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Abstract

p-lactoglobulin is an effective indicator of allergic protein detection. Herein, we produced a copper-based metal-organic framework coated with
methylene blue, to realize the optical and electrochemical dual detection of S-lactoglobulin. Methylene blue was successfully encapsulated
inside the copper-based metal-organic framework and released after addition of S-lactoglobulin. As the concentration of p-lactoglobulin
increased, the intensity of the ultraviolet absorption band and the response current increased with the increasing concentration of methylene
blue released from the copper-based metal-organic framework. The optical detection range is from 0.10 mg/mL to 10 mg/mL, and the detection
limit is 0.10 mg/mL. The electrochemical detection range is from 1.0 x 1077 mg/mL to 8.0 x 10~7 mg/mlL, the detection limit is 2.0 x 1078 mg/mL.
The dual detection strategy, with no interfere with each other, played a synergetic role in the quick qualitative and precise quantitative analyses

of f-lactoglobulin in a wide range of applications.
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INTRODUCTION

Food allergies have attracted increasing public attention
recently for their influence on food safety and public health.
At present, avoiding the intake of allergens is still the only
effective way to prevent food allergies!'l. Among infants and
young children, cow's milk protein allergy (CMPA) is defined
as the most common food allergy, affecting around 2.5% of
young children in the first 2 years of lifel?l. g-lactoglobulin (-
Lg) is one of the most important allergic proteins in cow's
milkE3!, It is reported that about 82% of CMPA is triggered by
p-Lg in milk proteins¥. Dairy products nowadays have
become common dietary ingredients, and the prevalence of
related chronic conditions is still on the rise. Therefore, the
detection of f-Lg in food has become an important part of
the prevention and control of the allergy.

To date, many methods have been developed for detection
of p-Lg, including 1) immunological detection technologies,
for instance, enzyme linked immuno sorbent assay (ELISA)[56],
immunochromtogaphic assa (ICA)V), immunoblotting tech-
nique (IBT)9), and immune biosensor techniquel'%, 2) chro-
matographic detection technologies, such as ultra perfor-
mance liquid chromatography (UPLQ)!'Y, high performance
liquid chromatography (HPLC)'?], and 3) molecular biological
detection methods, including polymerase chain reaction
(PCR) and loop-mediated isothermal amplification (LAMP)['3],
However, these conventional detection methods still have
several disadvantages, such as expensive equipment, tedious
operation and high personnel requirements. Recently,
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electrochemical sensors have become one of the preferred
technologies, due to its easy modification, simple operation,
fast response, high sensitivity, and low costl'#15], Surucu et
all'®l determined the redox behavior of f-LG over H,0, by
using a graphene oxide modifing the disposable pencil
graphite electrode. Xu et al.'”! produced flower-like bismuth
vanadate microspheres applied in the construction of elec-
trochemical biosensors with highly selective aptamers to
detect f-Lg.

In a previous study, we prepared multi-modified screen-
printed electrodes (SPEs) using polyethyleneimine (PEI)-
reduced graphene oxide (rGO)-gold nanoclusters (AuNCs)
which performed well in the detection of g-Lgl'8 with ex-
cellent electrical conductivity. Nevertheless, the morphology
of AuNCs is hard to control, which would affect the perfor-
mance of the electrodes. Finding an alternative material is
therefore important. Coincidentally, in recent research, metal-
organic frameworks (MOFs) have attracted much attention,
formed by metal ions or metal clusters and organic ligands
with clear pore structure, large surface area and flexible
structure. The pore space of MOFs can be modified to
combine with different substances to afford special restric-
tions, such as carbon nanostructures, metal complexes, poly-
mers, organic dyes, biomolecules, porphyrins and so onl'l. By
encapsulating these materials in a cavity, MOFs provides new
functional materials for applications such as sensing(2%,
heterogeneous catalysisi2", loading and controlled release of
drug moleculesi?223, Qin et all2% constructed a self-
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assembled zinc zeolite imidazole framework (ZIF-8) of zinc ion
and 2-methylimidazole coated with ferrocene with optical
and electrochemical activity, which can be used for the dual
detection of amyloid S-oligomers, the main neuropatholo-
gical marker of Alzheimer's4 disease. In the case of MOFs in
drug loading and sustained release, Taylor-Pashow et al.24!
introduced the Fe(lll)-carboxylate nanoscale metal-organic
frameworks (NMOFs) with ethoxysuccinato-cisplatin antican-
cer prodrug and optical contrast agent (a BODIPY dye) inside
via the postsynthetic modifications of the as-synthesized
particles, which were released upon the degradation of
NMOFs, and made further efforts to control the release rate of
these cargo by coating the NMOF particles with a silica shell.

