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Abstract

Folic acid (FA) is essential for human health, particularly for pregnant women and infants. In this work, a glassy carbon
electrode (GCE) was modified by a bimetallic layer of Cu/Co nanoparticles (CuNPs/CoNPs) as a synergistic amplification
element by simple step-by-step electrodeposition, and was used for sensitive detection of FA. The proposed CuNPs/CoNPs/
GCE sensor was characterized by differential pulse voltammetry (DPV), electrochemical impedance spectroscopy (EIS) and
field emission scanning electron microscopy (FESEM). Then, under optimal conditions, a linear relationship was obtained
in the wide range of 110.00-1750.00 pM for the detection of FA with a limit of detection (LOD) of 34.79 uM (S/N=3). The
sensitivity was calculated as 0.096 pA pM~! cm~2. Some interfering compounds including glucose (Glc), biotin, dopamine
(DA), and glutamic acid (Glu) showed little effect on the detection of FA by amperometry (i-f). Finally, the average recovery
obtained was in a range of 91.77-110.06%, with a relative standard deviation (RSD) less than 8.00% in FA tablets, indicating

that the proposed sensor can accurately and effectively detect the FA content in FA tablets.

Keywords Bimetallic layer Cu/Co nanoparticles - Synergistic amplification - Electrodeposition - Folic acid

Electrochemical sensor

Introduction

Folic acid (FA), generally known as vitamin B9, is a water-
soluble vitamin found in various vegetables, fruits, and
nutritional supplements [1]. As a coenzyme, it plays a vital
role in the synthesis of DNA, RNA, and amino acids [2].
It has been reported that 0.4 mg FA per day is required for
pregnant women [3]. Folate deficiency can result in major
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consequences such as megaloblastic anemia [4], cardiovas-
cular disease [5], Alzheimer's disease [6], and fetal malfor-
mation [7]. Excessive levels of FA intake, however, may
result in various health risks [8], such as masking the signs
of vitamin B12 insufficiency, abnormal neural development,
and colorectal cancer. Consequently, the rapid and accurate
detection of FA in food and medicine is critical.

Various methods including high-performance liquid
chromatography (HPLC) [9], fluorescence photometry [10],
surface plasmon resonance [11], spectrophotometry [12],
and other techniques [13] have been commonly used for
FA detection. However, these analytical techniques involve
time-consuming processes and high cost, which hinders their
application [14]. As an alternative, electrochemical sensors
have attracted increasing attention in recent years, owing
to their low cost, portability, convenience, and excellent
selectivity [15, 16]. For the electrochemical sensor toward
FA [17, 18], as reported, the single bond between C(9) and
N(10) on FA was oxidized into a double bond in the reaction
where two electrons and two protons were transferred [19,
20], as illustrated in Scheme 1.

Electroactive materials, such as metal nanoparticles
(NPs) [21-24], bioactive substances [25, 26], molecularly

@ Springer


http://orcid.org/0000-0002-5943-8547
http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-022-04242-w&domain=pdf

6792

Zhou Z.-F. et al.

O  COOH
0 N COOH
N 10
HN N N
PN !
™ =
H,NT N7 N -
-2¢ | -2H O COOH
0 N COOH
910
HN | N N
™ =

Scheme 1 Electrochemical oxidation of FA on electrode

imprinted polymers [27, 28], graphene derivatives and
nanocomposites [29, 30], are generally modified on bare
glassy carbon electrodes (GCEs) to enhance electrochemi-
cal response signal. Metal NPs such as cobalt NPs (CoNPs)
and copper NPs (CuNPs), in particular, have properties in
large specific surface area, excellent catalytic activity, exces-
sive active sites and accelerated electron transfer. For exam-
ple, Wong et al. [31] synthesized a new dispersion contain-
ing carbon black (CB), graphene oxide (GO), CuNPs and
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) by ultrasonic agitation to construct GO-
CB-PEDOT:PSS/GCE for simultaneous sensing of isopro-
terenol, acetaminophen, FA, propranolol and caffeine by
square-wave voltammetry (SWYV). Tefera et al. [32] modi-
fied pyrrole on GCE by electropolymerization, and then
drop-coated CoNPs on it to prepare a CoNPs-polypyrrole
composite-modified GCE (CoNPs/PPy/GCE) for the deter-
mination of phoxim. This sensor had a wide detection range
and high recovery due to the good electrocatalytic activity
and high specific surface area of CoNPs.

