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a b s t r a c t

Based on the host-guest molecular recognition capability of cucurbit[6]uril (CB[6]) modified on the

gold surface, sensitive spectrophotometric and electrochemical methods for the detection of metformin

(MET) have been developed. The molecular recognition between cucurbit[7]uril (CB[7]) or CB[6] and

MET is initially demonstrated and the related recognition mechanism is further deliberated. First, CB[6]-

modified gold nanoparticles (AuNPs/CB[6]) were synthesized and then characterized by ultraviolet visible

light spectrum (UV–vis) and transmission electron microscopy (TEM). The aggregation of AuNPs/CB[6]

prompted by MET triggered changes of color and the absorption spectrum, that explored for the visual

identification and spectrophotometric determination of MET. Under the optimized detection conditions,

the UV–vis spectrometry had a good linear relationship in the range of 6–700 μmol/L, and the detection

limit was 2 μmol/L. In addition, a single-layer CB[6]-modified gold electrode (GE-CB[6]) detection system

for MET was constructed. As the concentration of MET in the solution continues to increase, the charge

transfer resistance (Rct) in the Nyquist diagram of the electrochemical impedance method (EIS) continues

to increase. In the concentration range from 10 pmol/L to 20 nmol/L, the logarithm of the MET concen-

tration has a good linear relationship with Rct, and the detection limit of this method is 1.35 pmol/L.

Both methods have good concentration sensitivity to MET in different concentration ranges, providing a

powerful tool for the detection of MET.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metformin (MET) is an oral hypoglycemic biguanide with imine

and guanidine groups [1-4]. Specifically, MET can reduce the ab-

sorption of glucose and accelerate the transport of glucose into

cells. It can also reduce the concentration of free fatty acids in

plasma and inhibit gluconeogenesis. In addition, some researchers

have shown that MET has anticancer and antiaging effects. In the

process of metabolism in the body, about 70% of MET remains

unchanged, and finally it enters the urine through the kidneys

[5]. The effect of MET is closely related to its dosage. More than

3000 mg of MET in the blood per day can cause life-threatening

lactic acidosis, liver disease, kidney problems and gastrointestinal

infections [6]. Therefore, the determination of metformin in the

blood is very important in the clinical diagnosis and medical man-

agement of the above-mentioned diseases.

Several analytical methods for the determination of MET have

been reported in the literature, mainly including ultra-high per-
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formance liquid chromatography-ultraviolet detection [7,8], liq-

uid chromatography-tandem mass spectrometry [9,10], high per-

formance thin layer chromatography [11], capillary electrophore-

sis [12] and electrochemical analysis [13]. However, some of the

limitations of these analytical methods, such as expensive instru-

ments, complicated pre-processing steps and long analysis time,

limit their use in professional laboratories. Therefore, it is becom-

ing more and more urgent to develop a simple, fast and sensitive

analytical method for the determination of MET.

Many host-guest functionalized interfaces, including metal sur-

faces [14,15], inorganic substrates [16], and biological and solid

nanochannels [17-19] have been comprehensively presented as ef-

fective discrimination and detection platforms. Gold nanoparticles

(AuNPs) have clear morphology, composition and unique physical

and chemical properties, and have shown their broad application

prospects in catalysis, sensing and biomedicine [20-23]. Due to the

surface plasmon resonance (SPR) effect, large interactions between

the surfaces of nanoparticles can easily lead to agglomeration, re-

sulting in redshift and color changes [24-26]. Functional nanostruc-
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Fig. 1. (A) 1H NMR titration spectrum of MET (4.0 mmol/L) and different content of CB[6] (a 0, b 0.25, c 0.5, d 0.75, e 1.0, f 1.5, g 2.0 equiv.); (B) UV–vis spectra of MET (70

μmol/L) and CB[6] (0-4.29 equiv.). Inset: The relationship between absorption intensity at 232 nm and NCB[6]/NMET.

tures of AuNPs will be ideal candidates for reducing non-specific

agglomeration and improving selectivity.

Cucurbituril (CB[n]) can be easily combined with the electron-

deficient groups of the alkyl chain and cationic amine groups

to achieve selective molecular recognition [27-32]. In most cases,

chemical adsorption as one of the main immobilization methods

has been used to aggregate macrocyclic compounds and nanopar-

ticles or metal surfaces. The carbonyl epoxy atoms of CB[6] and

CB[7] can interact with AuNPs [33] to form a stable nanocompos-

ite, which has the advantages of simple preparation and conve-

nient use. We have prepared a new type of highly sensitive drug

probe for the detection of MET based on CB[6], CB[7] and AuNPs.

