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1 | INTRODUCTION

Li Wang' |

YiXiu' | Shaoqi Zhang' | Song Wang® |

Abstract: In this experiment, we designed an electrochemical sensor using peni-
cillinase (Pen X)-rhombus porous carbon (RPC) as the detection element and
hematoxylin as the indicator to detect low concentrations of penicillin sodium
(Pen G). A differential pulse voltammetry (DPV) method was used to detect Pen
G in the concentration range of 10°¥-10~ mg-mL™! under optimal experimental
conditions. The results showed that the peak current value and the logarithm of
Pen G concentration showed a good linear relationship (R? = 0.9915), and the
LOD was 2.68 X 10”7 mg-mL™! (S/N = 3). The actual milk samples were detected
by the addition method and compared with the high-performance liquid phase
method; no significant difference was found in the detection results. The work-
ing electrode prepared by cross-linking method not only extends the service life
of the sensor, but also improves the sensitivity and reproducibility of the sen-
sor. It can also be used to detect the Pen G residue in the actual milk samples
repeatedly.

Practical Application: In this study, an electrochemical sensor for the rapid
detection of penicillin sodium in milk was prepared, which has good sensitivity
and fast detection speed.

KEYWORDS
detection, electrochemical sensor, penicillin sodium, rhombus porous carbon microspheres

At present, many practical and effective methods have
been adopted to detect -lactam antibiotics within the

f-lactams are a widely used class of antibiotics represented
by those containing a -lactam ring within their molecu-
lar structure (Pham et al., 2019). In the treatment of veteri-
nary diseases, Pen G is the most commonly used S-lactam
antibiotic for preventing and treating bacterial infections
such as cow mastitis (Van Boeckel et al., 2015). Pen G can
persist in small amounts, which may cause allergic reac-
tions in sensitized individuals (Jalili et al., 2020). Penicillin
residues may also induce drug-resistant bacteria and may
negatively affect the growth of fermented dairy products at
other levels (Junza et al., 2014).

food industry and animal husbandry, such as liquid
chromatography (HPLC) (Samanidou et al., 2007), lig-
uid chromatography-mass spectrometry (LC-MS) (Kipper
et al., 2017), enzyme-linked immunosorbent assay (ELISA)
(Font et al., 2008; Zhao et al., 2007), and microbial detec-
tion methods (Myllyniemi et al., 2002). However, these
methods are time-consuming, expensive, environmentally
demanding, and require complex sample preparation (Dey
et al., 2005; Gramse & Jacobson, 2005; Picé & Barcelo,
2008). Therefore, it is important to develop a fast and reli-
able method for quantifying Pen G in foods.
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Recently, biosensors have become promising alterna-
tives to traditional analysis systems for a variety of applica-
tions in environmental monitoring (Khoshbin et al., 2020;
Uen et al., 2020; Gupta et al., 2014), food analysis (Li et al.,
2018; Sun et al., 2020), and clinical diagnostics (Ehzari
et al., 2020; Goyal et al., 2009; Gupta et al., 2015; Zhang &
Fan, 2020). In addition, biosensors have low requirements
for the detection environment and require minimal sam-
ple preparation (Barthelmebs et al., 2010; Xiu et al., 2020).
Mesoporous carbon materials have been widely used in
electrochemical sensors owing to their attractive proper-
ties, including extremely high specific surface area (Qiu
et al., 2012; Yang et al., 2020), excellent mechanical sta-
bility (Cargnello et al., 2012), and good thermal stability
and electrical conductivity (Istamboulie et al., 2017; Zhu
& Diao, 2011). Metal-organic frameworks (MOFs) are self-
assembled structures that can control the structural mor-
phology and pore size of materials (Liu et al., 2008). The
process of carbonizing the MOF material can retain the
original structure and the corresponding pore structure.
The electrochemical performance mainly depends on the
active material, suitable structure, and pore size (Zhang
et al., 2014). The results show that micropores can signifi-
cantly increase the specific surface area of carbon materi-
als, improve the contact site of charge in carbon materials,
enhance the storage capacity of charge in supercapacitors,
and improve the electrochemical performance (Luo et al.,
2018). In this study, an Al-based MOF was used as a pre-
cursor to prepare porous carbon. This method has a lower
production cost, and the porous carbon material prepared
has a new rhombus structure (Jiang et al., 2019), a larger
specific surface area, higher thermal stability, and better
electrochemical performance than other carbon materials
(Salihu et al., 2019).