Likewise, bimetallic NPs have some advantages over
monometallic NPs in specific surface area, active sites
and impedance [33-35]. For example, Wang et al. [36]
reported the synthesis of ZrO,/ZnO nanocomposites by
chemical precipitation and calcination, which were suc-
cessfully applied for the simultaneous detection of epi-
nephrine, uric acid and FA. Tajik et al. [37] constructed a
sensor by modifying a prepared FeO/PPy/Pd nanocompos-
ite on a screen-printed graphite electrode (SPGE), which
was applied for the simultaneous determination of FA and
methotrexate with an excellent recovery in pharmaceuti-
cal and biological samples. These sensors were complex
and not easy to fabricate, despite low LOD and sensitive
characteristics. Hence, readily available bimetallic NPs are
a key point in the FA signal amplification effect.
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In this study, a glassy carbon electrode (GCE), indi-
vidually modified with readily available bioactive sub-
stances (thiophene, indole, pyrrole, and dopamine (DA))
and metal NPs (CoNPs, CuNPs, PtNPs, and AgNPs),
were compared. Then the order of different modifiers
was studied. Differential pulse voltammetry (DPV), elec-
trochemical impedance spectroscopy (EIS), scanning
electron microscopy (SEM) and X-ray energy dispersive
spectroscopy (EDS) were used to verify the construction
of the sensor, respectively. Eventually, CuNPs/CoNPs/
GCE was applied to detect FA in FA tablets, which
exhibited satisfactory results.

Experimental section
Reagents and materials

Thiophene, indole, pyrrole, and dopamine (DA) were pur-
chased from MacLin Biochemical Technology Co., Ltd.
(Shanghai, China). CoCl,-6H,0, CuSO,-5H,0, H,PtCl,
and AgNO; were purchased from Shanghai Changxi Bio-
technology Co., Ltd. (Shanghai, China). Folic acid (FA)
was obtained from Aladdin Reagent Co., Ltd. (Shanghali,
China). FA tablets (0.4 mg per tablet) were obtained from
a local supermarket (Guilin, China). Phosphate buffer
solution (PBS, 0.2 M) was prepared with Na,HPO, and
NaH,PO, as electrolyte, and the pH was adjusted accord-
ing to the mixed ratio. Distilled water was used to prepare
the reagents, which were all of analytical grade.

Instruments and apparatus

A CHI660E electrochemical workstation (Shanghai Chen-
hua Instruments Co., Ltd, Shanghai, China) was used for
all tests with a glassy carbon electrode (GCE, ¢=3 mm)
as the working electrode, platinum wire as the counter
electrode, and Ag/AgCl (in saturated KCI) as the reference
electrode, respectively. All reagents were ultrasonically
dissolved using an SK1200B ultrasonic cleaner (Shanghai
Kudos Ultrasonic Instrument Co., Ltd, China) at 35 kHz.
DPV was carried out with a pulse amplitude of 0.05 V and
a pulse width of 0.06 s. Amperometry (i-f) was used for
electrodeposition and selectivity study. All electrochemi-
cal impedance spectroscopy (EIS) measurements were per-
formed with a frequency range from 100,000 to 0.1 Hz with
the open-circuit potential as an initial voltage in 5.0 mM
ferricyanide and ferrocyanide solution (K;[Fe(CN)4] and
K,[Fe(CN)¢]). The morphology and energy spectrum were
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Scheme 2 Formulation of a CuNPs/CoNPs/GCE electrochemical sensor for detection of FA

obtained using a field emission scanning electron micro-
scope (Hitachi SU8020, Japan) with an acceleration voltage
ranging from 0.5 to 30 kV and an X-ray energy resolution
of 130 eV, respectively.