Inspired by the sustained drug release with MOF, we
designed a signal probe with copper-based metal-organic
framework (Cu-MOF) as the carrier, and the structure can be
decomposed by p-Lg and release the signal probe. Methylene
blue (MB) was then encapsulated and coated with MOF to
form MB@Cu-MOF for the finally quantitative determination
of f-Lg. The concentration of the released MB was linearly
proportional to the f-Lg content, as determined by UV/vis
spectrophotometry, differential pulse voltammetry (DPV) and
cyclic voltammetry (CV). This is a new and robust way for the
dual detection of f-Lg, combining both the optical and
electrochemical sensing strategy to play a synergetic role in
the quick qualitative analysis and precise quantitative
detection of f-Lg. Furthermore, the dual detection of f-Lg
shows a high flexibility in the face of different detection
needs in a practical approach.

RESULTS AND DISCUSSION

Strategy of optical and electrochemical dual
detection

An optical and electrochemical dual measurement method
was developed with MB@Cu-MOF. The functional mechanism
of this sensor is shown in Fig. 1. CuZ* with electrical activity in
Cu-MOF would produce high electrochemical signals in signal

Dual detection of g-Lg based on the MB@Cu-MOF

transduction for its good redox activity. What's more, MB has
both optical and electrochemical activitiesi2>-27], MB@Cu-
MOF was obtained by encapsulating MB inside the Cu-MOF as
an indicator before the self-installation of Cu-MOF[28l,
However, when f-Lg is added into this system, the structure
of the original MOF would be destroyed. This is due to the
fact that the binding ability of f-Lg to imidazole is greater
than that of copper ion to imidazole. As a result, the internally
encapsulated MB could be released, and optical and elec-
trochemical dual detection of 5-Lg can be achieved.

Coordination of MB with copper chloride

We used ultraviolet-visible (UV-vis) spectrum to monitor
the gradual encapsulation of MB. In Fig. 2, the characteristic
peak of MB is at 663 nml29. After the addition of copper
chloride (CuCl,-2H,0), the characteristic peak has a slight blue
shift, which can be attributed to the weak coordination
between MB and the copper ion.

Characterization of Cu-MOF and MB@Cu-MOF
MOFs are often used in the fields of adsorption
separation%, gas storageB"! and drug delivery32l. Owing to
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Fig.2 The UV-vis spectra of MB solution and mixed solution of
MB and copper chloride.
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Fig. 1 Schematic diagram of measuring f-Lg by MB@Cu-MOF electrochemistry.
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the high adsorption capability, MOFs could adsorb structures
on its surface. However, in our study, MB need to be
encapsulated in the interior of MOFs instead of their surface.
To achieve this, we added MB before the combination of
copper ion and methylene imidazole to make MB encap-
sulated in the process of the MOF formation. In order to
confirm the production of the above materials, the following
methods were used to characterize the Cu-MOF and the
MB@Cu-MOF.

The functional groups in Cu-MOF, MB@Cu-MOF were
analyzed by fourier transform infrared (FTIR). In Fig. 3a, the
absorption peaks at 1,420 cm~1, 1,150 cm~! can be assigned
to the C-H stretching vibration in 2-methylimidazole, and
several major bands between bands at 2,990 cm~" and 2,950
cm~! are ascribed to the characteristic stretching vibration
modes of C-H in methyl and methylene. In addition, the peak
at 3,470 cm~! of the sample may be caused by water
absorption. Notably, the characteristic peaks in the infrared
spectra of Cu-MOF and MB@Cu-MOF are basically the same,
which can preliminarily prove that MB has been encapsulated
in the interior of Cu-MOF.

