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Herein, a new sensing platform based on Au nanoclusters and biochar (AuNCs/BC) composite was
successfully fabricated for electrochemical detection of acetaminophen (AC). BC was firstly obtained
through pyrolysis of biomass of Soulangeana sepals at 800 °C, which was served as carrier for in-situ
growth of AuNCs. The designed AuNCs/BC sensor combines the AC adsorption of BC and the good
conductivity and electrocatalytic activityof AuNCs, displaying good electrocatalytic activity toward AC
oxidation. Differential pulse voltammetry shows that the current signal enhances linearly with AC
concentration ranging from 3.0 nM to 50 uM. The limit of detection is 1.0 nM. Besides, the system
shows good stability and selectivity, and has been applied to determine AC in serum samples.
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1. INTRODUCTION

As one of non-steroidal anti-inflammatory drugs, acetaminophen (AC) can be efficiently used to
alleviate fever [1,2]. When suffering headaches, lumbago and skelalgia, AC can also be utilized as an
analgesic to relieve the pain. However, overdose or chronic usage of AC would cause diarrhea, vomiting,
abdominal pain, sweating, nausea, seizures and confusion [3-6]. Hence, developing sensitive, accurate
and simple methods for detecting AC is extremely urgent. Up to now, many techniques have applied for
AC detection, such as chemiluminescence [7], gas chromatography [8], spectrophotometry [9] and high-
performance liquid chromatography [10-13], etc. Nevertheless, some deficiencies, like complex
pretreatment, long operation time and high cost, make these methods imperfect. In contrast,
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electrochemical analysis techniques have received widespread attention due to simple sample
preparation, quick response, low cost and high sensitivity [14, 15].

In the electrochemical sensing analysis system, sensing material is always known as the main
influencing factor on the performance such as sensitivity and responsiveness [16, 17]. In recent years,
biochar (BC), a carbonaceous material obtained by controlled pyrolysis of biomass in a low amount of
oxygen has received great attention promising electrode material [18-20]. The surface activity and
surface structure of biochar could be effectively modulated with KOH [21], which endow it high
conductivity, large specific surface areas, and high catalytic activity [22]. Hence, the material was
utilized for the construction of various electrochemical sensors to detect different organic and inorganic
species [23-25]. On the other hand, metal nanaoparticles (NPs) own unique physicochemical properties
that endow them fit for sensing applications [26]. As a typical example, gold NPs (AuNPs) are widely
accepted as an sensing material to strengthen the analytical performance, owing to the advantages such
as excellent catalytic activity, high specific surface area and stability [27, 28]. These advantages of BC
and AuNPs motivate us to combine BC with AuNPs to construct an effective sensing platform for AC
detection.

In this study, AUNCs and BC composite was used to fabricate an electrochemical sensor for AC
detection. BC was employed as enrichment component for AC and served as supporter for in-situ growth
of AuNCs. The obtained AuNCs could greatly improve the conductivity of BC as well as enhance the
electrocatalytic activity. The synergistic effect of AUNCs and BC facilitates the electrochemical response
to AC. Consequently, the prepared sensor exhibits high performance in AC sensing.
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Scheme 1. Synthetic route for the preparation of AUNCs/BC sensing platform.

2. EXPERIMENTAL

2.1 Materials and reagents

Acetaminophen (AC), KOH, HAuUCIls-H20, KsFe(CN)s, KsFe(CN)s, FeClz-6H20, H3POs,
NaH2POs4, Na;HPO4, chitosan, sodium borohydride and hydrochloric acid were received from Aladdin
(Shanghai, China). Soulangeana sepals were obtained from the botanical garden of Jiangxi Agricultural
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University (Nanchang, China). Deionized water was utilized in all the experiment. Phosphate buffer
solution (PBS, 0.1 M) with different pH was acquired by using 0.1 M NaHPO4 and 0.1 M NaH2POa.
All the reagents were analytically pure.

2.2 Apparatuses

Scanning electron microscope (SEM, S-4300, Germany) was applied to characterize the
composites. All electrochemical experiments were conducted by using the traditional three-electrode
system by a CHI760E workstation (Shanghai, China), which includes glassy carbon working electrode
(GCE), saturated calomel reference electrode and platinum wire counter electrode.

2.3 Preparation of BC

The Soulangeana sepals were firstly washed with deionized water to removal of impurities,
which were dried at 70 °C for 12 h and used grinded into the powder. Subsequently, the powder (3 g)
and KOH (6 g) were dispersed in deionized water (50 mL), and got mixed thoroughly. After stirring at
25 °C for 24 h, the mixture was centrifuged and dried to obtain the activated solid sample. The dry
solids were carbonized with an argon gas atmosphere for 2 h at 800 °C. The products were washed with
0.5 M HCI and deionized water till the waste solution became neutral, and finally dried in vacuum.

