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ABSTRACT: Chlorogenic acid (CGA), a phenolic acid from coffee, has been
regarded as a powerful ingredient against oxidative stress and inflammation.
Meanwhile, its healing feature to interfere with periodontal disease (PD) makes it
a promising drug candidate. However, the existing methods for chlorogenic acid
detection limit its practical application in purification and further pharmacological
study in stomatology due to their lack of accuracy and productivity. Therefore, it is
crucial to find a forceful approach to precisely evaluate CGA for an in-depth anti-PD
study. In this work, we reported a facile and controllable synthesis of Pt@Pd
nanowires (NWs) in a non-compacted core−shell structure with high electrocatalytic
activity. In addition, polyethylenimine (PEI)-capped reduced graphene oxide (rGO)
nanoflakes provided large binding sites for a network structure composed of
interweaved Pt@Pd nanowires and protected hemin from self-destruction, which
empowered Pt@Pd NWs-Hemin-PEI-rGO nanohybrids to own a large electroactive
surface area and great electrochemical property for CGA detection. The enzyme-free
electrochemical sensor based on Pt@Pd NWs-Hemin-PEI-rGO displayed a favorable capacity for trace CGA detection with a
detection limit of 7.8 nM and a wide linear range of 0.5 μM to 4 mM. The exceptional sensitivity and selectivity of the sensor made it
accomplish the measurements of chlorogenic acid in soft drinks and coffee with high consistency of HPLC results. The satisfactory
performance of the obtained sensor enables it to be used for quality control and study of drug metabolism in PD treatments.

1. INTRODUCTION

Chlorogenic acid (CGA) is a phenolic compound with low
toxicity and fewer side effects, which is rich in coffee, a variety
of fruits, and vegetables.1 In particular, it is also the main active
ingredient in many traditional Chinese medicines, including
honeysuckle and Eucommia ulmoides.2 Studies show that
chlorogenic acid has a variety of beneficial medicinal effects,
such as antioxidant, anti-inflammatory, nerve damage protec-
tion, and anticancer activities.3 Especially, chlorogenic acid also
plays a notably important role in the prevention and treatment
of periodontal disease (PD). CGA can enhance the human
dental pulp stem cells’ (hDPSC) development into osteoblasts
by regulating Wnt signaling, which has an exceptional
therapeutic prospect for patients with PD.4 In addition, CGA
is also a potential agent against periodontitis caused by
microbes due to its antimicrobial activity.5 Drug-loaded dental
implants with CGA are also employed as an effective treatment
to decrease the possibility of infections.6 Therefore, accurate
quantitative analysis of CGA is of great significance for PD
intervention and treatment.
As a natural substance, it is hard to separate and assess CGA

in a complicated system, which sets a rigorous requirement for
the analytic approaches of CGA. Traditional detection
methods including ultrahigh-performance liquid chromatog-

raphy (UHPLC), near-infrared spectroscopy (NIRS), liquid
chromatography-mass spectrometry (LC−MS), and capillary
electrophoresis have been used for the determination of CGA.7

However, these methods are usually very expensive, time-
consuming, require many reagent solutions, and have low
sensitivity, which makes them have intrinsic limitations in
exploring further application of chlorogenic acid. Compared to
the existing techniques, the simplicity of electrochemical
sensors favors them to be applied in cases that require
sophisticated operators with speedy procedures.8 Detection in
complicated environments can be accurately accomplished due
to the outstanding specificity of the electrochemical sensors.9 It
is worth noting that the selectivity of sensors makes them
suitable for carrying out a trace CGA test.10 Therefore, to
facilitate the exploration of chlorogenic acid in oral health care,
facile and ultrasensitive sensors with high selectivity to detect
CGA are in a huge demand.
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Compared with nanoparticles, one-dimensional nanostruc-
tures such as nanowires (NWs) have attracted more and more
attention in the field of biosensors because of their excellent
stability, high electrocatalytic activity, and enhanced con-
ductivity.11 The analytical performance of sensing surfaces
modified with nanowires has been significantly improved.12