The crystal structures of Cu-MOF and MB@Cu-MOF were
observed by X-Ray Diffractometer (XRD). As shown in Fig. 3b,
the diffraction peaks of Cu-MOF and MB@Cu-MOF are mainly
distributed at 15.92°, 31.32° and 34.86°. The diffraction
intensity of the diffraction peaks at 31.32° and 34.86° are weak
and the crystal size is small. We speculate that trace amounts
of copper oxide (CuO) were the consequence of water
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absorption. The peaks of Cu-MOF and MB@Cu-MOF are
similar, indicating that the encapsulation of MB does not
affect the crystal form of Cu-MOF, which further verified that
MB is located in the pores of Cu-MOF rather than physically
adsorbed on the surface.

MB@Cu-MOF was presented in the form of blue-black solid
powder, and Cu-MOF in the form of khaki solid powder as
shown in Fig. 3c and d. In order to characterize the
morphology of the Cu-MOF and MB@Cu-MOF, we analyzed
these two materials by SEM. It can be seen from Fig. 3c that
the structure of Cu-MOF is spherical, formed by the
accumulation of nano-sheets, which is also similar to that of
MB@Cu-MOF. The average particle size both Cu-MOF and
MB@Cu-MOF of 400-500 nm was calculated based on SEM
images.

As we can see by the above experimental results, the
encapsulation of MB does not affect the basic structure and
morphology of Cu-MOF, and this can also confirm that MB
does exist in the interior of MOF materials instead of being
adsorbed on the surface.

Performance characterization of the sensor

The performance of f-Lg detection with our sensor can be
evaluated from the UV-vis spectrum, CV and SEM. As shown in
Fig. 4a, the peak patterns of Cu-MOF and MB@Cu-MOF are
similar, but they have no characteristic absorption peak at
663 nm as seen in MB, indicating that there is no free MB in
MB@Cu-MOF solution. However, by incubating MB@Cu-MOF
with f-Lg to destroy the Cu-MOF structure, a peak at 663 nm
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Fig. 3 (a) FTIR spectrum and (b) X-ray diffraction of the Cu-MOF and the MB@Cu-MOF. SEM images of (c) the Cu-MOF and (d) the MB@Cu-

MOF.
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Fig.4 (a) UV-Vis and (b) cyclic voltammogram of the MB, the Cu-MOF, the MB@Cu-MOF and the supernatant. SEM images of (c) the MB @ Cu-

MOF and (d) the MB@Cu-MOF incubation with S-Lg.

can be obtained (Fig. 4a). Besides, Cu-MOF and MB@Cu-MOF
have no redox activity, so they do not have a redox peak in
the range of —0.6 V ~ —0.1 V (Fig. 4b), but the samples with -
Lg have a redox peak similar to MB. Figure 4c shows the SEM
picture of MB@Cu-MOF, and Fig. 4d shows the SEM picture of
MB@Cu-MOF incubated with g-Lg. After f-Lg was incubated
with MB@Cu-MOF, MB@Cu-MOF no longer had a regular
structure. Because the binding force of Cu?* to -Lg is greater
than that of CuZ* to imidazole, the original Cu-MOF structure
was destroyed, and the surface became rough and the outline
was also blurred. It can be deduced that f-Lg destroyed the
structure of MB@Cu-MOF. After incubating MB@Cu-MOF with
f-Lg, MB encapsulated in MB@Cu-MOF was released, and the
supernatant obtained by centrifugation was blue, which also
proved that MB was contained in the supernatant. The
samples can be indirectly detected and analyzed by electro-
chemical analysis instruments and UV-vis spectrometer at the
same time, which proves the feasibility of the sensor
detection.

Detection of f-Lg by sensors

Figure 5 shows the standard curve of MB aqueous solution
on UV-vis spectra and DPV, respectively, to facilitate the
subsequent indirect detection of f-Lg using optical electro-
chemistry. Fluorescent techniques were conducted for MB,
Cu-MOF, and MB@ Cu-MOF, individually (Supplemental Fig.
S1), to gain more information about the preparation of MB@
Cu-MOF and to disclose MB's dual-signal property33l, The
supernatant obtained after the incubation of MB@Cu-MOF
with f-Lg and the centrifugation was analyzed by UV-vis

Page 4 0f8

absorption spectrum, in the wavelength range of 400-700
nm (Fig. 6a). Obviously, the absorption band intensity of the
characteristic peak of the supernatant increased with the
increase of f-Lg concentration, showing a linear relationship
in the range of 0.1-10 mg/mL. The linear regression equation
was Y = 0.0517 + 0.02166 X, the correlation coefficient (R?)
was 0.9878 and the LOD was 0.1 mg/mL (S/N = 3).

