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Abstract

A Golgi protein 73 (GP73) colorimetric biosensor based on the reduced graphene oxide-carboxymethyl chitosan-hemin/
platinum @palladium nanoparticles (RGO-CMCS-Hemin/Pt@Pd NPs) with peroxidase-like activity was constructed. The
RGO-CMCS-Hemin/Pt@Pd NPs with high peroxidase-like activity were successfully synthesized under mild conditions.
Then, the aminylated GP73 aptamer (Apt) was bound to the RGO-CMCS-Hemin/Pt@Pd NPs to form the recognition probe.
Another unmodified GP73 aptamer (Aptl) was served as the capture probe. In the presence of target GP73, the capture
probe and the recognition probe specifically bind to GP73 and form a RGO-CMCS-Hemin/Pt@Pd NP-Apt/GP73/Aptl
sandwich-type structure, which can oxidase the colorless 3,3',5,5'-tetramethylbenzidine (TMB) into blue oxTMB in the
presence of H,0,. GP73 detection was achieved by measuring the peak UV absorption at 652 nm. Under the optimum
conditions, the GP73 concentration was linearly related to the absorbance intensity in the range 10.0-110.0 ng/mL, and
the limit of detection (LOD) was 4.7 ng/mL. The proposed colorimetric biosensor was successfully applied to detect GP73
in spiked human serum samples with recoveries of 98.2-107.0% and RSDs of 1.90-5.44%, demonstrating the excellent
potential for highly sensitive GP73 detection in clinical detection.

Keywords Golgi protein 73 - RGO-CMCS-hemin/Pt@Pd NP nanozyme - Aptamer - Colorimetric sensor - Peroxidase-like
activity
Introduction

Hepatic cell carcinoma (HCC) is one of the most common

Highlights

o The RGO-CMCS-Hemin/Pt@Pd NPs with admirable
peroxidase-like activity were synthesized.

e GP73 colorimetric sensor based on RGO-CMCS-Hemin/Pt@Pd
NPs and aptamer was constructed.

e GP73 detection is achieved by measuring the absorbance
changes for TMB-H,0, system.

e GP73 biosensor responses linearly from 10.0 to 110.0 ng/mL
with LOD of 4.7 ng/mL.

e GP73 colorimetric biosensor shows acceptable specificity and
good recovery.

b4 Jintao Liang
dxljt@guet.edu.cn

>< Zhide Zhou
zhouzhide10@guet.edu.cn

< Guiyin Li
liguiyin01 @gdupt.edu.cn

Extended author information available on the last page of the article

malignancies and is the second leading cause of tumor-
related death [1]. Golgi glycoprotein 73 (GP73) is known as
the Golgi membrane protein with a relative molecular weight
of 73.104 kDa [2]. Elevated GP73 levels in cirrhosis, HCC,
liver B, and acute chronic liver failure are closely associated
with tumor metastasis, and serum GP73 expression levels in
HCC patients promote the invasion and metastasis of HCC
[3]. Therefore, GP73 becomes an ideal serum marker for the
early diagnosis and postoperative recurrence of HCC. Mean-
while, GP73 can be used as an index of efficacy judgment
after catheter arterial chemoembolization in primary HCC
patients and has more advantages than alpha-fetal protein
(AFP) [4]. Thus, it is excellently important to develop effi-
cient, convenient, and inexpensive sensors to detect GP73
in clinic. At present, the detection of GP73 is based chiefly
on immunoassay, which has high specificity and sensitivity.
Yue Lin et al. [5] achieved the determination of GP73 by the
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specific binding of antigen and antibody with the minimum
detection limit of 15 pg/mL. However, immunoassay relies
on anti-GP73 antibodies, relatively expensive antibodies,
complex instrumentation, and relatively stringent storage
conditions, which make these methods costly.

Aptamer is a single-stranded oligonucleotide obtained
from a DNA library of random sequences by in vitro selec-
tion technology [6] and is capable of recognizing various
targets with high specificity and binding capacity. Compared
with antibody, the aptamer is characterized by high specific-
ity, high affinity, thermal stability, ease modification, low
cost, and capacity to bind various molecules [7-9]. As far
as GP73 aptamers are concerned, Jingchun Du et al. have
screened specific GP73 aptamers by SELEX technique; the
synthesized aptamer has high specificity and binding ability
and can be used for clinical testing of GP73 [10]. Aptamer
sensor (i.e., aptasensor), especially colorimetric aptasensor,
has drawn much attention due to low cost, simplicity, and
real-time detection without any special instruments, only
using a UV—vis spectrophotometer or even the naked eye
[11]. Recently, our group constructed a colorimetric sensor
for the detection of GP73 with a detection limit of 5.41 ng/
mL by coupling the aptamer to the reduced graphene oxide-
trimanganese tetroxide (RGO-Mn;0,) nanoparticles [12].
Nevertheless, there is still a need to develop novel colorimet-
ric aptasensors through the use of nanomaterials or nanoma-
terial-based nanozymes, which can be effective in catalyzing
substrates to form significant color changes.

Nanozymes, nanomaterials with enzyme-like charac-
teristics, are superior to natural enzymes for reason that
they are typically constructed using inexpensive and mass-
production methods and provide high operability, stability,
and strong catalysis performance. Nanozymes include metal
oxide-, metal-, and carbon-based nanozymes. according
to their composition. Among them, Pt and Pd metal ions
with peroxidase-like properties have catalytic activity for
H,0, decomposition [13, 14], and the catalytic activity of
Pt@Pd nanoparticles are further enhanced by the interac-
tion between them [15]. Moreover, hemin, a natural metal
porphyrin, has the active center of redox proteins (such as
hemoglobin, myoglobin, and peroxidase) [16]. Hemin is
best characterized by peroxidase-like activity, where the
substrates are TMB and H,0,; it can catalyze H,O,, so that
the substrate is oxidized to produce different color products
due to different electron loss conditions [17]. However, the
molecular aggregation of hemin itself could reduce its cata-
lytic activity; therefore, Hemin need be combined with a
support material with a large specific surface area in order
to achieve its stability and activity [18]. Reduced graphene
oxide (RGO) demonstrates a large surface area, remarkable
electrical conductivity, and high mechanical properties;
Hemin can be firmly attached to RGO surface through van
der Waals force and n-n bond interactions. The addition of
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RGO to Hemin can not only provide Hemin catalytic activity
but also prevent Hemin and graphene aggregation [19]. Car-
boxymethyl chitosan (CMCS) is a chitosan derivative with
good immunity, antibacterial and biodegradation, which is
widely popular in biomedical care, environmental protec-
tion, food processing, and other applications [20].

