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A novel electrochemical sensor for dicyandiamide (DCD) recognition and detection was fabricated by
using molecularly imprinted polymer (MIP) technique. The MIP sensor was electropolymerized on the
surface of a golden electrode via cyclic voltammetry (CV). The properties of the MIP sensor were
characterized via CV and differential pulse voltammetry (DPV) by using potassium
ferricyanide/potassium ferrocyanide as an electroactive probe. The results showed that the response
peak current was linearly related with DCD concentrations from 0.01 pmol/L to 4 pmol L™ and a limit
of detection of 0.3 nmol L™ (S/N = 3). The sensor was satisfactorily employed to monitor the infant
formula.
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1. INTRODUCTION

Dicyandiamide (DCD) or cyanoguanidine is a dipolymer of cyanamide produced in large scale
from nitro-chalk through the intermediate compound cyanamide. DCD is widely used as a nitrification
inhibitor to hinder the activity of nitrifying bacteria in agriculture and consequently reduce the rates of
nitrification and nitrogen loss in soil [1-3]. However, the widespread use of DCD can result in DCD
residues on pastures, causing threat to human health, particularly in infants through baby formulas.
Studies have detected DCD in infant formulas. Given the high nitrogen content of DCD, unscrupulous
traders may add DCD to milk samples to increase the nitrogen content. Hence, a fast, sensitive, and
accurate method is desirable to measure the residue levels of DCD in infant formulas.

Various methods, such as UV spectroscopy [4], Raman chemical imaging [5], ion-exclusion
chromatography [6], high performance liquid chromatography (HPLC) [7], electrospray ionization
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mass spectrometry (ESI-MS) [8], and liquid chromatography—tandem mass spectrometry (LC—MS)[9-
11] have been developed for the detection of DCD in milk. However, it was difficult to employ
because it usually need sophisticated equipment, and the operator should be professional. In most
cases, these methods require complicated sample preparations, including extraction, preconcentration,
and derivatization, etc [10,11].

Molecular imprinting is a very promising technology for preparing polymer with specific
recognition sites [12]. Such polymer has specific bonding effects to specific target molecules [13].
Compared with natural biological receptors, molecularly imprinted polymers (MIPs) provide unique
advantages of physical and chemical stabilities, strong affinities, excellent substrate recognition, low
cost, and easy preparation [14-22]. MIPs have been satisfactorily applied in different fields including
chromatography [23-26], solid-phase extraction [27-29], and chiral separation [30-32]. Moreover,
MIPs are widely accepted as molecular recognition materials for chemical sensors [33-38].

To our knowledge, MIP electrochemical DCD sensor was rarely reported. In the present study,
we report a simple, rapid, selective, and efficient quantitative approach to detect DCD residues through
modification of a DCD-imprinted polymer film onto a golden electrode.

2. EXPERIMENTAL

2.1. Reagents and instruments

DCD was bought from Sigma-Aldrich Co. (St. Louis, MO, USA). o-Aminophenol (o-AP) was
obtained from Kemiou Chemical Reagent Co., Ltd. (Tianjin, China). Potassium hexacyanoferrate
(Ks[Fe(CN)g]) and potassium ferrocyanide (Ks4[Fe(CN)g]) were purchased from Sinopharm Group
Chemical Reagent Co., Ltd.

Unless otherwise indicated, the used reagents were of analytical grade. Double-distilled water
was used throughout the experiments. The CHI660E electrochemical workstation was obtained from
Chenhua Instrument Co., Ltd. (Shanghai, China). Electrochemical data were performed with a three-
electrode system. The golden electrode (GE) (@ =2 mm), a platinum wire electrode and an Ag/AgCl
electrode were employed as a working, auxiliary, and reference electrode, respectively.