MB not only has optical activity, but also has electroche-
mical activity. We made use of the electrochemical activity of
MB to further narrow the detection range of f-Lg. As shown in
Fig. 6b, with the increase of f-Lg concentration, the DPV
response current of the supernatant increased in the range of
1 x 10 77 mg/mL to 8 x 10 =7 mg/mL. The linear regression
equation was Y = 5.628 + 0.2057 X, the correlation coefficient
(R?) was 0.9903 and the LOD was 2 x 10-8 mg/mL (S/N = 3).
The detection by electrochemical analysis shows higher
sensitivity in a wider detection range.

The specificity of MB@Cu-MOF to f5-Lg

p-Lg is the main indicator in the detection of milk allergens,
however, considering the complex composition of cow's milk,
a-lactalbumin (a-La), lysozyme, bovine serum albumin (BSA)
and casein are often regarded as interfering substances in the
process of specific detection. The amino acid composition of
fS-Lg in the literature shows the presence of two acidic amino
acids carrying a negative chargeBl. It has been shown that
several positive metal ions, including Cu?*, have an affinity for
certain proteins3-37], What's more, in the interactions
between f-Lg with these divalent metal ions, the effect of
copper ion-induced aggregation of f-Lg is much stronger

Wang et al. Food Materials Research 2022, 2:14
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Fig. 5 (a) UV-vis absorption spectra and differential pulse voltammograms of different concentrations of MB. (b) Standard curves of MB on
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than that of the other metal ions, which is the reason for our
choice of copper ion38l,

Combined with the structure diagram of the proteins given
in Fig. 7a, the type and shade of the colour show the nature
and distribution of surface charge. UV-vis spectrum was used
to compare the supernatant of MB@Cu-MOF incubated with
these proteins. One mg/mL of p-lg, lysozyme, a-La, and
ovalbumin were prepared with 3 mg/mL MB@Cu-MOF ina 1:1
volume ratio, respectively, after which they were incubated at
25 °C for 60 min, and the supernatant obtained after centri-
fugation was measured under UV-vis spectrum. As illustrated
in Fig. 7b, interfering substances (1 mg/mL) did not exhibit
significant absorbance, and relevant variation were less than
0.04. However, the absorbance (0.0768) was observed in the
presence of f-Lg. The results indicated that the absorbance of
interfering substances was lower than that of f-Lg, which
further confirmed the specificity of MB@Cu-MOF to the
target.

Milk sample analysis

In order to test the ability of the modified electrode to
detect f-Lg in real samples, the developed electrochemical
sensors were used in pure milk samples to detect $-Lg of four
brands common available on the market. As shown in Table 1,
electrochemical sensors and ELISA showed relatively similar
results, indicating that the sensors can be routinely used for
the measurement of -Lg. Furthermore, the detection limit of
the ELISA is at least 2 X 102 mg/mL, whereas the detection
limit of the modified sensor is 2 x 10-8 mg/mL.

CONCLUSIONS

We fabricated a sensor material MB@Cu-MOF, and success-
fully realized the optical and electrochemical double
detection of f-Lg, with a wide detection range, simple

Table 1. Comparison of 5-Lg detection in real samples using the ELISA
and modified sensors.

Sample ELISA (ug/mL) Modified sensor (ug/mL)
Telunsu 17.09 +0.56 17.05 +0.55
Yili 1554 +0.47 16.10+0.10
Mengniu 15.47 £ 0.40 14.60 £ 0.60
Jindian 10.38 + 0.02 10.85 + 0.25

Page 6 of 8

synthetic method for modified electrode and low cost. In
addition, the sensor prepared in this paper is small enough to
carry easily, which is expected to be used in the manufacture
of portable detection equipment. Moreover, the prepared
sensors had good performance in detection of f-Lg in real
samples, and showed great potential in practical application.
This material is also expected to be used for the detection of
other biomolecules, providing a new idea for electrochemical
sensing detection.