In light of above considerations, we sought to develop a
facile colorimetric aptasensor for GP73 detection based on
the peroxidase-like activity of the reduced graphene oxide-
carboxymethyl chitosan-Hemin/platinum @ palladium nano-
particles (RGO-CMCS-Hemin/Pt@Pd NPs). The excellent
peroxidase-like activity of the RGO-CMCS-Hemin/Pt@Pd
NP nanozyme was verified by the 3,3',5,5'-tetramethylben-
zidine (TMB)-H,0O, system and the o-phenylenediamine
(OPD)-H,0, system. Next, the aminated GP73 aptamer
(Apt) was bound to RGO-CMCS-Hemin/Pt@Pd NPs as the
recognition nanoprobe. When the target GP73 is presence,
the capture probe (an unmodified GP73 aptamer (Aptl)) and
recognition probe are specifically combined with GP73 and
form an RGO-CMCS-Hemin/Pt@Pd NP-Apt/GP73/Aptl
sandwich-type structure. Taking advantage of the good
peroxidase-like properties, RGO-CMCS-Hemin/Pt@Pd
NPs can oxidase colorless TMB into blue oxTMB with the
presence of H,0,; the absorbance of the system at 652 nm
changed consequently, which realize the sensitive colori-
metric detection of GP73. The RGO-CMCS-Hemin/Pt@Pd
NP-based colorimetric aptasensor was used for sensitive and
selective detection of GP73 in human serum samples.

Materials and methods
Chemicals and reagents

Golgi protein 73 (GP73), aminated GP73 aptamer (Apt,5'-
NH,-C6-GCAGTTGATCCTTTGGATACCCTGG-3' [21]),
another GP73 aptamer (Aptl,5'-ACGCTCGGATGCCAC
TACAGTTGGTTTTTTTTTGTTATTTAGAGTAAAAAC
CTTGTGTGTAGTGACTCATGGACGTGCTGGTGAC-3'
[10]), and alpha fetal protein (AFP) were obtained from San-
gon Biotech Co., Ltd. (Shanghai, China). Hemin, carboxym-
ethyl chitosan (CMCS), Na,PtCl,, Na,PdCl, immunoglobu-
lin G (IgG), human serum albumin (HSA), bovine serum
albumin (BSA), 3,3',5,5'-tetramethylbenzidine (TMB),
o-phenylenediamine (OPD), N-Hydroxysuccinimide (NHS),
and 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDC) were obtained from Aladdin Reagent Co.,
Ltd. (Shanghai, China). Ascorbic acid (AA), hydrazine
hydrate, ammonium hydroxide, and H,O, were obtained
from Xilong Science Co., Ltd. (Guangdong, China). Sin-
gle layer graphene oxide (GO) was obtained from Xianfeng
Nanomaterials Technology Co., Ltd. (Nanjing, China). All
chemicals were used without further purification, and all of
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the experiments were performed using high-purity deionized
water (18.25 MQ-cm).

Apparatus and measurements

Scanning electron microscopy (SEM, SU8020) and trans-
mission electron microscopy (TEM, G2 F30 S-TWIN)
were employed to characterize the morphology and micro-
structures of the samples, respectively. Ultraviolet—vis-
ible (UV-vis) spectroscopy was recorded on a UH-5300
spectrophotometer (UV-vis, Hitachi, Japan). Elemental
compositions are determined by Fourier transform infra-
red spectroscopy (FT-IR, Bruker Tensor 27, Germany),
X-ray photoelectron spectroscopy (XPS, ESCALAB250Xi,
Thermo-Fisher, USA), and Raman spectra (Raman, Ren-
ishaw inVia, England).

Preparation of the RGO-CMCS-Hemin/Pt@Pd NPs

First, the RGO-Hemin nanocomposites were produced
according to the method of Li G et al. [22] (details in
Electronic Supplementary Material (ESM)). Second, the
RGO-CMCS-Hemin solution was successfully obtained
by adding 15 mL CMCS solution to the RGO-Hemin solu-
tion and activating it with EDC/NHS at a concentration of
10 mmol/L. The RGO-CMCS-Hemin solution was success-
fully prepared. Finally, the RGO-CMCS-Hemin solution was
poured 10 mL into a beaker, and 2 mL of 20 mM Na,PtCl,
and Na,PdCl solution was added, followed by 5.0 pL of
hydrazine hydrate, and stirred continuously for 12 h. Then,
the RGO-CMCS-Hemin/Pt@Pd NP nanozyme was success-
fully prepared.

Verification the peroxidase-like properties
of RGO-CMCS-Hemin/Pt@Pd NP nanozyme

The peroxidase-like activity of RGO-CMCS-Hemin/Pt@
Pd NP nanozyme was verified by using the TMB-H,0,
and OPD-H,0, color development systems, respectively.
Firstly, 10.0 pL 1.0 mg/mL of RGO-CMCS-Hemin/Pt@Pd
NP nanozyme was added dropwise to the test tube, followed
by 30.0 pL of phosphate buffer solution (PBS, 125 mmol/L,
pH 5.0). Then, 10.0 pL 50 mmol/L of TMB solution and
10.0 pL 50 mmol/L of H,0, solution were added respec-
tively, stirred to make the solution homogeneous, and let
the solution stand at 25°C for 10 min to observe whether the
solution turned blue. The absorbance at 652 nm of the oxida-
tion product of TMB solution was measured using UV-vis
method. Similarly, replace the TMB solution at 50 mmol/L
with OPD solution at 50 mmol/L, other conditions remained
unchanged, observed whether the solution turns dark yellow,
and measured the absorbance of the oxidation product of
OPD solution at 450 nm using UV—vis method.