2.3 Preparation of MIP-modified electrodes

After polished with 0.05 pm slurry of alumina powder, the GE was sonicated in double-
distilled water for 5 min. The polished electrodes were activated in 0.5 mol L™ H,SO. by cyclic
voltammetry (CV) from —0.20 to 1.60 V under the scan rate of 100 mV/s until the reproducible
voltammograms were gotten.

MIP electropolymerization was constructed in a solution containing 0.10 mmol L™ DCD and 5
mmol L™ 0-AP and 0.2 mol L™ Na,HPO,-NaH,PO, buffer solutions (pH = 5.8). The potential was set
at the range of 0.3 V to 1.2 V at 50 mV S for 10 cycles.

Non-imprinted polymer (NIP) electrode was prepared under the same conditions in the absence
of DCD.
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2.4 Sample preparation

Before analyzing the sample, 10 mL of milk was added to an equal solution of ethanol. The
mixture was centrifuged at 15000 rpm. The supernatant was collected and then filtered through a 0.45
um membrane to eliminate the interference measurement of protein adsorption on the surface of the
membrane electrode.

3. RESULTS AND DISCUSSION

3.1 DCD polymerization

The CV for 0-AP electropolymerization in the presence of DCD on the surface of the GE
indicates the anodic peak at 0.632 V potential (E,) and —31.58 pA current (ip). The curve shape shows
that the o-AP electrochemical polymerization on the GE is a totally irreversible process. The current
density decreased when the number of CV increased, thereby forming a dense non-conductive film.
The film gradually covered the electrode surface, resulting in voltammetric response inhibition.

The CV for the NIP electropolymerization was roughly similar to that of MIP, indicating that
no electrochemical activities of DCD occurred during the polymerization process (—0.3 V to 1.2 V)
when the GE was performed as the working electrode and sulfuric acid as the bottom liquid. Thus, no
electrochemical change was observed on the structure of the template molecule while the polymer was
in DCD.

3.2 Structure of molecularly imprinted films

Uniform and dense o-AP membranes with open structures can be synthesized by o-AP
electropolymerization in acidic solution condition.
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Figure 1. the formation process of DCD molecularly imprinted polymer
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Given that the main form of DCD is DCDH" [39-40], the existence of hydrogen bond in the
molecularly imprinted films under pH 4.5 can be inferred. The recognition sites (hydrogen bonding) in
the imprinted membrane were destroyed when the DCD template molecules were rinsed with 0.5
mol/L sulfuric acid solution, bringing out the molecules escaping from the 3D cavities of the
molecularly imprinted membrane. The formation process of DCD MIP is shown in Figure 1. DCD
molecules can enter the molecularly imprinted membrane by hydrogen bonding in 0.01 mol L™
Ks[Fe(CN)s] testing solution, thereby producing the sensor response.

3.3 Characterization of MIP film
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Figure 2. CV of (a) Bare electrode, (b) after electropolymerization, and (c) after removing template in
5 mmol L™ Ks[Fe(CN)g] solution

The DPV was applied for the characterization of the polymer film. On the basis of the signal
change in the oxidation current for potassium ferricyanide and the reduction current for ferrocyanide,
the morphology and characteristics of the polymer film were studied using Ks[Fe(CN)g] as the
electrochemical probe because the membrane cavities on the surface of the disc electrode can be used
as electron-transfer channels.

The CVs of DCD MIP and NIP in 5 mmol L™ K3[Fe(CN)g] solution are shown in Figure 2. For
the MIP membrane electrode, the CV curve is parallel, and the redox peaks of the electrode surface
almost cannot be observed. The results illustrated that the redox reactions between the bottom liquid
and the surface of the GE were hindered because the existing dense was imprinted poly o-AP film. The
peak current density increased because [Fe(CN)s]*™ ions reacted at the GE by diffusing to the imprinted
cavities that appeared after elution.