Electrode modification and detection of FA

A 10.0 mM FA solution was prepared by dissolving FA rea-
gent in 0.2 M PBS (pH 7.0), and was sealed and stored in
a refrigerator at 4 °C. Later, thiophene, indole and pyrrole
were dissolved to 10.0 mM in anhydrous ethanol. Then, 10.0
mM DA, CoCl,, CuSO,4, H,PtCl, and AgNO; were prepared
in ultrapure water and stored at 4 °C. All GCEs were pol-
ished with 1.0, 0.5 and 0.3 pm alumina powder, then ultra-
sonically cleaned and activated in 0.5 M H,SO, by cyclic
voltammetry (CV) from —0.20 to +1.20 V for 20 cycles.

Firstly, through the i-f method, bare GCEs were modi-
fied by active materials (thiophene, indole, pyrrole and
DA) with an initial voltage of 0.10 V for 400 s and metal
NPs (CoNPs, CuNPs, AgNPs, and PtNPs) with an initial
voltage of —0.50 V for 100 s, respectively. Secondly, the
order of modifiers, including CuNPs then CoNPs, CoNPs
then CuNPs and a mixture of CuNPs and CoNPs, was also
deposited on GCE by the i-# method with an initial volt-
age of —0.50 V for 100 s.

The constructed electrodes were characterized by EIS,
SEM and EDS. The electrodeposition potential, time, pH,

temperature and other related experimental parameters
were optimized. Under the optimum conditions, the lin-
ear relationship, repeatability and stability of the pre-
pared sensor were studied. First, 100 pL 10.0 mM FA,
glucose (Glc), biotin, DA and glutamic acid (Glu) were
dropped into 3.0 mL PBS at intervals of 50 s with the
i-t method applied. The facile preparation of the CuNPs/
CoNPs/GCE electrochemical sensor used for the detec-
tion of FA through DPV is shown in Scheme 2.

Results and discussion

Properties of electrodes modified with different
active materials

Firstly, bioactive materials usually have different elec-
trocatalytic properties for FA [38, 39]. Four sensors
modified with thiophene, indole, pyrrole, and DA were
tested in PBS (pH 7.0), and the obtained DPV curves
are shown in Fig. Sla. As shown, curve a is a smooth
straight line, which indicates that no electrochemical
reaction occurred on the bare GCE. However, curves b,
¢, d, and e exhibit distinct peaks at +0.32, +0.53, +0.65
or +0.94 V, respectively, which indicates that all active
substances were deposited on bare GCEs. Additionally,
Fig. S1b demonstrates that the four active substances
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had different catalytic effects on FA. Figure S1b shows
the DPV response of the bare GCE and GCEs modified
by thiophene, indole, pyrrole, and DA in 1 mM FA. The
modified electrodes in Fig. S1b all have characteristic
peaks near +0.80 V. It is worth noting that the shape and
height of the response peak on the left is more prominent
than that on the right, although their peak currents were
all less than 4.0 pA. Furthermore, compared with the
bare GCE, GCEs modified with active substance (curves
b, c, d, e) had a slight increase in the current response
value, demonstrating that the four active substances have
different electrocatalytic abilities for FA.

Properties of electrodes modified with different
metal NPs

Monometallic NPs can amplify response signal because of
their special shape and size properties and high electronic
conductivity [40-42]. In this work, GCEs modified with
four monometallic NPs, including PtNPs, AgNPs, CoNPs
and CuNPs, were compared and selected. As the result of
the experiment, the DPV response of GCEs modified by
PtNPs, AgNPs, CoNPs, and CuNPs in PBS at pH 7.0 is
shown in Fig. S2, respectively. Curve a is practically a
smooth straight line, which illustrates that no electrochemi-
cal reaction occurred on the bare GCE. Curves b, ¢ and e

all show distinct characteristic peaks at —0.05, +0.05 or
+0.18 V, respectively. However, curve d lacks a distinct
characteristic peak. The different characteristic peaks indi-
cate that all monometallic NPs were deposited on the GCE.
Furthermore, in Fig. 1a, FA was catalyzed by bare GCE,
PtNPs/GCE, AgNPs/GCE, CoNPs/GCE, and CuNPs/GCE,
respectively. The modified electrodes in Fig. 1a had similar
characteristic peaks near +0.80 and +0.90 V. The peak cur-
rent values of curves d and e were not significantly different,
although they were both less than 6.00 pA.