Kinetics of RGO-CMCS-Hemin/Pt@Pd NP nanozyme

The steady-state kinetic studies were accomplished by keep-
ing the concentration of one substrate constant and increas-
ing the concentration of only one other zymolyte. To study
of the effect of TMB on the catalytic performance of RGO-
CMCS-Hemin/Pt@Pd NP nanozyme, 10.0 pL. 1.0 mg/mL of
RGO-CMCS-Hemin/Pt@Pd NP nanozyme was added drop-
wise to the test tube, the concentration of H,O, solution was
kept 5 mmol/L, and different concentrations of TMB solu-
tion were added and reacted at 25°C for 10 min. The catalytic
performance was determined by measuring the change in
absorbance at 652 nm. Similarly, to investigate the effect of
H,0, on the catalytic performance of RGO-CMCS-Hemin/
Pt@Pd NP nanozyme, 10.0 pL 1.0 mg/mL of RGO-CMCS-
Hemin/Pt@Pd NP nanozyme was added dropwise to the test
tube, the concentration of TMB solution was kept 5 mmol/L,
different concentrations of H,0, solution were added, and
the catalytic performance was determined by measuring the
change in absorbance at 652 nm for 10 min at 25°C. The
kinetic parameters were expressed using the following dou-
ble inverse equation of the Lineweaver—Burk (Eq. 1) [23]:

1 K (11 |
vy Vv [S] K, M

max

The maximum reaction velocity is v,,,,, the Mie constant
is K,,, and the substrate concentration is [S]. The initial
velocity is vy, v, is calculated using the Beer-Lambert Law
A =¢bC (g is absorbance coefficient 3.9 X 10*°M~' em™L, b
is the path length of the quartz cuvettes (1 cm in this work),
and C is the molar concentration of oxXTMB).

Fabrication of RGO-CMCS-Hemin/Pt@Pd NP-Apt
recognition nanoprobe

The RGO-CMCS-Hemin/Pt@Pd NP nanozyme at a concen-
tration of 1.0 mg/mL was shaken well with a vortex stirrer at
a volume ratio of 1:3 with the concentration of 5.0 pmol/L
Apt and incubated overnight at 25°C. Then, the products were
centrifuged and washed twice with Tris—HCI buffer solution.
Finally, the products (RGO-CMCS-Hemin/Pt@Pd NP-Apt)
were dispersed into 500.0 pL of Tris—HCI buffer solution for
further use.

Construction of RGO-CMCS-Hemin/Pt@Pd NP-based
colorimetric aptasensor for the analysis of GP73

First, 10.0 pL of capture probe (Aptl) at a concentration of
3.0 pmol/L was added to the centrifuge tube. Second, add
10.0 pL of 1% BSA solution and allow to stand for 30 min.
Third, 10.0 pL of GP73 standard solution with different
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concentrations was added to the above solution. Fourth,
10.0 pL of RGO-CMCS-Hemin/Pt@Pd NP-Apt recognition
nanoprobe was added and reacted for 2 h at 25°C. Finally, a
total of 10.0 pL of 8 mmol/L TMB as a color development
reagent (final concentration of the system was 0.4 mmol/L)
and 10.0 pL of 48 mmol/L H,0, (final concentration of the
system was 2.4 mmol/L) were added. The mixed solutions
were reacted at 25°C for 10 min, and then the absorbance
curves at Amax =652 nm were recorded by UV-vis spec-
trometry. All experiments were performed in triplicate to
ensure reproducibility and reliability.

Detection of GP73 in real human serum samples

To validate the practical application of the manufactured
GP73 colorimetric aptasensor, human serum samples were
collected and analyzed after obtaining approval from the
Ethics Committee of Guangxi Key Laboratory of Meta-
bolic Disease Research in the 924th Hospital of Chinese
People’s Liberation Army Joint Logistic Support Force
(Guilin, China). Two human serum samples from the healthy
volunteers are selected as the analytes, in which the meas-
ured AFP concentrations are 3.12 ng/mL and 7.37 ng/mL,
respectively). Different GP73 quantities were spiked into
a human serum sample (volume ratio, 1:1) to obtain final

Fig.1 A Schematic principle
of the colorimetric biosensor
based on RGO-CMCS-Hemin/
Pt@Pd NPs for visual detec-
tion of GP73. B Validation

of the colorimetric aptasen-
sor, (1) TMB +H,0,, (2)
RGO-CMCS-Hemin/Pt@

Pd NPs-Apt+TMB + H,0,,

a2

concentrations of 50.0 ng/mL, 80.0 ng/mL, and 100.0 ng/
mL and sonicated homogeneity. The test samples for GP73
detection were performed by the same procedures as in the
case of standard samples under optimal conditions. The
recovery rate for each GP73 concentration was calculated
as the ratio of the result obtained via the proposed method
to the corresponding spiked GP73 concentration [23]. All
experiments were performed in triplicate to ensure reproduc-
ibility and reliability.