2.4 Preparation of AuNCs/BC composite

BC (0.50 g) was dispersed in distilled water (100 mL). 1.619 mL of HAuCl4 (30 mM) was added
to this solution under stirring. 20 min later, 10.0 mL NaBH4 (50 mM) was dropwise added into the
mixture. The whole experiment was carried out in an ice bath. After stirring for 5 h, the AuUNCs/BC
composite was acquired through centrifugation.

2.5 Preparation of modified electrodes

5 mg AuNCs/BC was dispersed in 1 mL chitosan acetic acid solution (0.7 mg-mL™) to obtained
the composite dispersion. Before modification, bare GCEs were polished with 0.05 pm Al2Oz slurries,
followed by sonicating with deionized water. 5.0 pL dispersion solution (5 mg/mL) was then casted onto
the GCE surface, followed by drying under the infrared lamp, aimed at obtaining AuNCs/BC/GCE.
Under the same procedure, BC/GCE was prepared.

2.6 Electrochemical measurements

Various modified electrodes were characterized by EIS with the frequency range of 0.01 ~ 100
000 Hz and the amplitude of 5 mV. Cyclic voltammetry (CV) was recorded at the potential from 0.1 to
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0.8 V in 0.1 M PBS. Differential pulse voltammetry (DPV) was accustomed to detect AC in different
concentration. The parameters of DPV analyses were listed in details as follows: Amplitude: 0.05 V;
Pulse period: 0.5 s; Pulse width: 0.05 s; potential range: -0.1~1.0 V.

2.7 Preparation of biological samples

Human serum samples were obtained in Jiangxi Agricultural University Hospital, which
collected on healthy volunteers. Large particle impurities in these samples were removed by
centrifugation. The human serum sample was diluted with 0.1 M PBS (pH 7.0) by 100-fold, which was
stored in the refrigerator (4°C) before use.

3. RESULT AND DISCUSSION

3.1 Material characterization

SEM was used to examine the microstructures and morphological features of BC and AuNCs/BC
samples. As shown in Figure 1A, BC has a honeycomb-like porous structure with abundant nanoscale
and micron-scale pores. From Figure 1B, it can be found that large number of particles grew on BC
surface. These observations indicate that the AuNCs are relatively uniformly reduced on the BC skeleton
by the reduction effect of sodium borohydride.

Figure 1. SEM images of BC (A) and AuUNCs/BC (B).

The electron transfer characteristics of the modified electrodes were investigated by
electrochemical impedance spectroscopy (EIS). The Nyquist plots of bare GCE (a), BC/GCE (b) and
AuUNCs/BC/GCE (c) were displayed in Figure 2. Impedance spectra usually contain a low frequency
straight line and a high frequency semicircle, which correspond to the diffusion limit process and charge
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transfer resistance (Rct), respectively. The corresponding equivalent circuit (inset of Figure 2) is
composed of the charge transfer resistance (Rct), the Warburg impedance (ZW), active electrolyte
resistance (Rs) and constant phase element (CPE), which is deployed to fit the impedance data. As
shown, BC/GCE (b) displays a lower Rct (244 Q) compared with bare GCE (a) (376 Q), indicating
superior conductivity of BC. Furthermore, the introduction of AUNCs on BC (c) causes a much lower
Rct of 62 Q, which is owing to the truth that Au facilitates the electronic transmission on the electrode,
and improves the conductivity of BC.
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Figure 2. Nyquist plot of bare GCE (a), BC/GCE (b) and AuNCs/BC/GCE (c) in 0.1 M KCI containing
5.0 mM [Fe (CN)s]*'*.

On the basis of Anson equation [29]: Q(t) = 2nFAcD1/2t 1/2/x1/2 + Qdl + Qads, the active
surface areas of bare GCE (a), BC/GCE (b), and AuNCs/BC/GCE (c) (Figure 3A) were measured.
Where, t and D are respectively the scanning time and the standard diffusion coefficient. The A is the
area of effective surface and n is electrons transferred number. Based on the slope of Q-t*2 curves in
Figure 3B, the A of AUNCs/BC/GCE (c') was measured to be 0.475 cm?, which is larger than bare GCE
(@) (0.071 cm?) and BC/GCE (b") (0.208 cm?). Obviously, AuNCs/BC/GCE has the large effective
surface area, which provides more catalytic sites for AC oxidation, consequently improving the current
response.
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Figure 3. (A) Plot of Q-t curves of bare GCE (a), BC/GCE (b) and AuNCs/BC/GCE (c) in 0.1 mM
Ks[Fe(CN)g] containing 1.0 M KCI; (B) Plot of Q-t'2 curves of bare GCE (a'), BC/GCE (b') and
AuNCs/BC/GCE (c").