Under alkaline conditions, hematoxylin (HE) exists in
an oxidized state. Pen X can catalyze the S-lactam ring of
Pen G to produce penicillic acid (PA) and release H* (Wu
etal., 2014). With the H* concentration increased, the elec-
trons can be obtained from oxidized hematoxylin (O HE),
which promotes the reduction of oxidized hematoxylin on
the electrode surface. When the operating potential is con-
stant, the current value of the reaction is proportional to
the pH value of the system. The reaction is sensitive to the
change of H* concentration, which is very suitable for the
determination of small acidity changes in samples (Fig. S1)
(Stred’ansky et al., 2000). Therefore, it can be used for rapid
quantitative determination of Pen G.

In this study, a rhombus-shaped porous carbon (RPC)
prepared by the template method using an aluminum-
based metal organic framework (Al-MOF) as a template
was used as a carrier for penicillinase (Pen X). To pre-
pare the conjugate Pen X/RPC, the conjugate was used to
modify the electrode to obtain the working electrode Pen

X/RPC/GCE, treating HE as an indicator and optimizing
the preparation and detection conditions of the working
electrode, as shown in Scheme 1. Finally, the DPV method
was used to detect the Pen G content, and the stability and
uniformity of the prepared electrode were determined. The
sensor prepared by cross-linking method not only extends
the service life of the sensor, greatly enhances the stabil-
ity and reproducibility of the sensor, but also uses the RPC
as the carrier material to improve the conductivity of the
electrode and obtain a more sensitive response signal. By
comparing with the traditional method for detecting Pen
G, the application of the sensor prepared in this experiment
to actual milk samples was explored.

2 | MATERIALS AND METHODS

2.1 | Chemicals and apparatus

Aluminum nitrate (AI(NO3);-9H,0), anhydrous ethanol
(C,H50H), pyromellitic acid (CoHzOg), ammonium per-
sulfate ((NH,4),S,0g), sulfuric acid (H,SO,), potassium
chloride (KCl), potassium ferricyanide (K;[Fe(CN)g]),
and potassium ferrocyanide (K,Fe(CN)4-3H,0) were pur-
chased from Xilong Chemical Co., Ltd. Penicillinase and
hematoxylin (C;¢H;404) were purchased from Shang-
hai Yuanye Biotechnology Co., Ltd. Penicillin sodium
(Ci¢H17N,NaO,S) was purchased from Sigma-Aldrich and
phosphate buffered saline (PBS) was purchased from
Yikangda. Milk samples were purchased from a local
supermarket.

The physical and chemical properties of the synthesized
RPC material were characterized using the following
methods. A JEOL S-4800 scanning electron microscope
(SEM) was used to characterize the morphology of the
two materials under an acceleration voltage of 10 kV and
transmission electron microscopy (TEM, Tecnai G2F30)
at an operating voltage of 100 kV. Using a D8 Advance
X-ray diffractometer (XRD) device equipped with CuKa
radiation (1 = 0.154060 nm) at a scan rate of 2°-min~! and
arange of 26 from 10° to 80° to analyze the product struc-
ture. The RPC materials’ surface functional groups were
characterized using an IR Prestige-21 Fourier Infrared
Spectrometer (IR Prestige-2). The specific surface area
and pore size of the RPC material were characterized by
N, adsorption-desorption isotherms. The instrument used
was a Micromeritics ASAP 2020 analyzer. The elemental
composition of RPC was determined by X-ray photoelec-
tron spectroscopy (XPS; SSI S-Probex). Simultaneously, for
separating the nutrients in milk, we used a TGL-16M high-
speed desktop refrigerated centrifuge, the electrochemical
signals were measured by CHI660e electrochemical work-
station with three electrode system, Ag/AgCl as reference
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electrode and Pt as counter electrode. The measurement
methods include CV (voltage range -0.1-0.6 V), differ-
ential pulse voltammetry (pulse amplitude 0.05 V, pulse
height 0.05 s, interval between pulses 0.5 s, base potential
increment 0.004 V), electrochemical impedance spectrum
(sinusoidal voltage perturbation 0.005 V, frequency range
1-100000 Hz, and 12 data points per frequency decade).

