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ARTICLE INFO ABSTRACT

In this work, the low-cost nitrogen-doped graphene-like mesoporous nanosheets (N-GMNs) was synthesized from
the biomass waste of okara for the first time for the construction of a nonenzymatic amperometric vitamin C
biosensor. The N-GMNs modified glassy carbon electrode (N-GMNs/GCE) shows much lower overpotential for
the electrooxidation of vitamin C comparing to the traditional GCE as well as the GCE modified by carbon
nanotubes (CNTs/GCE), indicating the promising of N-GMNs/GCE for the sensitive and selective nonenzymatic
amperometric vitamin C biosensing. As a nonenzymatic amperometric biosensor for vitamin C, the N-GMNs/
GCE shows a higher sensitivity (144.65 nA mM ™! em™2), a wider linear range (10-5640 pmol L™ ') and a lower
detection limit (0.51 umolL’l) than GCE, CNTs/GCE or some of recently reported nanomaterials-based elec-
trochemical vitamin C biosensors. Especially, the vitamin C concentration in real samples of commercial bev-
erage, vitamin C injection and commercial juice can be determined by the proposed N-GMNs/GCE with satisfied
results. Therefore, the utilization of okara as the raw material for the synthesis of nanostructured carbon of N-
GMNs is a green method to fabricate an advanced and low-cost electrode material for developing the none-
nzymatic electrochemical biosensor for vitamin C detection.

Keywords:

Biomass waste
Electrochemical biosensor
Nanosheets

Vitamin C

these methods, the electrochemical one with many unique features of
simple operation and high selectivity is very attractive [21]. However,

1. Introduction

Vitamin C is also called as ascorbic acid which plays a significant
role in the biological metabolism. For example, vitamin C often parti-
cipates in human physiological processes and it has been commonly
employed for the treatment of psychological illness, cancer, infertility
and Acquired Immune Deficiency Syndrome (AIDS), etc. [1]. In addi-
tion, vitamin C is also used as the essential antioxidant in different
commercial products, such as beverages, animal feed, cosmetics and
food pharmaceutical formulations [2,3]. Therefore, vitamin C detection
is important for both human health [4] and medical industries [5].
Nowadays, different techniques have been used for molecules/biomo-
lecules detection (for example, mass spectrometry [6], spectro-
photometry [7,8], solid phase iodine [9], chromatography [10], che-
miluminescence [11-14] and electrochemical method [15-20]). Among

* Corresponding authors.

the overvoltage for vitamin C electrooxidation at carbon based elec-
trode (e.g., glassy carbon and graphite) is usually high, which often
results in low sensitivity, poor reproducibility and electrode fouling
[22]. To overcome these limitations, noble metals are usually applied as
the electrocatalysts for the construction of electrochemical vitamin C
biosensors with improved analytical performance [23]. Nevertheless,
the limited reservation over the world and the high cost of noble metal
may impede the mass application. In consequence, developing cost-ef-
ficient and environmentally-friendly electrocatalysts with high perfor-
mance for electrochemical sensing is necessary.

According to the U.S. National Nanotechnology Initiative definition,
nanomaterial is a kind of materials which has at least one dimension
from one to a hundred nanometers range [24-28]. Due to their special
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nanostructure characteristics, the nanomaterials have been widely used
in various applications including electrochemical sensing [29], bio-
sensing [30], energy [31], environmental issues [32-34] and etc.
[35-37]. Since the discovery of zero dimensional (0-D) fullerenes [38]
in last century, carbon nanomaterials with different dimensions have
been introduced in electrochemistry [39]. Although this kind of nano-
materials exhibited the very attractive electroanalytical capabilities, the
high cost of the pure reagents, a complicated fabrication process and a
number of synthetic steps for carbon nanomaterials synthesis probably
limit their practical and mass applications [40].