Metal nanowires with a high specific surface area can not only
fix more biomolecules but also have more electrocatalytic sites,
which can trigger electrochemical reactions faster. Moreover,
nanowires also can improve the electron transport pathway’s
efficiency. In addition, nanowires with a high aspect ratio can
weave a tight network on the electrode, not only providing
sufficient positions to load more biological molecules but also
making them more stable. The interconnected nanowires can
further improve the conductivity and electrocatalytic activ-
ities.13 Hemin is a natural porphyrin iron that is able to
catalyze redox reactions.14 It forms an electron conjugated
system through a π bond and valence change of iron ions with
attractive redox characteristics. It can replace a series of
enzymes as catalysts to enhance the response signal on the
electrode surface so as to boost stronger analytical perform-
ance.15 However, the catalytic activity of hemin is nevertheless

limited by its susceptibility to oxidative self-destruction.16 As a
result, support materials with a substantial surface area are
required to ensure the stability and catalytic activity of hemin.
With good electrical conductivity, a large surface area, and ease
of functionalization, reduced graphene oxide (rGO) has a six-
membered ring structure that can bond with the porphyrin ring
of hemin through π-bonds, making it an ideal material to
support hemin.17 However, reduced graphene oxide is equally
prone to irreversible stacking, which still needs to be solved by
certain strategies.
In this work, hemin-functionalized polyetherimide-capped

rGO nanoflakes were used as a matrix loaded with platinum-
nanoparticle-encapsulated palladium nanowires to form Pt@
Pd NWs-Hemin-PEI-rGO nanohybrids. Additionally, control-
lable linear nanostructures have been synthesized by regulating
the concentration of sodium iodide during the synthesis of Pd
nanowires. A non-enzymatic sensor based on Pt@Pd NWs-
Hemin-PEI-rGO exhibited distinguished detection perform-
ance for the quantitative analysis of chlorogenic acid (Scheme
1). Polyethylenimine (PEI) with large amounts of amino
groups effectively intensified the dispersity of reduced
graphene oxide, which ensured hemin to avoid self-destruction

Scheme 1. Schematic Representation of the Pt@Pd NWs-Hemin-PEI-rGO Nanohybrid-Based Electrochemical Non-Enzyme
Sensor
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and provided abundant binding sites for Pt@Pd NWs. The
interwoven network structure of Pt@Pd nanowires and hemin
endowed the Pt@Pd NWs-Hemin-PEI-rGO nanohybrids with
high electrochemical activity toward chlorogenic acid. The
obtained electrochemical sensor exhibited not only high
sensitivity for the detection of chlorogenic acid with a
detection limit of 7.8 nM and a wide linear range of 0.5 μM
to 4 mM but also an excellent anti-interference ability and
long-term stability. In the real-sample detection, the proposed
sensor also showed admirable accuracy, indicating a broad
application value in practical application. It is a promising
competitor for quality control and analysis of metabolism to
investigate the beneficial impacts of chlorogenic acid as a
functional ingredient to combat periodontal disease.

2. RESULTS AND DISCUSSION
2.1. Characterization of Pt@Pd NWs-Hemin-PEI-rGO

Nanohybrids. The morphological properties of the obtained
materials were revealed in transmission electron microscopy
(TEM) micrographs (Figure 1). As shown in Figure 1A,

typically, fold characteristics with a rough surface and sheet
stacking were observed on the reduced graphene oxide (rGO)
flakes. After functionalization with hemin and PEI, Hemin-PEI-
rGO nanoflakes displayed more extended and smooth lamellar
structures than rGO, proving that the introduction of hemin
did not aggravate the irreversible aggregation of rGO, while
PEI effectively enhanced the dispersion. Figure 1C,D shows
the TEM images of Pd NWs-Hemin-PEI-rGO and Pt@Pd
NWs-Hemin-PEI-rGO nanocomposites. The Pd nanowires
were strewed at random on the Hemin-PEI-rGO nanoflakes
with an average diameter of 6.5 nm (Figure 1C). In Figure 1D,
with nanowires as the carrying substrate, circular particles
arranged on the surface and completely wrapped the
nanowires. To further verify the elemental composition of
the obtained nanocomposites, element analysis was carried out
by energy-dispersive X-ray (EDX) spectroscopy (Figure S1).
The prepared nanocomposites were composed of C, O, Fe, Pt,