3.2 Electrochemical behavior for the oxidation of AC at various modified electrodes

Electrochemical behaviors of AC (20.0 uM) in PBS (pH= 7.0, 0.1 M) at the modified GCEs were
discussed by DPV (Figure 4). As observed, no oxidation peak is found on bare GCE (a), which is due to
slowness of electronic transmission kinetics on bare GCE (a). In contrast, there is an obvious oxidation
peak at BC/GCE (b), ascribing to its high conductivity and surface area. Moreover, AUNCs/BC/GCE (c)
exhibits much higher anodic peak current, which is about 3 times greater than the anodic peak current
of BC/GCE. These phenomenons confirm that AUNCs/BC/GCE possess good electrocatalytic activity
toward the oxidation of AC.
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Figure 4. (B) DPVs behaviors of AC (20.0 uM) in 0.1 M PBS (pH 7.0) on bare GCE (a), BC/GCE (b)
and AuNCs/BC/GCE (c) with pulse width is 0.05 s and the amplitude is 50 mV. Accumulation
time: 210 s.
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3.3 Optimization of experimental parameters

The effect of solution pH value (4.0-9.0) on the oxidation peak potential and current of AC (20.0
uM) was investigated by CV. As observed from Figure 5A, the oxidation peak potential slowly moves
negatively as the pH increase. The maximum current is found at pH 7.0. Therefore, PBS with pH of 7.0
is chosen the electrolyte.

Furthermore, peak potential displays a good linear relationship with pH (Figure 5B). The
regression equation is Epa = 0.769 - 0.053 pH (R? = 0.990), and its slope is -0.053 mV-pH, which is
approximately Nernstian value of -0.059 mV-pH™. This result indicates that in the electrode reaction,
electron transfer is accompanied by an equal amount of proton [30].

The effect of enrichment time on the current of 20.0 uM AC at AuNCs/BC/GCE was studied by
DPV method. As observed (Figure 5C), the peak current increases rapidly as the accumulation time
increases from 0 to 210 s, and then levels off for further prolonging accumulation time. This result is
owned to the saturated adsorption of AC at the modified electrode. So, the optimum accumulation time
is chosen as 210 s.
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Figure 5. (A) DPV of 20.0 uM AC determined by AuNCs/BC/GCE in PBS with pH from 4.0 to 9.0;
Accumulation time: 210 s. Scan rate: 100 mV s; (B) Effect of pH value on the anodic peak
potentials and anodic peak currents. (C) Influence of accumulation time on the peak current of
AC (20.0 uM) at AuNCs/BC/GCE in 0.1 M PBS (pH 7.0).

3.4 Electrochemical reaction kinetic of AC at AUNCs/BC/GCE

To study the electrochemical reaction kinetics, the effect of scan rate on the electrochemical
behavior of AC (20.0 uM) at AuNCs/BC/GCE was studied using CV. As observed from Figure 6A,
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there exist an increment of the oxidation peak currents (Ipa) and reduction peak currents (Ipc) with the
increasing scan rate. The peak currents and the scan rates show good linearity (Figure 6B). The
regression equations are lpa = 0.517 v + 2.842 (R? =0.991) and Ipc = -0.500 v + 1.830 (R? =0.991). The
results reveal that the electrocatalytic oxidation toward AC is an adsorption controlled process on
AuNCs/BC/GCE.

Moreover, it can be seen that the redox peaks have hardly changed with the variation of scan rate
in Figure 6A. The redox reaction of AC on AuNCs/BC/GCE can be considered to be reversible. Eps and
Epc present linear relationships with napierian logarithm of the scan rate (In v) from 40 to 200 mV s
The equations are Epa = 0.231 +0.038 In v (R? =0.992) and Epa= 0.461 - 0.036 In v (R? = 0.992) (Figure
6 C). On the basis of Laviron equation [31]:

Epa = E° + (RT/anF)In(RTk%anF) + (RT/onF)lnv;

Epc = E? + {RT/(1-a)nF}In {RTK%(1-a)nF} - {RT/(1-a)nF}Inv.

Where, n denotes the number of transferred electrons. The values of n and a are estimated to be
about 2 and 0.5. Therefore, the oxidation reaction of AC at AUNCs/BC/GCE is a two-electron and two-
proton process.
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Figure 6. (A) CVs of 20 uM AC at AuNCs/BC/GCE in 0.1 M PBS (pH 7.0) with different scan rates:
10, 20, 40, 60, 80, 100, 120, 140, 160, 180 and 200 mV s*; Accumulation time: 210 s; (B) Linear
relationship between the peak current (Ipa and Ipc) and the scan rates. (C) The relationship between
the redox peak potentials and Inv.
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3.5 Electrochemical detection of AC at AUNCs/BC/GCE