However, for the NIP film electrode, probe protons cannot react by penetrating the polymer
membrane. The dense non-imprinted form of poly o-AP film existed at the bare GE surface. No peak
was observed, and the CV curves of MIP and NIP were almost the same. The cleaning of NIP film can
only remove small amounts of o-AP monomer, which did not participate in the polymerization
process, thereby causing no molecular imprinting cavities on the polymer membrane after elution.
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Therefore, the NIP film did not generate an ion-transfer channel because the density of the NIP film
was higher than the MIP. The experiments indicated that the DCD recognition sites were existed in the
molecularly imprinted membrane.

3.4 Molecular imprinting effect

Under 0.01 mmol L™ Ks[Fe(CN)g], the electrochemical reduction reaction of [Fe(CN)g]’~ ion
occurred on the surface of the bare GE with the peak current at 28.79 pA potential. Almost no
electrochemical reaction was observed at the MIP electrode before template removal and at the NIP
electrode after washing. The poly o-AP film demonstrated poor conductivity, and the GE surface
binding was closed. Electrochemical reaction was observed on the surface of the MIP electrode after
washing with 0.5 mol L™ sulfuric acid with a peak current that significantly decreased at 19.17 pA
potential, which suggested that the [Fe(CN)g]*~ ion electrochemical reaction occurred on the surface of
the GE by going through the imprinted membrane with 3D imprinting “hole” after template removal.
However, the area of the bare electrode relatively decreased. This result further proved the existence of
a molecularly imprinted membrane.

3.5. Experimental parameters optimization

In order to achieve the optimal operation of the MIP sensor, several parameters, such as
electropolymerization scan cycles, molar ratios of template molecules to functional monomers,
extraction time, and incubation time on the current response, were investigated.

3.5.1 Optimization of electropolymerization scan cycles

Membrane thickness directly affects the sensitivity and selectivity of MIP sensors. To
investigate the effects of electropolymerization scan cycles, the membranes were prepared and
investigated using a series of scan cycles of 8, 12, 16, 20, and 24 during the electropolymerization
process. As shown in Figure 3A, the current response gradually increased when the scan cycles
increased and reached the maximum at 16 cycles. After 16 cycles, the current response decreased when
the scan cycles increased, indicating that the membranes were thick and cannot completely remove the
template molecules. After electropolymerized 20 cycles, the membrane can achieve the highest
selectivity and sensitivity to DCD.

3.5.2. Effect of molar ratios of template molecules to functional monomers

To investigate the effects of different molar ratios of template molecules to functional
monomers on the current, a series of membranes was prepared and investigated using different molar
ratios. When the molar ratio was set at 2:3, the MIP sensor showed the strongest current signal (Figure
3B). At lower molar ratio, the current signals notably decreased, probably because excessive amount of
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functional monomers prevented the targets close to the electrode surface. At higher molar ratio, the
current response also notably decreased, possibly because the functional monomers were insufficient
to combine with the excess of template molecules, thereby decreasing the number of available
recognition sites. As a result, the optimal molar ratio was set at 2:3 in the current work.
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Figure 3. A: Effects of the cycles B: Effects of the molar ratios C: Effects of the extraction time D:
Effects of the incubation time

3.5.3. Influence of extraction time

In order to investigate the effect of extraction time on the current signals and remove the
template molecules, the prepared sensors were washed in hydrochloric acid solution (0.1 mol L) for
5, 10, 15, 20, and 25 min at room temperature (RT). As shown in Figure 3C, the current response
enhanced when the extraction time prolonged and reached the maximum at 15 min. After 15 min, the
current signals decreased, suggesting that 15 min duration is adequate to remove the template
molecules.