and Pd elements, and Cu and Si elements were from the
supporting copper mesh. The existence of Fe indicated that
hemin was successfully introduced into the nanohybrids.
To further verify the successful synthesis of Pt@Pd

nanowires, TEM and elemental mapping were utilized to
determine the structure and elemental distribution of the
obtained nanohybrids. As shown in Figure S2, it can be clear
that Pd was mainly concentrated in the interior of the obtained
Pt@Pd, whereas Pt was deposited at the outer edge of Pt@Pd
to form a dense coating structure.
The results of elemental composition analysis further

declared that the obtained Pt@Pd nanowires were in double-
layered structures consisting of a Pd core and a Pt outer shell
(Figure 2). Figure S3 shows the X-ray diffraction spectrum of
the obtained nanocomposites. A sharp diffraction peak at 2θ =
11.28° appeared in the diffraction spectrum of GO (curve a).
In contrast, Hemin-PEI-rGO(b) displayed only a wider
diffraction peak at 2θ = 24.3°, reflecting that the GO was
reduced completely. In addition, Pd NWs-Hemin-PEI-rGO
(curve c) exhibited four different diffraction peaks at 40.18,
46.56, 68.28, and 82.4°, referring to the crystal faces of (111),
(200), (220), and (311), respectively, which are ascribed to
the formation of the Pd NWs-Hemin-PEI-rGO nanocompo-
sites.18 As for the Pt@Pd NWs-Hemin-PEI-rGO (curve d),
other diffraction patterns are broader owing to the super-
position of lattice planes, suggesting the formation of a
bimetallic nanoalloy.19

Diethylene glycol and ascorbic acid act as reducing agents
during the synthesis of nanowires, while the concentration of
iodide will affect the reduction kinetics, which has a crucial
impact on the morphology of the nanowires.20 Therefore, to
ensure the consistency of a Pd NW core, the influence of
sodium iodide on the nanowire synthesis has been explored in
this work. Under the same experimental conditions, the
amount of NaI was adjusted to be 50, 100, 150, and 200 mg,
respectively. As shown in Figure 3A, the as-prepared
nanomaterials showed irregular morphologies with the
presence of rods, granules of various sizes, and a few cubes
at the addition of 50 mg of NaI. When the addition of NaI
increased to 100 mg, the nanostructures tended to have
uniform cubic morphologies but varied in size, and some
nanoparticles were also triangular (Figure 3B). With 150 mg of
NaI, the Pd nanomaterials exhibited regular threads with
uniform diameters, and no other morphological nanostructures
existed. However, when the addition of NaI was further
increased to 200 mg, the morphological structures of Pd
nanomaterials exhibited further alterations, showing cubic and
triangular structures in addition to small amounts of wire-like
nanostructures. According to the above results, the subsequent
synthesis procedures for nanomaterials in order to construct
sensing surfaces all adopted the protocol of 150 mg NaI.

2.2. Electrochemical Characterization. To investigate
the electrochemical property of stepwise-modified electrodes,
cyclic voltammetry (CV) analysis in a KCl (100 mM) aqueous
solution containing 10 mM [Fe (CN)6]

3−/4− as a redox probe
has been utilized. As shown in Figure 4A, compared with the
bare glassy carbon electrode (GCE) (yellow), the peak current
of Pt@Pd NWs-Hemin-PEI-rGO/GCE was significantly high-
er, indicating that the sensing surface modified with Pt@Pd
NWs-Hemin-PEI-rGO exhibited an excellent electrical con-
ductivity and had the potential to achieve more sensitive
detection. Under the same conditions, the values of peak
current were ranked as follows: Pt@Pd NWs-Hemin-PEI-