In this article, we first synthesized CB[6] or CB[7] functinal-

ized AuNPs as sensing probe. The molecular recognition behavior

between CB[6], CB[7] and MET has been preliminarily deliberate,

and then CB[6] is used as the recognition receptor for MET. Ac-

cording to the molecular recognition of host and guest, MET can

be accurately combined with CB[6]. It then promotes the aggre-

gation of the nanoparticles, which leads to changes in color and

UV–vis absorption spectrum. With these changes, MET can be de-

tecting by the UV–vis spectral analysis (Scheme 1). Alternatively,

macrocyclic receptor functionalized GE have been used to detect

various biomolecules [34-36]. Here, based on the interaction be-

tween CB[6] and the gold surface, GE-CB[6] was used to detect

MET. Under optimized experimental conditions, it was found that

in the solution of AuNPs/CB[6], MET can cause the aggregation of

AuNPs/CB[6] and trigger the change of color and UV–vis absorption

spectrum. When the concentration of MET is in the range of 6–120

μmol/L, the change in absorption intensity has a good linear rela-

tionship with the corresponding concentration, and the detection

limit is 2.0 μmol/L. And electrochemical impedance spectroscopy

experiment (EIS) shows that the logarithm of the MET concen-

tration has a good linear relationship with charge transfer resis-

tance (Rct) in the concentration range from 10 pmol/L to 20 nmol/L,

and the detection limit of this method is 1.35 pmol/L. Relying on

molecular recognition mechanisms, these assay methods deliver a

encouraging tool for highly specific drug determination in different

concentration ranges.

The molecular recognition behavior and related mechanisms of

CB[n] (n = 6, 7) and MET were analyzed and discussed by 1H NMR

and UV–vis spectroscopy. The 1H NMR spectrum of CB[6] and MET

is shown in Fig. 1A. It can be seen that as the equivalent of CB[6]

increases, the two methyl proton hydrogens on MET move to a

high field. When adding more than 1.0 equiv. of CB[6], the pro-

ton hydrogen on the methyl group has no obvious chemical shift

change, and it appears as a fast exchange in the nuclear magnetic

time scale. It can be seen from the results of nuclear magnetic

integration that the binding ratio of CB[6] and MET is 1:1. The

MET used is non-protonated, MET aqueous solution (4.0 mmol/L)

is weakly alkaline (pH 7.5) and the pKa value is 12.4 at room tem-

perature. But when 1.0 equiv. of CB[6] was added, the pH of the

mixed solution increased to 10.3, which was due to the increase in

the content of protonated MET formed by hydrolysis, that is, the

cationic dipole interaction between MET and CB[6] promotes them

to form stable complexes. Because of the small structure of MET, it

only forms external interactions with carbonyl groups. Therefore,

there is an enhanced conjugation effect (including hydrogen bond)

between the guanidine group and CB[6], which makes the proton

peak of CB[6] also shift to the high field. On the other hand, the

molar ratio method based on UV–vis spectroscopy was used to de-

termine the binding ratio between CB[6] and MET. As shown in

Fig. 1B, after adding CB[6] to the MET solution, the UV–vis ab-

sorption peak of MET at 232 nm disappeared immediately, this

is because the interaction between CB[6] and MET weakens the

characteristics of MET absorption. As the concentration of CB[6]

increases, the absorbance at 232 nm gradually decreases. When

the absorbance is almost constant, it indicates that CB[6] forms

clathrates with almost all MET molecules. As NCB[6]/NMET increases,

A232 gradually decreases. There is an obvious inflection point at

the tangent of the curve, and the corresponding NCB[6]/NMET value

is 1, which confirms that the combination ratio of CB[6] and MET

is 1:1. Similarly, the recognition behavior of MET and CB[7] is also

analyzed in the same way. As shown in Figs. S1a and b (Support-

ing information), due to the size effect, the complexing ability of

CB[7] and MET is lower than CB[6]. Unlike protonated MET [37],

non-protonated MET “adheres” to the outside of the carbonyl port

(electrostatic interaction). It can be found from the UV–vis that the

cavity of CB[7] cannot completely shield the conjugated groups of

MET, so the binding ratio of CB[7] and MET is 2:1 finally. The dif-

ference with CB[6] is that in the 2:1 binding mode, the guanidine

group of MET cannot form a conjugation phenomenon with CB[7],

so the proton peak of CB[7] on the 1H NMR spectrum does not

change.