2.2 | Preparation of RPC

The RPC preparation method was adjusted based on the lit-
erature (Jiang et al., 2019). The specific method was as fol-
lows: 0.63 g of Al (NOs);-9H,0 was added to 25 mL of dis-
tilled water and stirred for 20 min. Then, we added 26.6 mL
ethanol and 0.56 g trimellitic acid. The solution was stirred
for 30 min, and the mixture was poured into a reaction
kettle at 120°C for 12 hr. The white powder obtained was
centrifuged and washed several times with ethanol and
water alternately and dried overnight at 60°C. The sam-
ple was placed in a nickel boat by heating in a tube furnace
at 5°C-min~! from room temperature to 800°C, maintain-
ing it under N, atmosphere for 2 hr for carbonization, and
then cooled to 25°C to obtain an RPC sample.

2.3 | Immobilization of penicillinase and
determination of enzyme activity

Carboxyl modification of the prepared RPC by the wet oxi-
dation method (Vinu et al., 2007). The specific method is to
pour about 300 mg of RPC into 15 mL 0f 1.75 M (NH,),S,Og
and 15 mL of 2 M H,SO, mixed solution and mix well.
The reaction was carried out at 40°C for 24 hr, the super-
natant was discarded by centrifugation, the precipitate

Pen G+Pen X/RPC-COOH/GCE

Pen X/RPC-COOH/GCE

Schematic illustration of the preparation of electrochemical sensor based on an RPC for rapid detection of penicillin sodium

was repeatedly washed with deionized water to neutral-
ity, and the carboxyl-modified material RPC-COOH was
obtained.

Next, 30 mL of Thris-HCI buffer was added and 5 mg
EDC and 6 mg NHS were added to dissolve the solution.
Then, a certain amount of carboxyl-functionalized mate-
rial RPC-COOH was added to the above solution and dis-
persed for 30 min under ultrasound. Afterwards, 2 mL of
Pen X at specific concentrations were added at certain tem-
peratures and different speeds for a period; after centrifu-
gation and repeated washing, the upper washing solution
was collected for later determination of Pen X loading. An
enzyme-immobilized material was obtained and stored at
4°C. The amount of penicillinase, relative enzyme activity,
and immobilized enzyme activity were determined accord-
ing to the method in the literature (Xiu et al., 2019).

2.4 | Working electrode preparation

5 uL of a certain mass fraction of the solid-loaded material
was dropped onto a clean GCE and dried at 4°C to obtain
a working electrode. A three-electrode system and DPV
method were used to detect a series of penicillin sodium
solutions containing a certain amount of hematoxylin in
different concentrations.

2.5 | Determination of penicillin sodium
in milk samples

Pure milk was purchased from a local supermarket, and
200 mL was measured, adding 60 g of ammonium sulfate
for salting out. The samples were centrifuged at 5000
rpm for 20 min at room temperature, and milk samples
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FIGURE 1 SEM (A)and TEM (B,C) of the RPC

were collected by filtration through a sterile microporous
membrane (0.22 um). The pH of the milk sample was
adjusted with PBS, and a standard was added for measure-
ment. Simultaneously, the results were compared with
HPLC results to confirm the accuracy of the sensor in the
detection of reagent samples.

2.6 | Determination of sensor stability
and specificity

The working electrode was placed at 4°C and stored for 7
days; then the Pen G test was repeated six times at the same
concentration (107> mg-mL~). The peak current value was
then recorded. After 30 days of storage, the Pen G test was
repeated an additional six times at the same concentration
to calculate relative standard deviation (RSD).

Under the same conditions, the prepared working elec-
trode was used to detect amoxicillin, cephalexin, and peni-
cillin potassium and compared with the peak current
value of penicillin sodium at the same concentration
(1072 mg-mL™).