Figure 1. TEM images of (A) reduced graphene oxide (rGO), (B)
Hemin-PEI-rGO nanoflakes, (C) Pd NWs-Hemin-PEI-rGO, and (D)
Pt@Pd NWs-Hemin-PEI-rGO.
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rGO/GCE > Pd NWs-Hemin-PEI-rGO/GCE > Hemin-PEI-
rGO/GCE > bare GCE. In addition, the electroactive surface
area of different GCEs has been evaluated by the Randles−
Sevcik equation:21

I A D n v c2.69 10 effp
5 1/2 3/2 1/2= × × × × × × (1)

where Ip is the redox peak current, Aeff corresponds to the
electroactive surface area (Aeff, cm

2), the diffusion coefficient
(D) of the redox probe is (6.70 ± 0.02) × 10−6 cm−2/s, n
represents the number of transferred electrons involved in the
redox reaction, and V is the applied scan rate. The Pt@Pd
NWs-Hemin-PEI-rGO/GCE exhibited the largest effective
electroactive area of 0.079 cm2, which was 1.27-, 1.47-, and
1.59-fold larger than Pd NWs-Hemin-PEI-rGO/GCE, Hemin-
PEI-rGO/GCE, and bare GCE, respectively. This result further
demonstrated the ability of Pt@Pd NWs-Hemin-PEI-rGO in
increasing the electrical conductivity as well as enhancing the
electroactive surface area. Meanwhile, electron transfer can be
investigated by contrasting the peak separation (ΔEp). It can
be observed that with the stepwise modification of nanoma-
terials, the ΔEp between the redox peaks also decreased in a
stepwise manner. After the modification of Pt@Pd NWs-
Hemin-PEI-rGO, ΔEp declined from 147 mV (bare electrode)
to 110 mV, revealing that the Pt@Pd NWs-Hemin-PEI-rGO/
GCE had a faster electron transfer rate, which facilitated
electron transports between the electrolyte and electrode. The
above phenomenon can be attributed to the possession of a
larger effective electroactive area by Hemin-PEI-rGO nano-
flakes, which provides more sites for the loading of Pt@Pd
NWs with high conductivity. Meanwhile, the net structure
formed by Pt@Pd NWs also contributes to further improve the
electrical conductivity of the hybrid composites.
The CV curves of CGA at different nanomaterial-modified

electrodes recorded at a scan rate of 50 mV/s in the presence
and absence of chlorogenic acid are shown in Figure 4B. It is
found that no observable redox peaks existed on the Pt@Pd
NWs-Hemin-PEI-rGO/GCE in the absence of chlorogenic
acid, while a prominent redox peak appeared at 0.26 V/0.2 V

Figure 2. Elemental composition analysis of Pt@Pd NWs. (A) TEM image of a Pt@Pd nanowire; (B−D) the elemental mapping images of a Pt@
Pd nanowire: Pd, Pt, and overlay of Pt and Pd.

Figure 3. TEM images of Pd nanostructures synthesized under the
same condition with the addition of different amounts of NaI: (A) 50,
(B) 100, (C) 150, and (D) 200 mg.
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in the presence of chlorogenic acid. This result proved that the
obtained nanohybrids owned good electrocatalytic activity
toward chlorogenic acid and could be an ideal candidate for
chlorogenic acid detection. Moreover, compared with the bare
GCE, Hemin-PEI-rGO/GCE displayed weak redox peaks,

while the electrochemical response toward CGA was further
enhanced due to the addition of Pt@Pd NWs. Additionally,
the Ipa/Ipc value was 1.32, larger than 1, which indicated that
the catalytical action of the CGA on the proposed sensing
surface was a quasi-reversible process.22 These results

Figure 4. (A) Electrochemical behavior analysis of electrodes modified with different nanomaterials: bare GCE (yellow), Hemin-PEI-rGO/GCE
(orange), Pd NWs-Hemin-PEI-rGO/GCE (red), and Pt@Pd NWs-Hemin-PEI-rGO/GCE (blue) (10 mM [Fe(CN)6]

3−/4− containing 0.1 M
KCl); (B) CV profiles of the bare GCE (gray), Hemin-PEI-rGO/GCE with CGA (purple), and Pt@Pd NWs-Hemin-PEI-rGO/GCE with CGA
(0.5 mM) (red) and without CGA (orange) in 0.1 M PBS (pH 4) at a scan rate of 50 mV s−1.