By improving the method of our group [33], stable and

monodisperse CB[n] (n = 6, 7)-modified AuNPs (AuNPs/CB[n]) were

prepared and used for the detection of MET (Supporting informa-

tion for details). The morphology and size of the two AuNPs/CB[n]s

were characterized by transmission electron microscopy (TEM)

and UV–vis. Fig. S2 (Supporting information) shows the TEM im-

ages and particle size distribution histograms of the two types

of nanoparticles (AuNPs/CB[6] & AuNPs/CB[7]). The shape of the

nanoparticles is spherical and the size is relatively uniform. The

statistical results of the particle size show that the average particle

size is 10.6 ± 1.6 nm and 16.2 ± 2.3 nm, respectively. Fig. S3 (Sup-

porting information) shows the UV–vis spectrum of AuNPs/CB[6]

and AuNPs/CB[7] with maximum absorption peaks at 552 nm.
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Fig. 2. (A) UV–vis spectra of the CB[6]-modified AuNPs with the addition of MET at different concentrations; (B) Linear relationship curve between �A552 and the concen-

trations of MET.

Regarding the characteristics of MET and the ability of CB[6] to

recognize host and guest molecules, CB[6] can selectively encap-

sulate the guanidine group of MET in its hydrophobic cavity. As

shown in Scheme 1, when MET is added to the AuNPs/CB[6] so-

lution, the guanidine group of MET is incorporated into the cavity,

resulting in the aggregation of AuNPs/CB[6] solution.

In order to exclude non-specific interference, the aggregation of

AuNP induced by MET was also studied. When different concen-

trations of MET were added to the AuNPs solution, no changes in

color and spectrum absorption were found, indicating that MET

could not trigger the aggregation of AuNPs (Fig. S4 in Support-

ing information). To determine the optimal analysis conditions for

the detection system, the incubation time of MET and nanoparti-

cle complexes were optimized in the experiment. The results are

shown in Fig. S5 (Supporting information). Under the action of 250

μmol/L MET, within 30 min, as the reaction time increases, the ab-

sorbance A552 value gradually decreases, and the change of absorp-

tion peak at 552 nm (�A552) gradually increases, which indicates

that as the reaction time increases, MET continuously binds to the

CB[n]s molecules on the surface of AuNPs. After 30 min, the �A552

value does not change, indicating that at the combination of MET

and CB[n]s in the solution is almost complete, so 30 min was cho-

sen as the incubation time for subsequent experiments.

As shown in Fig. 2A, the color of the AuNPs/CB[6] solution grad-

ually changed from light red to charcoal gray, and the absorbance

at about 552 nm decreased. At the same time, the absorption

intensity increases in the wavelength range close to infrared.

Then, MET can be perfectly detected by measuring the �A552 of

AuNPs/CB[6]. Under the optimal conditions, MET solutions of dif-

ferent concentrations in the range of 6–700 μmol/L were added to

the AuNPs/CB[6] solution. As the concentration of MET increases,

the color of the solution gradually changes from light red to char-

coal gray. Under the action of MET (500 μmol/L), AuNPs/CB[6] has

obvious aggregation (Fig. S6 in Supporting information). The naked

eye can easily distinguish the presence of MET. Then use �A552

to quantify MET, as shown in Fig. 2B, a good linear relationship

was found between �A552 and the concentration of MET over the

range of 6–120 μmol/L (�A552 = 0.0008C + 0.0274, R2 = 0.9890)

and from 120 μmol/L to 700 μmol/L (�A552 = 0.00015C + 0.1030,

R2 = 0.9903). The limit of detection (LOD) was calculated to be 2.0

μmol/L (LOD = 3 × standard deviation/slope).

The excellent biocompatibility of CB[7] makes it widely used in

the field of sensing. CB[7] can form a 2:1 inclusion compound with

MET, which is a more promising molecular probe than CB[6]. Sim-

ilarly, under the optimal conditions, AuNPs/CB[7] was also used to

detect MET. As shown in Fig. S7 (Supporting information), when

MET was added to the AuNPs/CB[7] solution, the complex did not

aggregate as expected, and with the continuous addition of MET,

the absorbance at 552 nm is unchanged. This may be due to the

different binding ability of MET with CB[6] and CB[7]. The re-

pulsive force between nanoparticles will gradually increase when

the MET were specifically identified with CB[n]s on the surface

of AuNPs. The binding force of CB[7] and MET on the surface of

AuNPs is less than the repulsive force between nanoparticles, so

there is no specific aggregation phenomenon.