3 | RESULTS AND DISCUSSION

3.1 | Characterization of RPC

The morphology and structural characteristics of RPC can
be observed from the SEM and TEM images. As shown
in Figure 1A, many relatively uniform rhombus-shaped
porous carbons materials can be found with an average
diameter of approximately 500 nm. In addition, the special
structure of this rhombus is complete and has good disper-
sion. This rhombus-shaped structure can also be observed
in Figure 1B,C, with uniform size and good dispersibility.
It can also prove that this rhombus-shaped porous carbon
material was successfully synthesized.

To further prove the successful synthesis of RPC, Fig-
ure 2 shows the RPC XRD pattern, FT-IR pattern, and
nitrogen adsorption-desorption and BET patterns. From
Figure 2A, it can be observed that there are characteristic
diffraction peaks at 26 = 23° and 45°, corresponding to the
(002) and (101) crystal planes, respectively (Hu et al., 2018),
which are characteristic peaks of carbon materials. The
diffraction peak attributed to alumina at 26 = 67° proves
that the synthesized material contains aluminum (Jiang
et al., 2019). Therefore, XRD characterization proved that
this material was successfully synthesized.

Figure 2B shows the FT-IR diagram of the material. It is
observed in the figure that the absorption bands at 740 cm™!
and 1379 cm™! correspond to Al-O bonds, and the RPC-
COOH after carboxyl functionalization can see the absorp-
tion peak of -OH at 3404 cm™!; a C = C peak at 1082 cm™!
and the absorption peak at 1790 cm ™! represent the forma-
tion of C = O bonds (Hu et al., 2018; Liu et al., 2012). This
shows that there are carboxyl groups on the surface of the
material, proving the successful synthesis of RPC-COOH.
Compared with curve b, the peak of -CO-NH appeared at
1531 cm™ in curve c, and the absorption peak of -OH is
enhanced at 3404 cm™, indicating that Pen X is success-
fully immobilized on the electrode.

As shown in Figure 2C, the nitrogen adsorption
isotherm of RPC is a typical IV curve (Zhu & Diao, 2011).
Under a higher pressure (P/Py = 0.9), the sharp rise reflects
the existence of a macropore structure, indicating that
mesopores are formed in the material. As shown in Fig-
ure 2D, the pore size of RPC was mainly distributed at 31
nm, and it can be calculated that the specific surface area
of RPC was 100.2424 ng, and the pore volume was 0.2688
cm?.g7!, indicating that the material had a certain pore
structure.

Figure 3 shows the X-ray photoelectron spectroscopy
(XPS) of RPC, showing the elemental composition of
RPC and the electronic states of C and Al Figure 3A
indicates that the synthesized material mainly contains
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FIGURE 2

(A) X-ray diffraction (XRD) patterns of RPC; (B) Fourier-transform infrared (FT-IR) spectra of RPC, RPC-COOH, Pen

X-RPC-GCE; (C,D) nitrogen adsorption-desorption isotherm and BJH pore size distribution curve of RPC

(@ ¢ OfS (b) Cls (c) ) Ai2p

I' ‘l

P - [

; -] - | A0

2 2 > [

.g hﬂ—-—n_}\m g E 'I. .".

S 2 ] /

£ A'jf — - § o~

0 200 400 600 800 1000 1200 280 285 29 70 75 80 85
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
FIGURE 3 XPS map of RPC (A); magnified map of C 1S (B) and Al 2p (C)

three elements C, O, and Al and the peak intensity of Al 2p
is relatively weak. At the same time, the high-resolution C
1s spectrum (Figure 3B) shows that the C in RPC is C-C, C
= C, C-0, and C = O, and the peak positions correspond
to 284.2, 284.6, 285.3, and 287.1 eV, respectively (Liu et al.,
2012). Figure 3C shows that the form of Al is Al-O, and the
peak position is 74.7 eV (Jiang et al., 2019). Table S1 lists
the percentage of each element content; it can be seen
that the carbon content is the highest (Sarawade et al.,
2014).