Results and discussion

The principle of the RGO-CMCS-Hemin/Pt@Pd
NP-based colorimetric sensor

The schematic principle diagram of the RGO-CMCS-Hemin/
Pt@Pd NP-based colorimetric sensor is shown in Fig. 1A.
Firstly, RGO-CMCS-Hemin nanozyme with great peroxi-
dase catalytic properties and huge specific surface area were
synthesized by taking advantage of the large specific surface
area of RGO, the huge film-forming property of CMCS, and
the peroxidase property of Hemin and Pt@Pd NPs. Next, the
RGO-CMCS-Hemin/Pt@Pd NP-Apt recognition nanoprobe
was fabricated by binding aminated GP73 aptamer (Apt) to

AES e

(3) Aptl+ TMB + H,0,, (4)
GP73+TMB +H,0,, (5)
RGO-CMCS-Hemin/Pt@Pd
NPs +TMB + H,0, + 12.0 ng/
mL GP73+Aptl, (6) RGO-
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the surface of RGO-CMCS-Hemin/Pt@Pd NP nanozyme
according to the electrostatic adsorption as well as the coor-
dination bond formed by Pt@Pd and -NH,. And the Aptl
was taken as a capture probe. While the targeting marker
GP73 was involved, the capture probe and the recognition
probe bond specifically to GP73, forming an RGO-CMCS-
Hemin/Pt@Pd NP-Apt/GP73/Aptl sandwich-type structure.
Finally, the sandwich-type structure with good peroxidase
properties mixed into TMB +H,0, systems, and it catalyzed
the decomposition of H,0, into H,O and O,, which oxi-
dized TMB to oxXTMB, leading to the solution from colorless
to dark blue. When the GP73 concentration increased, the
capture probe could bind more GP73 and more recognition
probes, forming more RGO-CMCS-Hemin/Pt@Pd NP-Apt/
GP73/Aptl sandwich-type structure, further enhancing its
peroxidase-like activity; therefore, the solution showed a
deepening blue color. The absorbance peak at 652 nm was
found to increase with the increasing GP73 concentration.
The colorimetric sensor has an acceptable specificity, low
cost, and good visualization and can be manufactured in
large quantities.

Validation of the colorimetric aptasensor

The feasibility of the proposed method was confirmed by
analyzing the spectral responses of RGO-CMCS-Hemin/Pt@
Pd NP nanozyme and GP73 aptamer with the TMB +H,0,
reporting color system. As illustrated in Fig. 1B, tube
1(TMB + H,0,) showed a light green color, and tube 3
(Aptl+ TMB + H,0,) and 4 (GP73 + TMB + H,0,) were
light blue (inset of Fig. 1B); therefore, UV curves 1, 3, and
4 showed lower peak at 652 nm. For reason that TMB was
oxidized partially by the oxygen in the air. Compared to tube
1, tube 2 (RGO-CMCS-Hemin/Pt@Pd NPs + TMB + H,0,)
showed blue color (inset of Fig. 1B), and curve 2 had a
medium peak at 652 nm. This was due to the peroxidase-
like activity of RGO-CMCS-Hemin/Pt@Pd NP nanozyme.
Compared to tube 2, tube 5 (RGO-CMCS-Hemin/Pt@Pd
NPs+TMB +H,0, + Aptl + 12.0 ng/mL GP73) and tube 6
(RGO-CMCS-Hemin/Pt@Pd NPs +TMB + H,0, + Aptl +
6.0 ng/mL GP73) shows deeper blue (inset of Fig. 1B), at
the same time, curves 5 and 6 showed different absorbance
peaks at 652 nm. This is due to the forming a sandwich
structure with more catalytic ability, which oxidizes the
substrate TMB in the presence of H,0, and thus changes
the solution color, resulting in an increase in absorbance.
As the concentration of GP73 increased (curve 5), more
sandwich structures were formed, and more RGO-CMCS-
Hemin/Pt@Pd NP nanozyme were involved in catalyzing
H,0,, which in turn led to an increased oxidation of the sub-
strate TMB and therefore a more pronounced color changed
and an increase in absorbance. Thus, the absorbance was
positively correlated with GP73 concentration. Therefore,

RGO-CMCS-Hemin/Pt@Pd NP nanozymes are also feasible
for sensor applications.

Characterization of the RGO-CMCS-Hemin/Pt@Pd
NP nanozyme

Figure S1A is a typical SEM image of RGO-Hemin. Since
the structure of RGO is a pleated membrane, the pleats
are more evident after the introduction of Hemin. There
is more membrane structure in Fig. S1B of RGO-CMCS-
Hemin, which is more pronounced by adding CMCS. Fig-
ure 2A is the SEM image of RGO-CMCS-Hemin/Pt@Pd NP
nanozyme; it can be seen that there are white particles in the
figure, which are Pt and Pd nanoparticles formed by reduc-
tion wrapped around the surface of the material [15]. This
indicates that the RGO-CMCS-Hemin/Pt@Pd NP nanozyme
was prepared successfully.

Figure 2B shows the TEM picture of RGO-CMCS-
Hemin/Pt@Pd NP nanozyme, and RGO-Hemin can be
seen to have folding membrane-like structure, as seen in
Fig. S1C. Due to the membrane-forming property of CMCS,
a muslin structure of RGO-CMCS-Hemin can be seen in
Fig. S1D. As seen from Fig. 2B, there are many black dots
on the lamellar structure, which is the reduced formation of
Pt and Pd nanoparticles, indicating the successful prepara-
tion of the material.

The X-ray diffraction spectroscopy of RGO-CMCS-
Hemin/Pt@Pd NPs is shown in Fig. 2C. There are diffrac-
tion peaks at 26 =39.76°,46.24°, 67.45°, and 81.29°, which
corresponds to the Pt Pd (111), Pt Pd (200), Pt Pd (220),
and Pt Pd (311) crystal surfaces, respectively [13, 15]. All
these peaks are agreement with the JCPDS standard cards
of Pt (N0.04-0802) and Pd (No.46-1043), which demon-
strated that the metals Pt ions and Pd ions have been success-
fully reduced to Pt NPs and Pd NPs. The diffraction peaks
at 20=22.77° is the typical diffraction peak of C (120) in
the RGO-CMCS-Hemin. All these results indicated that the
RGO-CMCS-Hemin/Pt@Pd NP nanozyme was successfully
prepared.