As the renewable organic materials, biomass was derived from
plants or animals [41]. Recently, the carbon based materials from
biomass especially organic wastes (sunflower seed shell [42], dead
ginkgo leaves [43], wheat straw [44] and etc.) have caused great at-
tention because of their environmental-friendly and reasonable cost
characters. This kind of materials exhibits environmentally-friendly and
cost-efficient features. Additionally, they have many advantages such as
excellent chemical stability, low toxicity and high surface area, which
could benefit for exploring their applications in various fields, such as
energy storage [45], catalysis [46], adsorption [47] and environmental
science [48]. The relative studies have showed ta large extent about
developing biomass-derived carbon-based materials in electro-
chemistry.

Okara is a kind of byproducts/wastes from the manufacture process
of soybean oil, soy milk or tofu. Every year, China, U.S., and Brazil
plant billions bushels of soybeans, which leads to a large number of
okara wastes [49] and results in rising environmental and ecological
problems. In this study, the nitrogen-doped graphene-like mesoporous
nanosheets (N-GMNs) was derived from the biomass waste of okara
which was synthesized for electrochemical vitamin C biosensing for the
first time. The okara was applied as the both carbon and nitrogen
sources of N-GMNs. The N-GMNs modified GCE (N-GMNs/GCE) ex-
hibits a lower overpotential in comparison with glassy carbon electrode
(GCE) and GCE modified by carbon nanotubes (CNTs/GCE). For vi-
tamin C determination, because of the improved electrochemistry ac-
tivity, the N-GMNs/GCE shows lower detection limit, higher sensitivity
and wider linear range than GCE and CNTs/GCE. Additionally, the
obtained electrochemical sensor can be able to sensitively and selec-
tively detect vitamin C in vitamin C injection, commercial beverage and
commercial juice with satisfying results.

2. Experimental section
2.1. Reagents and materials

The soybeans (Glycine max) were bought in a local market. Carbon
nanotubes (CNTs, 5wt% in N,N-dimethylformamide (DMF)) solution
was purchased from Beijing Dk Nano technology Co., Ltd. Vitamin C
was purchased from Sinopharm Chemical Reagent Co. Ltd. The vitamin
C medical injection was obtained from Bingchenglongke Veterinary
Drugs Ltd. (P.R. China). The commercial beverage (Nongfu Spring Co.,
Ltd, P.R. China) and the commercial juice (Bestshin Beverages Co., Ltd,
P.R. China) were both obtained in the Northeast Normal University
campus market, which is located in Changchun, China. All chemical
reagents were used as received without further purification.

2.2. Apparatus and measurements

The working electrodes were glassy carbon electrode (GCE, 3 mm
diameter), the CNTs modified GCE (CNTs/GCE) and the N-GMNs
modified GCE (N-GMNs/GCE). A Pt wire and Ag/AgCl (in saturated KCl
solution) electrode were applied as counter and reference electrodes,
respectively. The other equipment applied in this work were the same
with those reported by our group [50].

Talanta 200 (2019) 300-306

Carbonizing and Grinding

Collected Okara N-GMNs Powder

Drop-casting on

g gi f E GCE and Drying

N-GMNs/GCE for
Electrochemical Sensing

N-GMNs Powder
in DMF

Dissolving in DMF

Scheme 1. Synthesis of N-GMNs for electroanalysis.

2.3. Synthesis of nitrogen-doped graphene-like mesoporous nanosheets (N-
GMNs) from the biomass waste of okara

Firstly, the fresh okara was dried by keeping the samples in an oven
at 60 °C overnight. After treating the dried okara in a tubular furnace at
800 °C under nitrogen atmosphere for 2h, then the N-GMNs was ob-
tained.

2.4. Electrode modification

GCE was firstly cleaned by aluminum oxide powder before each
modification, which was similar with that reported by our group [50].
After grounding the N-GMNs, the powder was dispersed in DMF to
obtain the N-GMNs suspension (Scheme 1). N-GMNs/GCE was obtained
by casting the N-GMNs suspension onto GCE and dried under an in-
frared lamp. In order to obtain high electrochemical performance of N-
GMNSs/GCE, the ratio of the weight of N-GMNs to the volume of DMF
and the volume of N-GMNs suspension were both explored by electro-
chemical impedance spectroscopy. 5ul of 10mgmL ™' suspension
showed lowest electron transfer resistance in the solution containing
5mmolL~! Fe(CN)¢3 ™74~ and 0.1 molL~! KCI (data not shown). For
control experiments, the CNTs/GCE was prepared by the similar
method/parameters compared to N-GMNs/GCE. Additionally, the
concentration of CNTs/DMF was also chosen as 10 mg mL ™", then 5 pL
of CNTs/DMF dispersion was dropped on the clean surface of GCE and
dried under an infrared lamp.