3.2 | Electrochemical characterization

In electrochemical analysis, electrochemical impedance
spectroscopy (EIS) is a common method. In the Nyquist
impedance plot, the semicircle represents the charge trans-
fer resistance (Rct), and the impedance value of the pre-
pared electrode can be calculated according to the radius
(Gupta et al., 2015; He et al., 2020). Rg is the solution resis-
tance, Cdl is the constant phase element resistance corre-
sponding to the double-layer capacitor, and W is a Warburg
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RPC/GCE (b), and Pen X/RPC/GCE (c)

short circuit term of finite length coupled with Rct (Fig-
ure 4A inset). The EIS spectra of GCE (a), RPC/GCE (b)
and Pen X/RPC/GCE (c) in 1 mM [Fe (CN);]*/4 (contain-
ing 0.1 M KCI) solution and open circuit voltage of 0.24
V are shown in Figure 4A. In the high-frequency region,
there is a descending semicircle, followed by a straight
line with a slope close to 45°. Compared with bare GCE
semicircle, the semicircle diameter of modified RPC elec-
trode decreased significantly, and the semicircle diameter
increased significantly after further fixation with Pen X.
This may be related to the combination of charge transfer
resistance and double-layer capacitance of the electroac-
tive materials on the electrode surface, indicating that the
electrode modified by RPC improves the electron transfer
rate. However, when the non-conductive Pen X is modi-
fied on the electrode, the repulsion between [Fe (CN)q >+
hinders the electron transfer at the interface, resulting in a
high impedance (Farokhi et al., 2020).

Figure 4B shows the differential pulse voltammetry
(DPV) curves of different electrodes in 1 mM [Fe (CN)
o] 3~/4~ solution. It can be seen from the figure that the
peak current of the bare electrode is 405 pA. When RPC
is fixed on the electrode surface, the peak current signif-
icantly increases because RPC increases the conductiv-
ity of the electrode. However, when the RPC with Pen
X adsorbed was fixed on the electrode surface, the peak
current value decreased significantly. This is because the
adsorption of Pen X prevents the transfer of electrons on
the electrode, thereby reducing the peak current value.
This can also prove that the enzyme was successfully
immobilized on the material, which was consistent with
the results obtained on the EIS.

Cyclic voltammetry (CV) is a commonly used method
in electrochemical characterization. Figure 4C shows the
CV curves of GCE (a), RPC/GCE (b), and Pen X/RPC/GCE
(c). It was observed from curve that GCE has a good redox
peak, while curve B has a slightly larger redox peak, which
may be because the modification of GCE by RPC with good

0.2

Potential (V)

02 <01 00 01 02 03 04 05 06 07
Potential (V)

T T T
03 04 0.5 0.6

EIS (A), DPV (B), and CV (C) in 1 mM [Fe (CN),] >~/4~ (including 0.1 M KCl) solution for characterization of GCE (a),

electron transport capability enhances the electron trans-
fer on the electrode surface. Compared with curves a and
b, the redox peak current value of curve c decreases sig-
nificantly. This may be owing to the non-conduction of
Pen X, which hinders the transfer of electrons, resulting
in a decrease in the conductivity of the electrode. This also
proves that Pen X was successfully modified to the elec-
trode surface. The results obtained from the CV were con-
sistent with the DPV and EIS results.

3.3 | The kinetic analysis of sensor

Figure 5A shows the CV of Pen X/RPC/GCE at different
scan rates. The scanning peak current (including the oxi-
dation peak current and reduction peak current) increases
as the scan rate increases. Figure 5B shows that there is a
good linear relationship between the scanning peak cur-
rent and the square roots at different scan rate, I/uA =
14.338x + 16.379 (R? = 0.9919) and I/pA = —12.360x-37.369
(R? = 0.9978). The correlation coefficient was greater
than 0.99; the oxidation process follows the adsorption
mechanism and diffusion mechanism, mainly adsorption
(Joseph, 2006; Shahrokhian et al., 2018; Ye et al., 2021).
Through the Randles-Sevick equation (Chokkareddy
et al., 2020; Garcia-Miranda Ferrari et al., 2018; Kilele
et al., 2020):

Io= 2.69 X 10°ACn*/2D/?v1/2

where Ipa is the peak current of the anode, A is the surface
area of the electrode, n is the number of transferred elec-
trons, Cis the concentration of the detection solution, Dy, is
the diffusion coefficient, and v is the scan rate. The results
show that the surface area of the working electrode is 27.29
mm?, while that of the bare electrode is 7.068 mm?, which
indicates that the RPC immobilized on the electrode
surface can effectively promote the rapid transfer of
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(values are given as mean + RSD)

electrons on the electrode surface (Rajasekhar
Chokkareddy et al., 2020), and obtain a higher peak
current (Figure 4) than that of the bare electrode.