Figure 2D is a Raman spectrum of the RGO-CMCS-
Hemin/Pt@Pd NPs, where the characteristic absorption peak
in band D is 1358 cm™! and the G band is 1588 cm™!. Here,
we choose y=20 as the base line. Curve a is the RGO-Hemin
with its Id/Ig of 0.820, and curve b is the RGO-CMCS-
Hemin with its Id/Ig of 0.888. The increase in the 1d/Ig ratio
indicates that the CMCS was successfully composited on
the RGO-Hemin. Compared to curve b, the RGO-CMCS-
Hemin/Pt@Pd NPs in curve c has its Id/Ig of 0.947, indicat-
ing metal nanoparticles successful binding. Moreover, we
found that D and G bands of RGO-Hemin and RGO-CMCS-
Hemin were not completely separated. This is because the
RGO in RGO-Hemin and RGO-CMCS-Hemin contain more
amorphous carbon. The resulting graphene-based material

@ Springer
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Fig.2 A SEM characterization
of RGO-CMCS-Hemin/Pt@Pd
NPs. B TEM characterization
of RGO-CMCS-Hemin/Pt@Pd
NPs. C XRD characterization
of RGO-CMCS-Hemin/Pt@
Pd NPs. D Raman spectrum
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contains amorphous carbon, which will lead to a poor sepa-
ration of the D peak from the G peak in the resulting Raman
spectrum [24, 25].

The peroxidase-like performance analysis
of RGO-CMCS-Hemin/Pt@Pd NP nanozyme

After the successful preparation of RGO-CMCS-Hemin/
Pt@Pd NP nanozyme, we conducted an in-depth study on
the catalytic activities of the nanozyme, and the colorless

H,0, and TMB can also be taken as an excellent chromo-
genic substrate, as is shown from Fig. 3A. No adsorption
peak is observed for the TMB (curve 1), H,0, (curve 2),
TMB + H,0, solution (curve 3), and RGO-CMCS-Hemin/
Pt@Pd NP nanozyme + H,0, (curve 5); tubes 1, 2, 3,
and 5 are almost colorless (inset of Fig. 3A), indicating
the absence of an oxidation reaction. A faint adsorption
peak is observed for the RGO-CMCS-Hemin/Pt@Pd NP
nanozyme + TMB solution (curve 4), and tube 4 is light
blue (inset of Fig. 3A); this is due to the weak oxidizing

A — B 12
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Fig.3 A Peroxidase mimic activity of the RGO-CMCS-Hemin/Pt@
Pd NPs in TMB-H,0, reporting system, (curve 1) TMB, (curve 2)
H,0,, (curve 3) TMB+H,0,, (curve 4) RGO-CMCS-Hemin/Pt@
Pd NPs+TMB, (curve 5) RGO-CMCS-Hemin/Pt@Pd NPs+H,0,,
(curve 6) RGO-CMCS-Hemin/Pt@Pd NPs+TMB+H,0,. B Per-

@ Springer

oxidase mimic activity of the RGO-CMCS-Hemin/Pt@Pd NPs in
OPD-H,0, reporting system, (curve 1) OPD, (curve 2) H,0,, (curve
3) OPD+H,0,, (curve 4) RGO-CMCS-Hemin/Pd@Pt NPs+ OPD,
(curve 5) RGO-CMCS-Hemin/Pd@Pt NPs+H,0,, (curve 6) RGO-
CMCS-Hemin/Pd@Pt NPs +OPD +H,0,
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property of the nanozyme that allows the slight oxida-
tion of TMB. A strong absorption peak is observed for the
RGO-CMCS-Hemin/Pt@Pd NP nanozyme + TMB + H,0,
solution (curve 6); tube 6 is deep blue (inset of Fig. 3A).
This indicates the successful preparation of RGO-CMCS-
Hemin/Pt@Pd NP nanozyme has efficient peroxidase-like
catalytic activity.

Meanwhile, the colorless H,O, and OPD can also be
taken as an excellent chromogenic substrate, as shown in
Fig. 3B. No adsorption peak is observed for the OPD (curve
A), H,0, (curve B), OPD +H,0, (curve C), and RGO-
CMCS-Hemin/Pt@Pd NP nanozyme + H,0, (curve E);
tubes A, B, C, and E are almost colorless or light yellow
(inset of Fig. 3B), indicating the absence of an oxidation
reaction. A faint adsorption peak is observed for the RGO-
CMCS-Hemin/Pt@Pd NP nanozyme + OPD (curve D); tube
D is light orange (inset of Fig. 3B). This is due to the weak
oxidizing property of the nanozyme that allows the slight
oxidation of OPD without H,0O,. However, a strong adsorp-
tion peak is observed for the RGO-CMCS-Hemin/Pt@Pd NP
nanozyme + OPD + H,0, (curve F); tube F is deep orange
(inset of Fig. 3B), which indicates that RGO-CMCS-Hemin/

A 12
b B LDE RS
1P e NN

a 5.0 mmol/L
——b 10 mmol/L
¢ 20 mmol/L

——d 30 mmol/L
e 40 mmol/L
8 0.8 —— {50 mmol/L
E —— g 60 mmol/L
‘8- 0.6
2
0.4
0.2
0.0 T T T T T
500 550 600 650 700 750 800
Wavelength (nm)
C 1.0 B 1 a 5.0 mmol/L
g b g e 1 g ——b 10 mmol/L
o P ¥ (B8R [ ] ¢ 20 mmol/L
- ——d 30 mmol/L
e 40 mmol/L.
8 ——f 50 mmol/L
5 0.6 —— g 60 mmol/L
2
=
_%
< 0.4

0.2

0.0

Wavelength (nm)

Fig.4 A The steady-state kinetic studies of the RGO-CMCS-
Hemin/Pt@Pd NPs nanozyme, (curve a) 5.0 mmol/L TMB,
(curve b) 10.0 mmol/LL. TMB, (curve c¢) 20.0 mmol/L. TMB, (curve
d) 30.0 mmol/LL TMB, (curve e) 40.0 mmol/LL TMB, (curve f)
50.0 mmol/L TMB, (curve g) 60.0 mmol/LL. TMB. B The double
inverse working curve of TMB. C The steady-state kinetic stud-
ies of the RGO-CMCS-Hemin/Pt@Pd NPs nanozyme, (curve

T T T T T
500 550 600 650 700 750 800

Pt@Pd NP nanozyme exist higher peroxidase-like activity
for oxidation of OPD in the presence of H,0,.