3. Results and discussion

3.1. Characterization of biomass waste of nitrogen-doped graphene-like
mesoporous nanosheets (N-GMNs)

The microstructure of N-GMNs was first characterized by the
transmission electron microscope (TEM). As shown in Fig. 1A, the N-
GMNs possesses the typical morphology of graphene-like sheets with a
wrinkled structure. Fig. 1B exhibits the nitrogen (N,) adsorption-des-
orption isotherms of the N-GMNs. The N-GMNs shows the type IV
curves with an obvious H, hysteresis loop at a P/P, of 0.45-1.0, in-
dicating the presence of mesopores in N-GMNs [51,52]. In addition, the
N-GMNs exhibits a high BET surface area (133 m? g~ ') with mesopores
(centered at 2.56 nm) (Fig. 1C). The porous, wrinkled and graphene-
like microstructure of N-GMNs could be very favorable to electro-
analysis [53-56].

The microstructure of N-GMNs was further investigated by the X-ray
diffraction (XRD). As shown, the N-GMNs represents two broad dif-
fraction peaks centered at ~24° and ~43°, respectively (Fig. 2A), cor-
responding to the (002) and (101) planes [57]. Fig. 2B indicates the
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Fig. 1. (A) TEM image of N-GMNs. (B) N, adsorption-desorption isotherms of
N-GMNs . (C) The pore size distribution of N-GMNs.

Raman spectrum of N-GMNs. As shown, the D band at 1352 cm ™! re-
presents the crystal defects in materials, involving in the sp? atom in the
carbon ring [58]; the G band at 1578 cm ™ is related to the graphite
layer, which associates to the vibration of the E,; symmetry. In general,
the relative intensity ratio of the D band and the G band (Ip/Ig) is
proportional to the number of defective sites of carbon materials. The
Ip/Ig value of N-GMNs is 1.092 (Fig. 2B), which is higher than that of
CNTs (0.999 [59]), vapor grown carbon fibers (0.860 [60]) or meso-
porous carbons (0.700 [61]). A high Ip/I; value suggests that the N-
GMNs possesses a high density of defective sites, which might be fa-
vorable for the electrocatalysis.

The surface chemistry of N-GMNs was also investigated by the X-ray
photoelectron spectroscopy (XPS). As shown in Fig. 2C, the N-GMNs is
consisted of the C, O and N elements, and the relative atom percentage
of C, O and N in N-GMNs is 88.40%, 9.43% and 2.17%, respectively.
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Fourier transform infrared (FTIR) spectroscopy in Fig. 2D suggests that
the bands at 1380 cm ™! and 3442 cm ™! corresponds to G-N stretching
vibration [62] and the band at 1638 cm ™! is signed to the asymmetric
C=0 stretching bands [63] in N-GMNs. In addition, the peaks around
2953 cm ™' and 2854 cm ™! relate to the asymmetric and symmetric
stretching vibrations of -CH; resulting from the edges of N-GMNs which
may arise because of the presence of amorphous carbon [64].