3.4 | Optimization of experimental
parameter conditions

To determine the optimal conditions for sensor prepa-
ration and reduce the impact on the current value dur-
ing electrochemical detection, the effects of immobiliza-
tion time, pH, rotation speed, temperature, carrier mass,
and enzyme concentration on immobilization capacity and
related enzyme activities were investigated. The optimal
immobilized enzyme conditions were obtained by optimiz-
ing immobilization conditions: we choose initial enzyme
concentration1 mg-mL‘l, temperature 30°C, oscillator rev-
olution 150 rpm, carrier mass 30 mg, immobilization time
2 hr, and pH 6.5 as the optimal loading conditions. Under
the optimal loading conditions, the loading capacity of
RPC to Pen X was 156 mg-g !, and the relative enzyme
activity was 89%. We also explored the detection condi-
tions, choosing 3 mg-mL™ hematoxylin as the best test
solution concentration.

3.5 | Detection of penicillin sodium

Using DPV, the oxidation peak current of the Pen
X/RPC/GCE electrochemical sensor in solutions of differ-
ent concentrations of substrate Pen G was measured (as

shown in Figured 6A). Based on the measurement results,
the relationship between the peak current value and the
logarithm of Pen G concentration is plotted in Figured 6B.
As shown in Figure 6B, when the Pen G concentration
is 1078-107 mg-mL™!, the response current of the sensor
is linearly related to the logarithm of the Pen G concen-
tration. The linear equation is y = 3.0459x + 66.087 (R?
= 0.9915), and the calculated detection limit of Pen G by
the sensor was 2.68 X 10~/ mg-mL~! (S/N = 3). When the
concentration of Pen G gradually increases, the active sites
of Pen X on the electrode surface are relatively small, the
amount of Pen G adsorption is relatively small, and the
current response is relatively small. Therefore, the mea-
sured current response has a linear relationship with the
logarithm of the concentration, the results are consistent
with those in Figure 5. Compared with other studies, as
shown in Table 1, the detection limit of the prepared sensor
is lower.

3.6 | Detection of milk samples

To prove the actual application of the sensor Pen
X/RPC/GCE, we used commercially available milk as a
sample, added a certain amount of penicillin sodium using
the addition method, and the prepared electrochemical
sensor was used to measure and calculate the addition
recovery of Pen G rate (Table 2). It was found that the
recovery rate of the sensors was close to 100%, indicating
that it can be successfully used for the detection of milk
samples.
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TABLE 1

Working electrode
MIPs

Pen X/Co @ C-PMB-GCE
Pen X - NiNPs -SPCE

anti-CEX/CEX-OVA/
SWNTs-COOH/CS/GCE
ZnCo / C800-Nafion / GCE

QDs-P6LC-PEDOT-PSS/GCE

Pen X-RPC-GCE

Comparison of Pen X/RPC/GCE sensors for detection of -lactam antibiotics

Antibiotic Detection range Detection limit References

AMP 1-500 nM 1.89 nM (Jamieson et al.,
2019)

Pen G 0.27-2.7 and 2.7-27 nM 1.7 nM (Xiu et al., 2019)

Pen G 0.01-0.5M 3.1x10° nM (Salihu et al.,
2019)

CEX 2.88-2303 nM 270 nM (Yu et al., 2020)

MNZ 50-100000 nM 17 nM (Baikeli et al.,
2020)

AMX 900-69000 nM 50 nM (Wong et al.,
2020)

Pen G 0.028-28 nM 0.75 nM This work

Note: MIPs, molecularly imprinted polymers; QDs, quantum dots; P6LC, Printex 6L Carbon; PEDOT-PSS: poly (3,4-ethylenedioxythiophene)-poly (styrene sul-

fonate); AMP, ampicillin sodium; CEX, cephalexin; MNZ, metronidazole; AMX, amoxicillin.