Calculation kinetics parameter
of RGO-CMCS-Hemin/Pt@Pd NP nanozyme

Figure 4A shows the experimental phenomenon and UV
absorption spectrum of RGO-CMCS-Hemin/Pt@Pd NP
nanozyme for different TMB concentrations in the presence
of H,O,. The TMB concentrations in tubes A ~G were set to
5.0-60.0 mmol/L. With increasing the TMB concentration,
the system solution color becomes darker gradually (inset of
Fig. 4A) and the absorption peak at 652 nm increase. This is
because that the RGO-CMCS-Hemin/Pt@Pd NP nanozyme
has catalytically active as a peroxidase-like enzyme and cat-
alyzes the oxidation of TMB to oxTMB in the presence of
H,0,. The double inverse curve of TMB is shown in Fig. 4B,
and the kinetic parameters (V ., K,,) were calculated using
the Michaelis—Menten equation for TMB. V. is calculated
to be 0.106x 10”7 Ms™!, and K, is 0.532 mM. As is well
recognized that the K value symbolizes the affinity of the
enzyme for the substrate, and the lower the K, value, the

6.0  Y=5.00531g(X)+9.3934 .
R2=0.9624
- .
S 4.0
z
>
pm?
z
=
2.0 *
L] 71
P V,0=0.106x10"7 Ms
[P K,=0.532 mM
0.0 ,
0.01 0.1
1/ [TMB] (mM1)
6.0  Y=4.59671g(X)+9.0846 f
R2=0.9848
»
% .
S 4.0+
s
Z ;
=
204 . Vinax=0-110x10" Ms™!
-
o Kpp=0.506 mM
.
0.01 0.1

1/[H,0,] (mM™)

a) 5.0 mmol/L H,0,, (curve b) 10.0 mmol/L H,0,, (curve c)
20.0 mmol/L H,O,, (curve d) 30.0 mmol/L H,O,, (curve e)
40.0 mmol/L H,0,, (curve f) 50.0 mmol/L H,O,, (curve g)
60.0 mmol/L H,0,. D The double inverse working curve of H,0,.
All the above values are expressed as the median of three independent
experimental analyses; the error bar represents the relative standard
deviation from three independent measurements
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stronger the affinity of the catalyst for the substrate. Com-
pared with the K, of horse radish peroxidase (HRP) for
TMB (K, =0.52 mM) [23], the difference was small, indi-
cating that the affinity of RGO-CMCS-Hemin/Pt@Pd NP
nanozyme for TMB was comparable to that of HRP.

Figure 4C shows the experimental phenomenon and
UV absorption spectrum of RGO-CMCS-Hemin/Pt@Pd
NP nanozyme for the different H,O, concentrations in the
presence of TMB. The graph shows that the solution color
gradually darkens as the H,O, concentration increased (inset
of Fig. 4C). By measuring the peak absorption at 652 nm
for comparison, the absorbance increases with increas-
ing H,O, concentration in the range of 5.0 ~60 mmol/L.
The double inverse curve of H,0, can be seen in Fig. 4D;
we calculated V,, to be 0.106 x 107" Ms™! and K, to be
0.532 mM according to the Michaelis—Menten equation.
Compared with the K, of horse radish peroxidase (HRP)
for H,0, (K,,=18.48 mM) [23], the K, values of RGO-
CMCS-Hemin/Pt@Pd NP nanozyme were lower than that
of HRP, demonstrating that the RGO-CMCS-Hemin/Pt@Pd
NP nanozyme has superior affinity for H,0O, substrates, more
than 73 times that of HRP.

In addition, the peroxidase-like kinetic parameters of the
RGO-CMCS-Hemin/Pt@Pd NP nanozyme are compared
with other nanozymes and listed in Table 1. Kinetic analysis
showed that the Km for TMB of RGO-CMCS-Hemin/Pt@Pd
NPs (K,,=0.532) is lower than Fe,Ni-MOF (K, =0.5567),
y-Fe,05 NPs (K,,=1.24), and RIgG@Cu-MOF (K ,=3.91),
but higher than CDs/PBNPs (K, =0.311) and FeCo-ONSs/
heparin (K,,=0.26). This indicates that the affinity of RGO-
CMCS-Hemin/Pt@Pd NPs nanozyme for the substrate TMB
is relatively average, and a slightly higher concentration of

Table 1 Comparison of the peroxidase-like kinetic parameters of the
RGO-CMCS-Hemin/Pt@Pd NPs nanozyme with other nanozymes

Catalyst Substrate K, (mM) V(1077 Ref
Ms™h
CDs/PBNPs TMB 0.311  0.588 [26]
H,0, 3.457  0.612
Fe,Ni-MOF TMB 0.5567 3.0386 [27]
H,0, 0.1337  1.3504
FeCo-ONSs/ TMB 0.26 0.758 [28]
heparin
H,0, 0.98 0.671
y-Fe,O5 NPs TMB 1.24 1.301 [29]
H,0, 21.54 6.671
RIgG@Cu-MOF TMB 391 5.445 [30]
H,0, 7.37 1.075
RGO-CMCS- TMB 0532 0.106 This work
Hemin/Pt@Pd
NPs
H,0, 0.506  0.110

@ Springer

TMB may be required as a substrate for GP73 detection in
practical applications. In terms of affinity with H,0,, RGO-
CMCS-Hemin/Pt@Pd NPs (K, =0.506) had the lowest K ...
This indicates that RGO-CMCS-Hemin/Pt@Pd NPs has
higher affinity with H,O,. Therefore, a relatively low con-
centration of H,0O, can make RGO-CMCS-Hemin/Pt@Pd
NPs reach the maximum catalytic activity in the application.