3.2. Electrochemical reactivity

As shown in Fig. 3A, the potential difference (2Ep) between the
anodic and cathodic peaks at N-GMNs modified glassy carbon electrode
(N-GMNs/GCE, 72mV) in KCl solution containing KzFe(CN)g ™%/ ~* is
lower than that at GCE modified by carbon nanotubes (CNTs/GCE,
85mV) or glassy carbon electrode (GCE, 90 mV), which indicates the
faster electron transfer rate at N-GMNs/GCE comparing to GCE or
CNTs/GCE [65]. According to Nicholson's equation [65],

ar T2
o w [Doﬂ(ﬁ)]
Do al2

() ™
where k° is the heterogeneous electron transfer rate, ¥ is the di-
mensionless kinetic parameter determined from AEp, D,/D, are the
diffusion coefficients of the oxidized/reduced form of the electroactive
species, a is the transfer coefficient, n is the number of electrons
transferred in this electrochemical reaction (n = 1), F is the Faraday
constant (F = 96,489 Cmol 1), v is the scan rate in V s™! (v = 10
mV s~ 1), R is the universal gas constant (R = 8.314JK ' mol ") and T
is the absolute Temperature (T = 273 k). Assuming the D, and D, to be
approximately equal (For 5 mmol L ™! K3Fe(CN)g contained 0.1 mol L ™!

KCl electrolyte, D, = 6.6 x 10° cm? s~ ') and symmetrical redox ki-
netics (a = 0.5) of the redox mediator, the above equation simplifies to:

F
K= w D,,n(u)
RT (2)
For a one electron process, ¥ depends on AEp and can be de-
termined from the following equation:
g _ (06288 + 0.0021X)
- (1 — 0.017X)

3)

where X is equal to the peak potential separation (AEp) of the system
multiplied by the number of electrons involved in the electrochemical
reaction.

By combining Egs. (1)-(3) above, k° at N-GMNs/GCE, CNTs/GCE
and GCE were calculated to be 0.00752cms ™%, 0.00279 cms ™! and
0.00214 cms ™!, respectively. That means the presence of N-GMNs on
GCE plays a key role in providing the electron-transfer bridges between
electrode and electrochemical probe. In addition, based on Randles-
Sevcik equation below [66]:

Ia = 2.69 X 10°n%/2C,D'/2A v'/2 4

where, I, refers to the anodic peak current (A), n is the electron transfer
number, A represents the apparent surface area of the electrode (cm?),
D is the diffusion coefficient, C, (mol L™ 1) is the concentration of K;Fe
(CN)g and v is the scan rate (V s~ ). For 5mmol L ™! K;Fe(CN) con-
taining 0.1 mol L. ™! KCl electrolyte: n = 1 and D = 6.6 x 10° cm?s™?,
v =10mVs~'. According to Randles-Sevcik equation, the apparent
surface area of N-GMNs/GCE is calculated to be 0.097 cm?, which is
higher than that of CNTs/GCE (0.075 cm?) or GCE (0.070 cm?).
Vitamin C is usually used as the antioxidants in animal feed, bev-
erages, food, cosmetic applications and pharmaceutical formulations
[50]. In addition, vitamin C has been also commonly used for the
prevention of mental illness, cancer, infertility, Acquired Immune
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Fig. 2. (A) XRD pattern of N-GMNs. (B) Raman spectrum of N-GMNSs. (C) XPS spectrum of N-GMNs. (D) FT-IR spectrum of N-GMNs.

Deficiency Syndrome (AIDS), and etc. [1]. So the accurate detection of
vitamin C in real samples is significant. Firstly, we investigated the
electrocatalysis of vitamin C at different electrodes. Fig. 3B shows the
CV curves in the presence and absence of vitamin C at N-GMNs/GCE,
CNTs/GCE and GCE. As shown, a well-defined peak for vitamin C
electrooxidation can be observed at each electrode when vitamin C was
present (solid lines in Fig. 3B) but no obvious peaks can be found for the
blank measurement (dotted lines in Fig. 3B), which means that the
obtained peak at each electrode corresponds to the presence of vitamin
C. The anodic potentials at N-GMNs/GCE, CNTs/GCE and GCE are
+0.001V, +0.266 V and +0.343V, respectively. And the peak current
at N-GMNs/GCE is ~1.6-fold higher than that of CNTs/GCE or ~1.8-
fold higher than that of GCE. It should be noteworthy that compared to
GCE and CNTs/GCE, the N-GMNs/GCE not only shows the highest peak
current but also displays the lowest peak potential for vitamin C elec-
trooxidation. Thus, the N-GMNs/GCE possesses the highest electro-
catalytic activity towards the vitamin C electrooxidation among three
electrodes, which reveals the high sensitivity and selectivity for the
amperometric vitamin C determination at N-GMNs/GCE.