Furthermore, compared to bare GCE, the characteristic
peak current of the four monometallic NP-modified elec-
trodes was increased and varied, which indicated that the
four monometallic NPs had different effects on FA because
of their specific surface area and low impedance. Interest-
ingly, in Fig. 1b, the left peak current value was ordered as
curve g (4.80 pA) > curve f (4.60 pA) > curve e (3.70 pA) >
curve d (3.60 pA) > curve ¢ (3.30 pA) > curve b (2.90 pA)
> curve a (2.40 pA), indicating that the GCEs modified by
CoNPs and CuNPs in Fig. 1b had higher peak current values
than GCEs modified by either bioactive material. Hence,
CoNPs and CuNPs were chosen as the monometallic materi-
als to be modified on GCEs. Moreover, compared with the
characteristic peak on the right, the characteristic peak on
the left side had a more prominent shape and height in the
subsequent experiment. Consequently, it deserves attention
in subsequent experimental analysis.

Fig. 1 a The different metal 9 10 —
NP-modified GCEs in 1.00 mM @ azbare GCE ®) N
FA (a, bare GCE; b, PtNPs/ b‘:P tN PS/GCE‘ 3 c;lndole/(;CE
GCE; ¢, AgNPs/GCE; d c:AgNPS/GCE & Thioohone/GCE
CoNPS/GCE; e, CuNPS/GCE) Z 61 T d:CoNPY/GCE E A Pyerad/CCE
) . = e:CuNPs/GCE =2 L.Pyrrolc/(.(,E
b The different sensors were g e g 6 f —— f:CoNPs/GCE
detected in 1 mM FA (a, bare :E d—n 5 ——— g:CuNPs/GCE
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In addition, bimetallic NPs generally have higher con-
ductivity, larger specific surface area and higher electrocata-
lytic properties than monometallic NPs [43, 44]. Hence, the
depositional way and order were explored by DPV, and the
results are shown in Fig. Ic. A mixture of CuNPs and CoNPs
(curve ¢), CoNPs then CuNPs (curve ), CuNPs then CoNPs
(curve f) were electrodeposited on GCEs by the i-f method,
respectively. The left peak current value near +0.90 V was
ordered as follows: f (12.20 pA)> e (10.30 pA) > d (8.50
RA) > ¢ (7.70 pA) > b (6.70 pA) > a (3.60 pA), respectively.
Compared with the other curves, curve f had the largest left

| (b) Element

characteristic peak current value. Interestingly, the charac-
teristic peak current value of curve f (12.20 pA) on the left
side was nearly twice as high as curve b (6.70 pA) and curve
¢ (7.70 pA), and four times as high as curve a (3.60 pA).
Hence, compared with monometallic NPs (CoNPs, CuNPs),
bimetallic NPs (CuNPs/CoNPs) synergistically amplified the
response signal of FA [45]. The deposition order was first
deposited CoNPs and then deposited CuNPs.

Moreover, the EIS results of bare GCE (a), CoNPs/GCE
(b), and CuNPs/CoNPs/GCE (c) are shown in Fig. 1d.
Based on the Randles equivalent circuit [22], the electron
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Fig.2 SEM and EDS of different modified electrodes (a, b: bare SPCE; ¢, d: CoNPs/SPCE; e, f: CuNPs /CoNPs/SPCE). The sampling points of

EDS are indicated in the yellow box in the SEM
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transfer resistance (Rct) of bare GCE (curve a), CoNPs/
GCE (curve b) and CuNPs/CoNPs/GCE (curve c) are cal-
culated as 0.20 kQ, 122.40 kQ, 38.20 kQ, respectively.
It is noteworthy that the Rct of CoNPs/GCE was much
greater than CoNPs, CuNPs, and bimetallic NPs (CuNPs
then CoNPs) reduced the impedance and accelerated the
electron transport efficiency as its synergistic amplification
effect [46]. Similarly, the same result also proved that the
CuNPs/CuNPs/GCE sensor was successfully constructed,
which is consistent with the SEM results.