Among RGO-CMCS-Hemin/Pt@Pd NP nanozyme, the
large specific area of RGO provides a good linkage site for
Hemin and CMCS, and the peroxide-like nature of RGO
and Hemin provides good catalytic activity. By introducing
Pt@Pd, due to the good catalytic activity and interaction of
this alloy, the catalytic activity of RGO-CMCS-Hemin/Pt@
Pd NP nanozyme is further improved. Therefore, the RGO-
CMCS-Hemin/Pt@Pd NP nanozyme has good peroxidase-
like catalytic activity.

Colorimetric aptasensor for GP73 determination

Several key parameters, including the concentrations of cap-
ture probe concentration, incubation temperature, pH, reac-
tion time of aptamer, and GP73, were optimized to ensure
the efficient performance of the proposed detection system.
The results (Fig. S3 and Fig. S4) and the related descrip-
tion were found in ESM. Under the optimized experimen-
tal conditions (capture probe concentration of 3 pmol/L,
incubation temperature of 25 ‘C, pH of 4.0, aptamer, and
GP73 reaction time of 120 min), different concentrations
of GP73 were detected by the RGO-CMCS-Hemin/Pt@Pd
NP-based colorimetric aptasensor. Figure 5A presents the
experimental phenomenon and UV-vis absorption spec-
trum of the designed colorimetric sensor for the different
GP73 concentration (0, 10.0, 30.0, 50.0, 70.0, 90.0, and
110.0 ng/mL). The system solution color deepened as the
GP73 concentration increased (inset of Fig. 5A), and the
absorbance at 652 nm increased with the increase of GP73
concentration. This finding confirms that as GP73 concen-
tration increases, more and more GP73 binds to aptamers
to form more aptamer-GP73-aptamer complexes, and more
RGO-CMCS-Hemin/Pt@Pd NP nanozyme in the aptamer-
GP73-aptamer complexes catalyzes more H,0, and oxidizes
more TMB to oxTMB, making the solution darker and the
absorbance enhancing. According to Fig. 5B, in the range of
10.0 to 110.0 ng/mL, GP73 concentration is linearly related
to the absorption intensity. The standard curve equation was
Y=0.0032X +0.3171, R>=0.9906 (where Y represented the
absorption intensity at 652 nm and X indicated GP73 con-
centration). The formula LOD =3S/k (S was the criterion
bias of six duplicate blank signals, k was the slope of the
standard curve) is used to calculate the limit of detection
(LOD) [31]. By calculating, the LOD is 4.7 ng/mL.

In clinical, the concentration of GP73 in normal human
serum is a few tens of nanograms per milliliter. When the
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Fig.5 A The absorbance of different concentrations GP73 under the
optimized experimental conditions and experimental phenomenon,
(0) 0 ng/mL. GP73, (1) 10.0 ng/mL GP73, (2) 30.0 ng/mL GP73,
(3) 50.0 ng/mL GP73, (4) 70.0 ng/mL GP73, (5) 90.0 ng/mL GP73,
(6) 110.0 ng/mL GP73. B The calibration plots of the relationship
between the absorbance intensity at 652 nm and the GP73 concen-
tration. C The absorbance of different protein to verify the specific-

GP73 concentration exceeds 77.39 ng/mL, the risk of hav-
ing HCC is about 92.31% [32]. Moreover, a comparison
between the proposed colorimetric method and other bio-
sensors for GP73 detection is shown in Table 2, Compared to
other methods in Table 2, the sensor exhibited an extremely
high level of performance in detecting low concentrations
of GP73. Our designed sensors cannot reach this level. The

Table 2 Comparison the GP73 determination with other methods

B 07

Y=0.0032X+0.3171 i

0.6 R?=0.9906 i

Absorbance
4
wn
"
HH

4
&
L

034 "

(] 20 40 60 80 100
Concentration of GP73 (ng/mL)

D 0.35

0.30
0.25
0.20
< 0.154
<
0.10
0.05
0.00 -
-0.05
-0.10

T T T T
IgG AFP  Mixture GP73

Types of substances

HSA

ity of the GP73 colorimetric sensor, (1) 1.0 pg/mL HSA, (2) 1.0 pg/
mL IgG, (3) 1.0 pg/mL AFP, (4) mixture includes HSA, IgG, AFP
and GP73, (5) 100.0 ng/mL GP73. D Histogram of the specificity
for GP73 colorimetric sensor. All the above values are expressed as
the median of three independent experimental analyses; the error bar
represents the relative standard deviation from three independent
measurements

LOD of our RGO-CMCS-Hemin/Pt@Pd NP-based colori-
metric aptasensor is high, which may be owing to the fol-
lowing factors; the affinity between GP73 and aptamer is
not powerful enough, resulting in an incomplete connection.
Besides, the aptamer-GP73-aptamer sandwich complex has
a spatial steric effect, which hinders the catalytic efficiency
of RGO-CMCS-Hemin/Pt@Pd NP nanozyme. However, the

Method Linear range LOD Ref
Turbidimetric immunoassay 20-320 ng/mL 2.11 ng/mL [33]
Electrochemical immunosensor 0.0003-6.0 ng/mL 0.0001 ng/mL [34]
B-HRP/A-LCA/AuNPs electrochemistry 0.01~25 ng/mL 0.007 ng/mL [21]
Electrochemiluminescence and immunoassay 0.015~0.7 ng/mL 0.015 ng/mL [5]

XMAP (multi-analyte suspension array) technology 0.01~50 ng/mL 0.48 ng/mL [35]
Immunoblotting and ELISA 0.25-4.0 ng/mL 0.25 ng/mL [36]
Manganese modified CdTe/CdS quantum dots immunoassay 20~150 ng/mL 10.0 ng/mL [31]
RGO-Mn;0, nanozyme colorimetry 10~250 ng/mL 5.42 ng/mL [12]
RGO-CMCS-Hemin/Pt@Pd nanozyme colorimetry 10~110 ng/mL 4.7 ng/mL This work
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linear range of our sensor is more closely matched to the
clinical detection requirements. Compare with other meth-
ods, the colorimetric aptasensor is much less costly and
visualizes the results. And it does not require complex and
expensive instrumentation in its design and use. Thus, this
low-cost colorimetric aptasensor provides a new and promis-
ing platform for the design in clinical testing.