Figure 5. (A) CVs of Pt@Pd NWs-Hemin-PEI-rGO/GCE in PBS solution (0.1 M) with different pH values. (B) Linear relationship obtained for
the peak current vs pH value (n = 5). (C) CV curves of CGA at the Pt@Pd NWs-Hemin-PEI-rGO/GCE in a pH 4 0.1 M phosphate buffer solution
at various scan rates (10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV s−1). (D) Linear relationship obtained for the peak current vs square root of the
scan rate (n = 5).
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demonstrate that hemin exhibits a certain electrocatalytic
activity toward chlorogenic acid, and the addition of NWs
greatly increases the redox signal of CGA, which makes the
obtained Pt@Pd NWs-Hemin-PEI-rGO nanohybrids have
higher electrochemical reactivity toward the redox of
chlorogenic acid. Therefore, the GCE modified with Pt@Pd
NWs-Hemin-PEI-rGO shows a remarkable performance on
the CGA analysis, which has a great potential for trace
detection of chlorogenic acid.
2.3. Optimization of the Experimental Variables. The

electrochemical behaviors of CGA on the Pt@Pd NWs-
Hemin-PEI-rGO/GCE in 0.1 M phosphate buffer with varying
pH values were studied using cyclic voltammetry (CV). As
shown in Figure 5A, a pair of redox peaks can be observed, and
the peak potential shifted to a more negative direction with
increasing pH. Furthermore, it can be found that the
electrochemical activity of Pt@Pd NWs-Hemin-PEI-rGO/
GCE depends on the pH value of the buffer. The peak current
of the oxidation reaction gradually enhanced as the pH value
increased from 3 to 4 and then decreased step by step as pH
further increased to 9. The as-prepared electrode showed
significantly higher electrochemical activity at a pH value of 4
and a stronger response signal of chlorogenic acid. Therefore,
PBS buffer with a pH value of 4 was used as the supporting
solution for subsequent experiments.
Figure 5C records the cyclic voltammetric curves of the Pt@

Pd NWs-Hemin-PEI-rGO/GCE at different scan rates in PBS
electrolyte solution containing 0.5 mM chlorogenic acid at pH
4. The cathodic and anodic peak currents showed a good linear
relationship with the square root of the scan rate from 10 to
100 mV/s (Figure 5D). The linear regression equations can be
expressed as Ipa = 21.0378v1/2 − 29.909 (R2 = 0.994) and Ipc =
−26.9926v1/2 + 52.021(R2 = 0.995), suggesting that the overall
reaction kinetics are diffusion-controlled processes.23 To
ensure the stability of subsequent experiments, 50 mV/s was
finally selected as the scan rate for the quantitative analysis of
CGA.
2.4. Quantitative Performance of the Pt@Pd NWs-

Hemin-PEI-rGO/GCE. To evaluate the analytical capability of
the Pt@Pd NWs-Hemin-PEI-rGO/GCE, different concen-
trations of chlorogenic acid were selected as the target analytes,
which were determined by the differential pulse voltammetry
method (DPV). Under the optimal experimental conditions,
the DPV curves of different concentrations of CGA are
recorded in Figure 6A. It can be obviously observed that with
the increased CGA concentration, the electrochemical
response at the electrode surface linearly enhanced, indicating
that the proposed sensor was sufficient and sensitive for the
determination of CGA. We fitted the calibration curve after
five independent tests. There was an obvious linear relation-
ship between the peak current and the concentration of CGA
(Figure 6B). From the calibrated current−concentration
profile, the obtained sensor showed two linear ranges from
0.5 μM to 0.1 mM and from 0.1 to 4 mM with regression
coefficient (R2) values of 0.994 and 0.993, respectively. The
linear regression equations can be expressed as follows:

I C51.4698 7.29341 = + (2)

where the range is from 0.5 μM to 0.1 mM, R2 = 0.994.