TABLE 2
Added Pen G
Milk sample (mg-mL™1)
1 1073
2 107°
3 1077
4 1078

Test methods
HPLC

Pen X/RPC/GCE
HPLC

Pen X/RPC/GCE
HPLC

Pen X/RPC/GCE
HPLC

Pen X/RPC/GCE

Found (mg-mL!)
1.01X107° + 4.78
1.06x107> +1.33
1.13x107° + 4.07
9.97x107° + 1.46
1.03x1077 + 3.09
1.12x1077 + 1.08
9.1x1078 + 3.97
9.48x107% +1.19

Comparison of Pen X/RPC/GCE Sensors with high-performance liquid chromatography for the detection of Pen G

Recovery + RSD (%)
(n=3)

101 + 4.78

106 +1.33

113.4 + 4.07

99.7 + 1.46

103 + 3.09

112 +1.08

91 + 3.97

94.8 +1.19
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TABLE 3
an example
Time (day) Detection Current (uA)
0 50.9
7 49.29
30 44.27

Current(pA)

Jlll

Pen G Amoxicillin Cefalexin Penicillin potassium

FIGURE 7 Histogram of sensor detecting Pen G, amoxicillin,
cefalexin, and penicillin potassium (values are given as mean +
RSD)

3.7 |
testing

Accuracy, stability, and specificity

Using the working electrode, the measurement was
repeated six times in 107> mg-mL~! penicillin sodium to
calculate the accuracy of the electrode. The results show
that the relative standard deviation of the electrode is
2.21%, which proves that the accuracy of the electrode is
good (Table S3). When the same concentration of peni-
cillin sodium was determined by the same electrode for six
times, the current value changed little (RSD = 0.72%), indi-
cating that the prepared electrode had good repeatability
(Table S2). Simultaneously, to determine the stability of the
sensor, the working electrode was stored at 4°C. The oxida-
tion peak current in 1073-107> mg-mL~! penicillin sodium
was measured (Table 3), and it was found that the oxidation
peak current remained 96.84% of the initial current after
7 days. In addition, the oxidation peak current measured
after 30 days retained 86.97% of the initial current, proving
that the sensor has good stability.

Under the same conditions, 1072 mg-mL~! amoxicillin,
cephalexin, and penicillin potassium were detected with
the prepared working electrode and compared with the
peak current value of penicillin sodium at the same con-
centration. Figure 7 indicates that under the same detec-
tion conditions, the response current of penicillin sodium
is the largest, while the response current values of the other
three antibiotics are all smaller. This indicates that the sen-
sor has better specificity.

The oxidation peak current in 10~8-10~> mg mL™" penicillin sodium was measured, take the current value at 10> mg mL™! as

Remained ratio (%) RSD (%)
100 5.7
96.84 2:2)
86.97 6.3

4 | CONCLUSION

In this study, we studied a rhombus-shaped porous car-
bon material (RPC) based on an aluminum-based metal
organic framework as an electrochemical sensor template
and fixed Pen X by a common bond method to obtain
Pen X/RPC immobilized enzyme material, which is a new
type of Pen G sensing platform. The working electrode Pen
X/RPC/GCE was prepared under the optimal loading con-
ditions for the detection of Pen G at different concentra-
tions. It was found that the sensor showed good linear-
ity when the concentration range of Pen G was 10~8-107>
mg-mL~!, with the formula y = 3.0459x + 66.087 (R*> =
0.9915). After calculation, the detection limit of Pen G con-
centration by the sensor was 2.68 X 10~/ mg-mL~! (S/N
= 3). In addition, the stability, precision and specificity
of the prepared sensor were investigated, and the results
proved that the sensor has the advantages of low detection
limit, high sensitivity, excellent stability, and the working
electrode can be repeatedly used. Using the standard addi-
tion method to detect Pen G in milk as an actual sample,
the results are satisfactory, indicating that the sensor can
be successfully applied for the detection of actual sample
milk.
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