Characterization of the sensor by SEM and EDS

The success of the various steps of electrode modifi-
cation was demonstrated and verified by surface mor-
phology and element distribution characterization.
Screen-printed carbon electrodes (SPCE) were used for
the modification in this section, instead of GCE. SEM
and EDS of bare SPCE (a, b), CoNPs/SPCE (c, d), and
CuNPs /CoNPs/SPCE (e, f) are shown in Fig. 2. The
sampling points of EDS are indicated in the yellow box
in the SEM. As shown in Fig. 2a, the surface of SPCE
was relatively flat, and the corresponding EDS (Fig. 2b)
showed that the bare SPCE contained a large amount
of C (97.1wt%), as expected. Figure 2c shows generous
irregular flower-shaped particles, and the corresponding
Fig. 2d demonstrates the presence of large amounts of
C and Co (58.88 wt% and 35.24 wt%). Figure 2e shows
massive particles of diverse sizes, and Fig. 2f shows the
presence of Cu and C (72.93 wt% and 6.38 wt%). It is
worth noting that Co does not appear on the electrode in
Fig. 2f, which may be due to the complete coverage of the
later electrodeposited CuNPs, and the signal of Co may
be completely covered by the signal of the extensive Cu.
This result is consistent with previous EIS results and
demonstrated in subsequent experiments. Apparently, the
results of SEM and EDS indicate that the CuNPs/CoNPs/
SPCE were successfully constructed.

Optimization study

The constructed sensors were studied under different exper-
imental conditions in Fig. S3, including deposition voltage
and time, pH value for FA quantification, and ambient tem-
perature. The sensors modified with the metal nanolayer
were determined by the deposition potential and deposi-
tion time of metal NPs, which directly affect the detection
results of FA. First, in Fig. S3a, the deposition voltage of
CoNPs was set to —0.70, —0.50, —0.30, —0.10, +0.10, and
+0.30 V, respectively, while all other experimental con-
ditions remained constant. Compared with other curves,
curve e in Fig. S3a was the highest current value on the left
side. This may be due to the decrease of the impedance of
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the sensor and the increase of the electron transfer rate as
the CoNPs were deposited on the GCE, which was consist-
ent with the EIS results. The peak current value on the left
side decreased as the deposition voltage increased except
—0.70 V, indicating that with the enrichment of CoNPs,
the sensor working surface may become thicker, resulting
in an impedance increase and further reducing the signal
amplification effect. As a result, —0.50 V was selected as
the optimized voltage for CoNPs deposition. The deposi-
tion time was also set to 20, 50, 80, 105, 145 and 190 s by
the i-¢ method, respectively. In Fig. S3b, the deposition
time increased from 35 to 105 s, and the response cur-
rent value of FA increased, which means that many more
CoNPs were electrodeposited, while the deposition time
increased from 105 to 190 s and the response current value
of FA decreased, which means that with the increase in the
deposition time of CoNPs, the enrichment of CoNPs led
to a decrease in the signal amplification effect. As a conse-
quence, the deposition time for the CoNPs was set as 105 s.

Likewise, in Fig. S3c, the deposition voltage of CuNPs
was set to —0.70, —0.50, —0.30, —0.10, +0.10, and +0.30
V, respectively. The peak current value on the left side
decreased as the deposition voltage increased except
—0.50 V. As a result, —0.50 V was selected as the opti-
mized voltage for CuNP deposition. Then, the deposi-
tion time of CuNPs was also set to 15, 50, 70, 85, 110,
and 140 s by the i-r method, respectively. The peak cur-
rent value of curve b was the largest in Fig. S3d, and it
decreased as deposition time increased. The deposition
time of CuNPs was set as 50 s. With the increase of depo-
sition voltage and time of CuNPs, FA response current
increased first and then decreased, which may be due to
the enrichment of CuNPs, and the working surface of the
sensor may become thicker, resulting in the increase of
its impedance and further reducing the signal amplifica-
tion effect.

After that, the effects of the target solution pH and
temperature on FA detection were studied. The left peak
value in the neutral and basic solution of FA had higher
than the acidic solution in Fig. S3e, and the current value
was highest at pH 7.0. This result could be explained
by the fact that FA is unstable and easily destroyed in
an acidic environment. Hence, pH 7.0 was chosen for
FA quantitation. Moreover, the peak current gradually
increased from 4 to 25 °C, but decreased from 25 to
35 °C as shown in Fig. S3f. Thus, the subsequent experi-
ments were performed at 25 °C.