The electrochemical performance of the AUNCs/BC/GCE for AC detection was studied by DPV.
Figure 7A reveals the DPV curves of AUNCs/BC/GCE with diverse concentrations of AC. As shown,
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with increasing AC concentration, the peak currents gradually enhance. Besides, the current response
exhibits a fine linear relationship with concentrations in the extent from 3.0 nM to 50.0 uM , which can
be showed as I (uA) =0.85 + 11.96 ¢ (uM) (R?= 0.998) (Figure 7B). The low detection limit of AC is

1.0 nM (S/N= 3), which is smaller than that of the reported voltammetric approaches (shown in table 1),
indicating that AUNCs/BC/GCE is an ideal sensor for AC detection.
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Figure 7. (A) DPV responses at AuUNCs/BC/GCE in 0.1 M PBS (pH 7.0) containing different
concentrations of AC (0.003, 0.007, 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 10.0, 30.0 and 50.0 uM); (B)
The linear relationship between the square root of concentration and the peak current.

Table 1. Comparison of the analytical performances at AUNCs/BC/GCE with different electrochemical
sensors for the determination of AC.

Modified electrodes Linear range (uM) LOD (nM) Reference
BC/C0304/FeC02,04/GCE 0.1-220 28.86 [32]
Zn0O-Mo0s-C/GCE 2.5-2000 1140 [33]
Fc-S-Au/C NC?graphene/GCE 0.5-275 100 [34]
PB-MWCNTs-COOHY/ZIF-67/GCE 0.01-70.0 3.3 [35]
AUNPs@TCnA®/GNYGCE 0.5-120 100 [36]

AuNCs/BC/GCE 0.003 - 50 1.0 This work

2 Au/C NC: Gold nanoparticles/carbon dots nanocomposite;

b MWCNTSs: The negatively charged carboxylated multi-walled carbon nanotubes;
¢ TCnA: Thiolated calix[n]arene (TCnA, n =4, 6, 8);

9 GN: Graphene nanosheets.
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3.6 Reproducibility, selectivity, repeatability and stability

To evaluate the reproducibility of the AuNCs/BC/GCE, five parallel modified electrodes were
utilized to detect 20.0 uM AC in 0.1 M PBS (pH 7.0). The relative standard deviation (RSD) is 2.12%
(Figure 8A), which indicates the excellent reproducibility. Furthermore, the repeatability of the sensor
was investigated by fifteen times consecutive DPV measurements on one AuNCs/BC/GCE in PBS
containing 20.0 uM AC. The RSD is 1.71% (Figure 8C), indicating the outstanding repeatability of

AuNCs/BC/GCE.
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Figure 8. Reproducibility (A), selectivity (B), repeatability (C) and stability (D) of the AUNCs/BC/GCE.

In order to estimate the selectivity of the AuUNCs/BC/GCE, we added some potential interfering
substances into the PBS containing 20.0 uM AC and investigated the change of DPV current response.
As can be seen in Figure 8B, 100-fold concentration of K*, Na*, CI", NO; and 10-fold concentration of
glucose, dopamine, citric acid, ascorbic acid show no effect toward the oxidation current of AC,
indicating good selectivity.

The long-term stability of AUNCs/BC/GCE was also tested over twenty days, and the current
response towards 20.0 uM AC was measured every 2 day. As observed (Figure 8D), the change of the
peak current is less than 5.0% compared with the initial response current. The result manifests the

AUNCs/BC/GCE has good long-term stability.
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3.7 Determination of AC in human serum samples analysis

To examine the usability of the sensor, the AUNCs/BC/GCE was utilized to detect AC in human
serum samples by the standard addition method. Before measuring, the samples were prepared as
represented in section 2.7. The recoveries are estimated by the addition of known concentrations of AC
(0, 1.0, 2.0, 5.0, 10.0 uM) into sample solutions. As observed from Table 2, the recoveries range from
97.00% to 102.00% and the RSDs are from 1.53% to 2.02%, which indicate the applied potentiality of
the sensor in human serum samples.

Table 2. Recovery measurements of AC in human serum samples using the AuNCs/BC/GCE (n=5).

Human serum Added Detected RSD Recovery
samples (UM) (LM) (%) (%)
1 0 - - -
2 1.00 1.02 1.75 102.00
3 2.00 1.96 2.02 98.00
4 5.00 4.85 1.93 97.00
5 10.00 10.03 1.53 100.30

4. CONCLUSIONS

In this work, AuNCs/BC composite was used as sensing material for the fabrication of a new
electrochemical method for AC detection. The AUNCs/BC composite has several advantages, such as
high electrocatalytic performance, good conductivity, high AC enrichment capacity and large specific
surface area. Thanks to these unique features, the designed electrochemical sensor displays excellent
analytical properties in term of good reproducibility, repeatability, wide linear range and low detection
limit. The proposed sensor can detect AC in human serum samples.
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