis thus clearly indicated change in the oxidation state
of Cu after continuous reuse. For Pd (Fig. 6d(b)), peaks at
335.4 and 340.7 eV corresponding to Pd 3ds,, and Pd 3d;,,
respectively of bulk Pd(0) appear thus confirming no
change in the oxidation of Pd after reuse.

Thus, Cu-Pd/rGO nanocomposites could be used to design
a biosensor for precise determination of glucose in real and
standard samples. The designed biosensor is reusable and sus-
tainable in nature and can therefore be used for practical ap-
plications. Although a paper based analytical device using our
nanozyme was constructed for the detection of standard glu-
cose samples with encouraging results, yet this work has to be
further extended to tests its applicability in real samples along
with storage stability test for potential clinical applications.

Conclusion

The present work provides a chemical route for synthesizing
bimetallic alloy Cu-Pd nanoparticles on rGO, g-CsN, and
MoS, nanosheets to form Cu-Pd/rGO, Cu-Pd/g-C3N4 and
Cu-Pd/MoS, nanocomposites, respectively with an average
size <10 nm. Amongst the 2D supports, rGO proved the best
for obtaining Cu-Pd nanoparticles with controlled shape, size,
crystallinity and oxidation state. All the Cu-Pd nanocompos-
ites possessed intrinsic peroxidase like activity capable of cat-
alyzing the oxidation of TMB, ABTS and OPD in presence of
H,0,. The Cu-Pd/rGO nanocomposites demonstrated the best
enzyme mimetic activity like peroxidase and oxidase than Cu-
Pd/g-C3N, and Cu-Pd/MoS, nanocomposites. Using rGO as
scaffold, a novel enzymatic glucose sensor was constructed
based on Cu-Pd nanoparticles which is sensitive, selective and
can detect glucose with a low detection limit. The designed
biosensor can also effectively determine glucose in serum
samples. Further, it provided a base for the construction of a
less costly paper based analytical device which is an alternat-
ing technique for glucose detection in practical fields. The

designed biosensor can be reused upto five cycles and is sus-
tainable in nature. Further research in this area may offer fu-
turistic route towards developing other such nanomaterials
based nanozymes for advanced applications in the area of
biochemistry and biotechnology.
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