FA detection

Figure 3a shows DPVs of FA at different concentrations
from 110.00 to 1750.00 pM with CuNPs/CoNPs/GCE.
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(Inset: the linear relationship between peak anode current
and FA concentration). Selectivity, repeatability, and sta-
bility studies are shown in Fig. 3b, ¢ and d, respectively.

Firstly, the different concentrations of FA were meas-
ured by DPV. As shown in Fig. 3a, the peak current value
on the left increased gradually as the FA concentration
increased. The left peak current / (pA) and concentra-
tion ¢ (pM) showed a good linear relationship between
110.00 and 1750.00 pM, I= 6.75775c¢+2.4741, with a
limit of detection (LOD) of 30.584 pM and sensitivity of
95.72 pA mM~'em~2. Surprisingly, the CuNPs/CoNPs/
GCE sensor had a wide detection range when compared
to the other methods in Table S1. In comparison to the
complexity of other sensors, the sensor had the signifi-
cant advantage of easy preparation.

Secondly, the selectivity of the CuNPs/CoNPs/GCE
sensor was evaluated by measuring the i-f response cur-
rent after adding different interferences in PBS (pH 7.0)
every 50 s. Throughout the experiment, the mixed solu-
tion was uniformly dispersed by a magnetic stirrer. After
gradually adding three drops of 100 uL 10.00 mM FA, the
current value increased first and then stabilized, as shown in
Fig. 3b. As 10.00 mM Glc, biotin, DA, and Glu dropped, the
current remained relatively stable. The current was gradu-
ally increased after two further dropping of FA solution.
Hence, the sensor had a good selectivity.

Next, the repeatability of CuNPs/CoNPs/GCE sensor was
assessed. The CuNPs/CoNPs/GCE sensor was continuously
tested four times by DPV in FA solution with the same con-
centration. Peak current values showed a gradual decrease
and a linear gradient, as shown in Fig. 3c. This may be due
to the enrichment of electrochemical reaction products on
the interface, resulting in the reduction of the available reac-
tion site. As a consequence, continuous multiple detection
would be not possible with the CauNPs/CoNPs/GCE sensors.

Finally, the stability of the sensor was tested in Fig. 3d.
The same concentration of FA was detected at different time
points under the same conditions (25 °C, pH 7.0) by CuNPs/
CoNPs/GCE. In the first 3 days, the current response values
were relatively stable, but on the fourth and fifth days, the
current response values gradually declined.

Table 1 The detection of FA in tablet samples by the sensor (n=3)

Spiked (uM) Differential ~ Average found Recovery RSD
current Al (UM) (%) (%)
(nA)

0 3.93+0.78 214.99+11548 - 8.00

220.00 5.44+0.39 438.39+57.32 101.54 2.87

440.00 7.07+0.12 680.53+17.43 110.06 0.67

660.00 8.44+1.19 882.43+175.49  91.77 5.66
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Analysis of real samples

Four sample solutions of the same concentration were pre-
pared by crushing and dissolving FA tablets in 0.2 M PBS
at pH 7.0. All spiked samples were tested three times using
the standard addition method, and the results are shown in
Table 1. The recovery of the constructed sensor was from
91.77 to 110.06 %, indicating that the sensor had potential
applications in detecting FA tablets.

Conclusions

In summary, we fabricated a CuNPs/CoNPs/GCE sensor
for FA detection with a simple, low-cost, and sensitive
process. A bimetallic CuNPs/CoNPs layer was formed
by simple step-by-step electrodeposition. Interestingly,
the response current of a sensor modified by CuNPs/
CoNPs is nearly twice as high as a sensor modified by
CuNPs or CoNPs because CuNPs/CoNPs reduce the
impedance, may increase the specific surface area and
site of the reaction, and have a synergistic amplifica-
tion effect on the FA response signal. The results showed
that the sensor exhibited an excellent linear relationship
over a wide range of 110.00-1750.00 pM with a LOD of
34.79 pM, and Glc, biotin, DA, and Glu interfered only
slightly with FA detection. Furthermore, the sensor can
be used for the detection of FA tablets for its satisfactory
selectivity and stability, with an average recovery rate of
91.77-110.06%.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-022-04242-w.
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