To confirm this assumption, isothermal titration calorimetric

(ITC) measurement experiments were performed between MET

and AuNPs/CB[n]s. As shown in Fig. S8 (Supporting informa-

tion), the primary binding constant Ka of CB[6], CB[7] and the

nanoparticle complexes are evaluated to be 1.761 × 106 L/mol and

4.307 × 103 L/mol, respectively. It can be seen that the titration

system of AuNPs/CB[7] has never reached the equilibrium state of

heat exchange. This can prove that the specific recognition of MET

and CB[7] on the surface of AuNPs is affected by the repulsion

between the nanoparticles, that is to say, AuNPs/CB[7] cannot be

used for accurate detection of MET for the time being.

Based on these phenomena, the results can be easily read by

naked eye observation and UV–vis spectrum analysis. However, for

lower concentrations of target molecules, highly sensitive electro-

chemical sensors are needed to detect them. Compared with other

biosensors, EIS uses a lower overvoltage to get rid of detection lim-

itations. Here, we define an impedance sensor based on the active

electrode of CB[6] interacting with the gold surface [38-40] to de-

tect MET (Scheme 2).

First, compare the Nyquist diagrams of CB[6] modified GE (GE-

CB[6] with bare GE), as shown in Fig. S9 (Supporting informa-

tion) in the electrolyte, the Rct (green curve) of the exposed GE is

about 190 �. While CB[6] was modified, the Rct in the modified

electrode system was significantly reduced to 72 �. This shows

that CB[6] has a certain degree of conductivity on GE and also

shows that CB[6] has been successfully modified on GE. The fi-

nal modified electrode has low impedance, which promotes the

electron transfer between the electrode and the electrolyte. In or-

der to obtain more accurate detection results, the molecular recog-

nition time in the system was optimized. MET (10 nmol/L) was

added to the electrolyte solution, as time increases, the content of

molecules on the electrode surface increases, and the Nyquist plots

shows that the diameter of the semicircle becomes larger, that is,

the impedance value becomes larger (Fig. S10 in Supporting infor-

mation). At about 30 min, the diameter of the semicircle did not

change, indicating that the host and guest recognition on the elec-

trode surface was close to the equilibrium state. This time can en-

sure that the cucurbitacin can completely capture the molecule to

be tested, so this stabilization time is selected for future test sys-

tems.

The calculation is made using the equivalent circuit shown in

Fig. 3A (inset). The model linearly diffuses the surface of the elec-

trode using the Warburg impedance (W) and Rct. The significant

change in the impedance values reflects a change in the surface

state of the electrode. The larger the diameter of the semicircle, the
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Fig. 3. (A) Nyquist plots for GE-CB[6] with the addition of MET at different concentrations; (B) Linear relationship curve between Rct and the logarithmic concentrations of

MET.

Scheme 1. The sensing process for metformin (MET)-mediated aggregation of

CB[6]-modified AuNPs.

Scheme 2. Structure of eletrochemical system and detection process of MET via

electrochemical impedance based on host–guest interaction.

greater the impedance value and the electron transfer resistance.

As the concentration of MET increases, the impedance increases.

Fig. 3B shows a good linear relationship between the logarithm

of MET concentrations and Rct over the range from 10 pmol/L to

20 nmol/L (Rct = 30.118 lgCMET + 47.039, R2 = 0.9910), the de-

tection limit is 1.8 pmol/L. Compared with the spectrophotometry

method, the detection limit is greatly lower and the accuracy is

higher. Since the GE structure has a fixed number of CB[6] binding

sites, the electrochemical system has the advantages of low detec-

tion limit and high accuracy at the picomolar concentration level.

In conclusion, we have demonstrated two simple and sensi-

tive methods for detecting MET. Use CB[6] to modify the surface

of AuNPs to obtain recognition performance and SPR effect at the

same time. It was perceived that as the concentration of MET

increased, the nanoparticles gradually aggregated, with sensitive

detection ability at the micromolar concentration level (detection

limit = 2.0 μmol/L). An electrochemical impedance system for de-

tecting MET was constructed on the GE modified by CB[6]. Rct ac-

curately displays the state change of the electrode surface. The sys-

tem has a more accurate and sensitive detection capability at the

picomolar concentration level (detection limit = 1.35 pmol/L).
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