3.5.4. Influence of incubation time

MIP sensors were incubated in DCD solution for 5, 10, 15, 20, and 25 min at RT to optimize
the incubation time and thus improve the recognition ability of the sensor. As shown in Figure 3D,
with prolonged incubation time, the current response gradually strengthened, and achieved balance at
10 minutes. It declared that the adsorption equilibrium was achieved. Hence, the incubation time of
imprinted sensor was set at 15 minutes.
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3.6 Linear range and limit of detection

The MIP sensor was rinsed in double-distilled water and then placed in 0 pmol L™ to 30 pmol
L™ DCD for 12 min. The DPV responses of the MIP sensor in 5 mmol Ks[Fe(CN)g] solution are shown
in Figure 4. The sensor was sonicated in 0.5 mol L™ sulfuric acid after each determination to elute the
template molecules. The curve of the sensor after eluted the template is shown in curve 1, and the
curves of 2 to 14 with the corresponding peak current of MIP membrane electrode immersed in the
concentration of DCD standard solution were studied. As shown in Figure 4A, the peak current rapidly
lowered when the template concentration increased. It suggested that with increase of adsorbed
template molecules, more imprinted cavities were closed and mass-transfer diffusion was blocked. The
linear regression equation and the correlation coefficient (R?) were expressed as y = 1.7531x + 10.645
(R*=0.9948), where y and x are the peak current reduction (nA) of hexacyanoferrate and the
concentration of DCD (umol L™), respectively (see Figure 4B). The linear response range of the
imprinted sensor was 0.01 pmol L™ to 4 pmol L™ for DCD with the detection limit of 0.3 nmol L™ or
0.025 ng mL™.
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Figure 4. A: DPV responses of the MIP sensors at 0 pmol L™ to 30 umol L DCD. B: The linear
relationship between the peak current and the concentration of DCD

3.7 Reproducibility and stability

The used MIP electrode was eluted twice for 20 min, and the determined response value was
consistent with the original one. The sensor was parallel tested for six times in 1.0 nmol L™ of DCD.
The current response RSD was 1.8%, which demonstrated good reproducibility of the imprinted
sensor. The sensor initial response decreased by 85% after being used repeatedly for ten times,
probably because the structure of the imprinted cavities was gradually destroyed during the process of
repeated elution and adsorption on membrane electrode. The recognition sites lost the binding capacity
to the DCD molecules.
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3.8 Real sample analysis

The MIP sensor was employed to measure the DCD content in infant formula samples. The
results are summarized in Table 1.

Table 1. Average recovery and relative standard deviation of DCD (n = 3)

Added concentration Detected concentration Recovery RSD

(nmol L) (nmol L™ (%) (%)
50 48.6 97.2 3.57
100 98.7 98.7 2.38
500 488.7 97.7 1.65
1000 978.7 97.9 2.67

The recoveries for infant formula samples varied from 97.2% to 98.7% with RSD of <3.57%.
Furthermore, the recent methods for monitoring dicyandiamide in milk samples were summarized in
Table 2. It was shown that the LODs of the proposed MIP sensor method were lower than those of FI-
CL[41], Colorimetric sensing [42] and UPLC-ESI-MS/MS[43]. Therefore, the proposed MIP sensor
was a sample, suitable and sensitive electrochemical sensor for monitoring DCD in infant formula
samples.

Table 2. Comparison of the proposed method with other methods

Analytical method LOD Recoveries RSD References

(gmL™) (%) (%)

FI-CL 3.0 87.0-102.3 1.2-2.9 41
Colorimetric sensing 6.7 94-109 42
UPLC-ESI-MS/MS 1 83.7-96.7 1.1-1.8 43
SID-HILIC-MS/MS 0.01 110.8 7.4 44

MIP sensor 0.025 97.2-98.7 1.65-3.57 This work

4. CONCLUSION

In this work, we developed a sample, suitable and sensitive molecularly-imprinted
electrochemical sensor for the monitoring DCD. The MIP films were electropolymerized on the
surface of the GE. The preparation conditions of the sensor, such as electropolymerization scan cycles,
molar ratios of template molecules to functional monomers, extraction time, and incubation time on
the current response, were investigated and discussed. The proposed MIP sensor possessed outstanding
performance such as a low LOD, high sensitivity toward DCD. It was satisfactorily employed to
measure DCD in real samples.
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