I C4.3484 11.92822 = + (3)

where the range is from 0.1 to 4 mM, R2 = 0.993.

A detection limit of 7.8 nM and sensitivity of 651.523 μA
μM−1 cm−2 were obtained according to the LOD = 3Sb/s at a
signal-to-noise ratio of 3. The superior electrochemical
performance of the Pt@Pd NWs-Hemin-PEI-rGO/GCE was
attributed to the remarkable electroactive area of the Hemin-
PEI-rGO nanoflakes, which significantly accelerated the
electron transport efficiently during the detection process.
Meanwhile, hemin and Pt@Pd NWs both exhibited electro-
catalytic activity toward chlorogenic acid, which had synergistic
effects on enhancing the signal response on the sensing
interface. Therefore, the Pt@Pd NWs-Hemin-PEI-rGO-
modified sensing surface possessed excellent trace analysis
ability for CGA.
A comparison of the performances of traditional detection

methods and the reported sensor for the detection of
chlorogenic acid is completed in Table1. It can be clearly
seen that the constructed novel chlorogenic acid detection
platform has a relatively low detection limit, and the detection
linear range is also significantly broadened. The proposed
sensor based on Pt@Pd NWs-Hemin-PEI-rGO nanohybrids
owns an admirable analytical performance for CGA, which
makes it a powerful tool for further research on the mechanism
of CGA in oral health care. It also has the potential to be a

Figure 6. (A) Differential pulse voltammetry (DPV) curves of the
Pt@Pd NWs-Hemin-PEI-rGO/GCE in PBS buffer solution (pH 4)
containing various concentrations of CGA. (B) Corresponding
calibration curve of the response current versus the concentration
of CGA. Inset is the linear relationship between the current response
and the low concentration of CGA (n = 5).
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quality monitoring platform in the development of daily
nutrients against periodontitis.
2.5. Stability, Repeatability, and Interference Im-

munity Studies. To ensure the accuracy and stability of the
Pt@Pd NWs-Hemin-PEI-rGO/GCE in real detection, a series
of important parameters of the sensor had been examined.
First, the stability of the sensing surface was determined by
regular detection of its current response. The proposed GCE
was stored in a refrigerator at 4 °C for 1 month and tested
every 5 days in 0.1 M PBS solution containing 0.5 mM
chlorogenic acid. After storage for 30 days, the peak current
response of the GCE still maintained 95.7% of the original
current with acceptable stability. The reproducibility of the
obtained GCE in the analysis of chlorogenic acid was verified
by five independent experiments, and the results are shown in
Figure S4. The DPV response signals of five independent
groups did not show obvious inconsistency with an RSD of
2.18%, indicating an exceptional reproducibility of the
proposed sensor. As for the specificity of the prepared sensor,
an anti-interference study was carried out using a 25-fold
excess of chicory acid, caffeic acid, glucose, ascorbic acid, uric
acid, and catechol as interferences. In Figure S5, the variation
of current caused by interfering substances was less than 5%
compared with the current response of the unperturbed GCE,
illustrating that the Pt@Pd NWs-Hemin-PEI-rGO/GCE
acquired favorable selectivity and specificity.
2.6. Application in Real Samples. To assess the utility of

the Pt@Pd NWs-Hemin-PEI-rGO/GCE, the concentration of
CGA in commercial soft drinks and coffee was determined
using the standard addition method, which could overcome the
matrix effects. Ten milliliters of commercial beverages and
coffee were added with 25 mL of PBS buffer under stirring.
Then, different concentrations of chlorogenic acid were added
to the real samples sequentially. The detection was performed
under the optimal condition, and five sets of parallel detections
were performed for each sample. The analytical results are
shown in Table 2. The Pt@Pd NWs-Hemin-PEI-rGO/GCE
showed an appreciable response to the real samples with the
addition of chlorogenic acid with excellent recoveries from
97.72 to 102.13%. The result evinces that the sensor based on
Pt@Pd NWs-Hemin-PEI-rGO has a great potential in real-
sample analysis, which opens a road for drug development
based on chlorogenic acid to guarantee oral health.