3.3. Determination of vitamin C

The electroanalytical performances at N-GMNs/GCE, CNTs/GCE
and GCE to vitamin C determination were investigated by the am-
perometric technique (Fig. 4A). The N-GMNs/GCE exhibited lower
detection limit of 0.51 umolL~! (S/N = 3), wider linear relationship
from 10 to 5640 umol L™ ! (with the slope of 0.0102 uA umol L™!) and
higher sensitivity of 144.65uAmmolL~! cm™2 comparing to CNTs/
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GCE or GCE. The analytical performance of N-GMNs/GCE for vitamin C
detection was also compared to some recently reported nanomaterials-
based electrochemical biosensors, Table 1. The analytical performance
of N-GMNs/GCE is superior.

As is known that some biomolecules may show serious interference
for the electrochemical detection of vitamin C [77]. So the interference
effect of some biomolecules to vitamin C detection at N-GMNs/GCE was
also investigated. Fig. 4B represents the current responses at N-GMNs/
GCE with sequentially added 0.1 mmolL.™! vitamin C and other bio-
molecules at +0.001V in Nj-saturated PBS. After the injection of
0.1 mmol L™ ! vitamin C, the oxidation current apparently increased,
but the presence of other biomolecules did not lead to obvious current
change, demonstrating no interference for vitamin C detection at N-
GMNs/GCE. The anti-fouling capability of the biosensor is another es-
sential factor for the electrochemical sensing [78]. As shown in Fig. 4C,
after 5h, there was a remarkable 34% current declining of CNTs/GCE.
On the contrary, N-GMNs/GCE still remained 80% of the initial value.
The outstanding analytical performance of N-GMNs/GCE for vitamin C
detection mentioned above suggests its highly promising potential for
the amperometric detection of vitamin C in real samples.

3.4. Real samples detection

To evaluate the feasibility of the present biosensor for real appli-
cation, the vitamin C detection in vitamin C injection, commercial
beverage or commercial juice was performed. The utilization of the
standard addition method was used for direct analysis of the real
samples without any pretreatments, and the analysis results were listed
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Fig. 3. (A) CV curves of N-GMNs/GCE (al), CNTs/GCE (a2) and GCE (a3) in a
solution of 5 mmol L ™! K3Fe(CN)~ > ~* and 0.1 mol L~ ! KCL. (B) CV curves of
2.5mmol L™! vitamin C (solid lines) for N-GMNs/GCE (b1), CNTs/GCE (b2)
and GCE (b3) in N,-saturated 0.1 molL ™! pH 7.0 PBS. Dotted lines represent
the blank measurements. Scan rate: 10mVs ™',

in Table 2. As shown, the recoveries for the three samples are between
96% and 101%, indicating the sensitive and effective detection for vi-
tamin C [50]. In particular, the vitamin C concentration in vitamin C
medical injection, beverage or juice samples detected by N-GMNs/GCE
was consistent with the information offered by the products company,
suggesting the high accuracy for vitamin C detection at such ampero-
metric biosensor. All of those results indicate the high possibility of the
N-GMNSs/GCE for the accurate vitamin C detection in different fields
from foodstuffs safety to human health diagnostics. However, the buffer
solution is still required, which means that such sensor may not de-
termine AA in vivo.