Specificity of the GP73 colorimetric aptasensor

To verify the specificity of the GP73 colorimetric sensor,
HSA, IgG, AFP, GP73, and mixed solutions were selected
for comparison. The concentrations of tube 1 (HSA),
tube 2 (IgG), tube 3 (AFP), and tube 5 (GP73) were set
at 1.0 pg/mL, 1.0 pg/mL, 1.0 pg/mL, and 0.1 pg/mL,
respectively, and tube 4 was a mixture of the above four
materials, the absorbance at 652 nm for each above solu-
tion was recorded, and the experimental phenomenon and
UV-vis absorption spectrum were present in Fig. 5C. The
results are expressed as AA =A-A0, where AO indicates
the absorbance value at 652 nm in the absence of the sam-
ple and A indicates the absorbance value of each sample,
respectively. Figure 5D was the histogram of the specific-
ity for GP73 colorimetric sensor. The AA of HSA, IgG,
and AFP were —0.057,—0.050, and — 0.051, respectively.
The concentration of GP73 is one-tenth that of the other
non-specific proteins and has the highest UV—vis absorp-
tion compared to the other three substances, and its AA was

0.320. The mixture has the second highest AA at 0.182. The
above results indicate that the colorimetric sensor based on
RGO-CMCS-Hemin/Pt@Pd NP nanozymes has some cross-
sensitivity to other non-specific proteins. This may be due
to other proteins covering the GP73 binding site when the
mixture was detected, resulting in insufficient amounts of
GP73 binding to the aptamer and ultimately resulting in a
lower absorbance for the mixture. The sensor may exhibit
certain disadvantages when performing complex sample
detection. However, the specificity results of the sensor are
still acceptable.

Determination of GP73 in the human serum samples

In this study, two human serum samples from the healthy
volunteers are selected as the analytes, in which the meas-
ured AFP concentrations are 3.12 ng/mL and 7.37 ng/mL,
respectively). Different GP73 quantities were spiked into
a human serum sample (volume ratio, 1:1) to obtain final
concentrations of 50.0 ng/mL, 80.0 ng/mL, and 100.0 ng/
mL and sonicated homogeneity. Then, the test samples
were detected with the prepared colorimetric sensor
through the absorbance at 652 nm, and the GP73 con-
tent in the actual samples was calculated using the GP73
standard curve (Y=0.0032X+0.9906). Each experiment
was measured three times and the results were presented
in Table 3. The relative standard deviation (RSD) of the
GP73 colorimetric sensor based on RGO-CMCS-Hemin/

Table 3 Analysis of the GP73
test results in the actual serum

samples mlL)

Actual serum  Added GP73

Detection GP73 Average of GP73 detec-
concentration (ng/ concentration
(ng/mL) mL)

RSD (%) Recovery (%)
tion concentration (ng/

50.0

Sample 1 80.0

100.0

50.0

Sample 2 80.0

100.0

52.30
49.94
48.59
81.25
79.91
78.22
103.14
98.42
93.71
51.62
51.29
49.27
85.97
78.56
85.97
106.84
106.51
99.77

49.94 3.75 99.9

79.91 1.90 99.9

98.42 4.79 98.4

51.29 2.49 103

78.56 5.44 98.2

106.51 3.75 107

(Sample 1 had 3.12 ng/mL of AFP, and Sample 2 had 7.37 ng/mL of AFP)
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Pt@Pd NP nanozyme was in the range of 1.90 to 5.44%,
and the recoveries for GP73 via the proposed aptasensor
ranged from 98.2 to 106%. The data indicated that the
GP73 colorimetric sensor based on RGO-CMCS-Hemin/
Pt @Pd NPs can detect GP73 content in human serum.

Conclusions

In conclusion, we have constructed a facile colorimetric
aptasensor for GP73 detection based on the RGO-CMCS-
Hemin/Pt@Pd NPs with peroxidase-like activity. The
RGO-CMCS-Hemin/Pt@Pd NP nanozymes were suc-
cessfully synthesized under mild conditions. The steady-
state kinetics of RGO-CMCS-Hemin/Pt@Pd NPs for
the catalytic oxidation of TMB in the presence of H,0,
was investigated in order to demonstrate that the RGO-
CMCS-Hemin/Pt@Pd NPs has high affinity to substrates:
TMB and H,0,. It is a key part of this sensor and plays
an important role for the sensor to detect GP73. Taking
advantage of the good peroxidase-like properties, RGO-
CMCS-Hemin/Pt@Pd NPs can oxidase colorless TMB
into blue oxTMB in the presence of H,0,, and the absorb-
ance of the system at 652 nm changed consequently, which
realize the sensitive colorimetric detection of GP73. The
colorimetric aptasensor has a linear range that is relatively
well suited for clinical detection. The sensor also has an
acceptable specificity and good recovery. Although the
proposed RGO-CMCS-Hemin/Pt@Pd NP-based colori-
metric sensor has a relatively high LOD and some cross-
sensitivity, it is still insufficient for practical clinical detec-
tion. Future work will focus on the obtaining a more rapid
response time and lower LOD for the proposed RGO-
CMCS-Hemin/Pt@Pd NP-based colorimetric aptasen-
sor. This aptasensing format is expected to considerably
promote the development of small portable devices for
point-of-care test in the future.
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