3. CONCLUSIONS
In this work, an ultrasensitive electrochemical sensor for the
determination of CGA based on Pt@Pd NWs-Hemin-PEI-
rGO nanohybrids has been developed. The impacts of NaI on
the formation of a nanostructure in the preparation of Pd
nanowires have also been discussed, and a method to obtain
Pd nanowires with excellent morphology has been determined.
Subsequently, Pt nanoparticles were successfully attached to
palladium nanowires to form bimetallic core−shell nanowires.
Along with the Hemin-PEI-rGO nanoflakes as the substrate,
Pt@Pd NWs-Hemin-PEI-rGO nanohybrids with high electro-
chemical properties have been proposed. The hybrid nanoma-
terial exhibited excellent electrochemical activity, which could
effectively increase the electron transfer rate and electroactive
area. In addition, Pt@Pd NWs-Hemin-PEI-rGO nanohybrids
exhibited admirable electrocatalytic ability for chlorogenic acid
as well, facilitating the sensitive detection of CGA. The
obtained sensor has a detection limit up to the nanometer scale
and a linear range from 0.5 μM to 4 mM with excellent
analytical capabilities beyond traditional detection methods
and reported CGA sensors. In real-sample detection, it also
exhibited satisfactory performance, suggesting its future
potential in the in-depth study of CGA in prevention of oral
disease.

4. EXPERIMENTAL SECTION
4.1. Chemicals and Reagents. Graphene oxide was

obtained from Nanjing XFNANO Materials Tech Co.
(Nanjing, China). Polyethyleneimine, hemin, 2-aminopyridine,
ethanol, polyvinylpyrrolidone (MW = 58000), ascorbic acid,
sodium iodide, sodium tetrachloropalladate, diethylene glycol,
potassium bromide, chloroplatinic acid hydrate, chlorogenic
acid, ethylene glycol, caffeic acid, catechol, and glucose were
fully acquired from Sigma-Aldrich Co. (St. Louis, MO, USA).
All the chemicals were analytically pure and used as received
without further purification. Deionized water was used
throughout the experiments unless otherwise indicated.

4.2. Apparatus and Measurements. A high-pressure
reactor (JULABO BR-25/40) was used for nanomaterial
synthesis. Transmission electron microscopy (TEM) was
performed by a JEM 2100 (Japan Electron Optics Laboratory).
With a typical three-electrode system, cyclic voltammetry
(CV), and differential pulse voltammetry (DPV) were carried
out by using an electrochemical analyzer (CHI 760E, China)
with software. The electrochemical behavior of glassy carbon
electrodes modified by different nanomaterials was analyzed by
a traditional three-electrode system. The working electrode
was modified by different nanomaterials, and Ag/AgCl and Pt
wires with saturated KCl solution as electrolyte were used as a
reference electrode and counter electrode, respectively. All

Table 1. Comparisons of Analytical Parameters for
Detection of CGA among Previously Described Methods
and the Obtained Sensor in this Work

materials detection range LOD ref

HPLC 4.56−47.2 μmol
L−1

3.78 μmol
L−1

24

UHPLC−MS 28.2−1552.4
μmol L−1

11.79
μmol
L−1

25

electrochemistry & UV−vis
absorption spectroscopy

0.5−60 μmol
L−1

45 nmol
L−1

26

water-compatible magnetic
molecularly imprinted polymers

0.14−564.5
μmol L−1

28 nmol
L−1

27

C-SPE/Pt-NPs/RGO/lacc-
biosensor

2.91−24.67
μmol L−1

2.67 μmol
L−1

28

mesoporous carbon−ionic liquid
paste electrode

2.5 μmol L−1−
20 nmol L−1

10 nmol
L−1

29

Pt@Pd NWs-Hemin-PEI-rGO/
GCE

0.5 μmol L−1−4
mmol L−1

7.8 nmol
L−1

this
work

Table 2. Determination of CGA in Various Real Samples by
the Pt@Pd NWs-Hemin-PEI-RGO/GCE