4. Conclusion

To conclude, a biomass waste of okara derived nanomaterial of N-
GMNs as a novel electrode material with high density of edge-plane-like
defective sites, large surface area and uniform mesopores was synthe-
sized for the electrooxidation and amperometric detection of vitamin C.
The N-GMNs/GCE exhibits superior analytical performance with wider
linear range (10-5640 umol L™ 1), lower detection limit (0.51 umol L.~ %)
and better sensitivity (144.65 pA mmol L™ ! ¢m™?2) than the GCE, CNTs/
GCE or some recently reported nanomaterials-based electrochemical
vitamin C biosensors. Most importantly, the proposed biosensor is able
to test vitamin C in some real samples of commercial beverage, vitamin
C injection and commercial juice with satisfactory results, demon-
strating the high possibility of N-GMNs as a kind of novel and
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Fig. 4. (A) Typical amperometric responses of N-GMNs/GCE (al), CNTs/GCE
(a2) and GCE (a3) to successive addition of vitamin C at +0.001 V. Inset: the
calibration curves for N-GMNs/GCE (a4), CNTs/GCE (a5) and GCE (a6). (B)
Current-time curves for N-GMNs/GCE to successive additions of 0.1 mmol L ™!
vitamin C, 0.15mmolL™! DA, 0.1mmolL™! UA, 0.1 mmolL~' APAP,
1mmolL™! glucose and 0.1 mmolL~! CA at +0.001V. (C) Current-time
curves of 0.5 mmol L™ ! vitamin C for N-GMNs/GCE (c1) and CNTs/GCE (c2) at
+0.001 V. All experiments were studied in Ny-saturated 0.1 molL~! pH 7.0
PBS with magnetically stirred.

reasonable cost carbon material to detect vitamin C in food analysis or
pharmaceutical industry. Therefore, the utilization of okara as the raw
material for the synthesis of nanostructured carbon of N-GMNs is a
green method to fabricate an advanced and low-cost electrode material
for developing the nonenzymatic electrochemical biosensor for vitamin
C detection.
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Table 1
Analytical performances of different nanomaterials-based electrochemical vitamin C biosensors.
Species Electrode Linear range (umolL™')  Sensitivity (tAmmolL™!)  Detection limit (S/N = 3) (umolL™!)  References
Vitamin C  N-GMNs/GCE 10-5640 10.23 0.51 This work
CNTs/GCE 50-5550 0.117 7.59 This work
GCE 50-5550 0.056 51.80 This work
CoHCF/GCE 55.2-32300 / 33.3 [67]
AuNPs/HDT/Au 1.0-110 / 1.0 [68]
Polypyrrole/ Naphthol green B/GCE 240-25000 7 / [69]
Fe(CN)s>~/PAH/PSS-CaCOs/CS/GCE 1.0-2143 4 0.7 [70]
MWCNT/CCE 15-800 41.3 7.71 [71]
Poly (allylamine) ferrocene/Au electrode 50-1000 / 27.0 [72]
Cu-NPs/PANI/GCE 5.0-3500 / 2.0 [73]
Organoclay film/GCE 70-1100 / 10 [74]
[DCPI] 3-La/SPCE 10-1000 / 10 [75]
CoPc-MWCNTs/ GCE 10-2600 / 1.0 [4]
Surface-immobilized PFS chains modified electrode ~ 5-40 / 5.0 [76]

CoHCF, cobalt hexacyanoferrate; HDT, 1,6-Hexanedithiol; AuNPs, gold nanoparticles; PAH, poly hydrochloride; PSS-CaCOs, prepared poly (sodium 4-styr-
enesulfonate)-doped porous calcium carbonate; CS, chitosan; MWCNT/CCE, multiwalled carbon nanotube modified carbon-ceramic electrode; Cu-NPs, copper na-
noparticles; PANI, polyaniline; [DCPI] 3La, 2,6-dichlorophenolindophenol lanthanum salt; SPCE, screen printed carbon electrode; CoPc, Cobalt (II) phthalocyanine;

PFS, poly (ferrocenylsilane).
Table 2
Detection of vitamin C in real samples.
Sample Provided by Detected Added After Mean
companies  (umolL~Y)  (umolL™1) added recovery
(umol L™1) (umolL™Y) (%)
Vitamin C 68.13 68.81 0 68.81 100.99
injection 70 136.58 98.88
140 207.23 99.57
210 270.59 97.29
Beverage 127.50 125.81 0 125.81 98.67
70 193.61 98.03
140 262.60 98.17
210 324.74 96.22
Juice 89.40 87.49 0 87.49 97.86
70 154.92 97.19
140 221.35 96.49
210 290.99 97.19
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