sample added (μM) found (μM) recovery (%) RSD

soft drink 25 25.54 102.13 2.87
50 50.1 100.21 2.72
100 99.84 99.85 2.08
150 152.26 101.51 2.17

coffee 25 25.26 101.3 2.87
50 48.87 97.72 2.46
100 100.19 100.21 2.09
150 148.33 99.89 2.43
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electrochemical tests were performed at room temperature.
Under the electrochemical test system, the electrochemical
properties of the developed electrode were investigated by
differential pulse voltammetry (DPV) and cyclic voltammetry
(CV). In the standard experiment, the electrolyte support
solutions were 10 mM [Fe(CN)6]

3−/4− with 0.1 M KCl
solution as a redox probe and 0.1 M PBS buffer with pH 4.
4.3. Preparation of Hemin-PEI-rGO Nanoflakes.

Hemin-PEI-RGO nanoflakes were prepared by a one-step
hydrothermal method. First, polyethyleneimine (PEI) was
added to 50 mL of 1 mg/mL GO solution in a ratio of 1:10
with sonication at room temperature for 2 h to obtain a
uniform PEI-GO aqueous solution. Subsequently, 5 mg of
hemin and 5 g of 2-aminopyridine were added to 50 mL of
PEI-GO solution under magnetic stirring. After 20 min of
stirring, the mixture was transferred to a Teflon-lined autoclave
and reacted at 130 °C for 3 h. Finally, a black precipitate was
obtained by continuously washing with ultrapure water and
absolute ethanol three times. The solid product Hemin-PEI-
rGO with a flaky shape was obtained by vacuum drying.
4.4. Preparation of Pt@Pd Nanowires. One hundred

five milligrams of PVP, 100 mg of AA, and 150 mg of NaI were
dissolved in 10 mL of DEG and preheated in an oil bath at 160
°C for 15 min with stirring. Then, 3 mL of DEG solution
containing 50 mg of Na2PdCl4 was added drop by drop. After
the reaction for 2 h, the reaction was terminated on ice. Finally,
the product, namely, Pd nanowires, was collected by
centrifugation, washed with ethanol three times, and
resuspended in ultrapure water.
Two milliliters of Pd nanowire solution, 100 mg of AA, 100

mg of PVP, and 80 mg of potassium bromide solid were mixed
in a three-neck flask containing 13 mL of ethylene glycol and
stirred at 110 °C for 15 min under magnetic stirring.
Subsequently, the reaction temperature was rapidly raised to
200 °C within 30 min. At the same time, 2 mg of sodium
chloroplatinate was dissolved in 15 mL of ethylene glycol, and
the solution was injected into the three-neck flask at a rate of 4
mL/h using a syringe pump. After injection, the projection
mixture was maintained at 200 °C for 20 min. To quench the
reaction, the flask was placed on ice. The final product was
collected by centrifugation and washed with ethanol three
times. Finally, the obtained Pt@Pd NWs were dispersed in
ultrapure water for further use.
4.5. Preparation of the Modified Sensing Electrodes.

In advance, the glassy carbon electrode was polished and pre-
treated with alumina slurry powders in different sizes (0.05 and
0.1 μm). After obtaining the mirror-like surface, the GCE was
washed with ethanol and ultrapure water under ultrasonication
followed by drying with a nitrogen stream. Six microliters of
Hemin-PEI-rGO solution was applied dropwise on the surface
of the glassy carbon electrode. After drying in a 40 °C vacuum
oven, a black film was obtained on the surface of the GCE.
Then, a 6 μL Pt@Pd NWs suspension was modified on the
Hemin-PEI-rGO/GCE by dip-coating and dried in a vacuum
oven. As an experimental control group, rGO, Hemin-PEI-
rGO/GCE, and Pd NWs/Hemin-PEI-rGO/GCE were pre-
pared similarly.
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