EXPERIMENTAL

Reagents and materials

Copric chloride dihydrate (CuCl,-2H,0, AR) was purchased
from Meryer Chemical Technology Co., Ltd (Shanghai, China).
Methylene blue (MB, AR) was obtained from Alfa Aesar
(Shanghai, China). 2-methylimidazole (C4;HgN,, AR), 5-Lg (99%)
and methanol (CH;OH) were all obtained from Aladdin
Reagent Co. Ltd (Shanghai, China). Hexadecyl trimethyl
ammonium bromide (CTAB, AR) was purchased from Jiangsu
Yonghua Fine Chemical Co., Ltd (Shanghai, China). Potassium
dihydrogen phosphate (KH,PO,, AR) and Dipotassium
hydrogenphosphate (K,HPO,, AR) were purchased from
Xilong Scientific Co. Ltd (Guangzhou, China). Potassium
chloride (KCl, AR), potassium ferricyanide (Ks;[Fe(CN)gls, AR)
and Potassium hexacyanoferrate(ll) (K;[Fe(CN)¢l, AR) were
obtained from Sangon Biotech Co., Ltd. (Shanghai, China).
Potassium bromide (KBr, AR) was obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).

Apparatus

Lambda 25 ultraviolet-visible (UV-vis) spectrometer
(PerkinElmer lambda, USA) were used to record the UV-vis
absorption spectra. The CHI 660E electrochemical workstation
(Shanghai Chenhua Instrument Co., Ltd., Shanghai, China)
was used to carry out all the electrochemical measurements.
NPTY0569 disposable screen printing electrode were pur-
chased from NEOPRO Biotechnologies Co., Ltd. (Shandong,
China), and the sensor connector (NEOPRO Biotechnologies
Co., Ltd) allows the screen printing electrode to be
connected to the electrochemical workstation. The SU8010
scanning electron microscope (HITACHI, Japan) was used to
determine the morphology of the synthetized material. The

Wang et al. Food Materials Research 2022, 2:14
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Bruker EDS QUANTAX energy dispersive spectrometer (Bruker
Daltonics, Germany) cooperated with the SU8010 scanning
electron microscope area was used to analyze the type and
content of elements in the material micro area. Infrared
spectrum were recorded using a VERTEX 33 fourier transform
infrared (FTIR) spectrometer (Bruker Daltonics Inc, Germany).
The D8advannce X-Ray Diffractometer (XRD) was purchased
from Bruker Daltonics Inc, Switzerland.

Synthesis of MB@Cu-MOF

MB@Cu-MOF was synthesized by one-pot reaction. Copper
chloride was dispersed in ultrapure water (50 mM, 20 mL),
and MB (56 mL) was added under intense stirring. After 10
min, 2-methylimidazole (0.97 M, 20 mL) and hexadecyl
trimethyl ammonium bromide (0.96 mM, 20 mL) were added
successively. The mixture was stirred for 60 min to form blue-
black precipitation, washed with methanol several times until
the supernatant was colorless and transparent. And then the
precipitation was freeze-dried for 36 h to obtain blue-black
powder. The amount of MB coated by Cu-MOF was adjusted
by changing the concentration of MB solution. According to
the above method, Cu-MOF, without MB was synthesized by a
similar method for comparison.

Characterization

Material

The synthesized materials were analyzed by XRD, FTIR
absorption spectroscopy. The scanning electron microscope
(SEM) was used to characterize the surface morphology of Cu-
MOF and MB@Cu-MOF.

Performance of sensor connector

The optical detection was carried out by UV-vis spectro-
meter and the electrochemical experiment was carried out
using an electrochemical workstation. The electrochemical
experimental phenomena were observed by cyclic voltam-
metry (CV)B39 and differential pulse voltammetry (DPV)!0),

Electrochemical assay method of 5-Lg

For the detection of f-Lg, potassium ferricyanide solution
dissolved in phosphate buffer solution (PBS, 0.10 M) was
selected as the supporting electrolyte, and the CV curve and
DPV curve between —0.60 V and —0 V were recorded by DPV.
All electrochemical measurements were carried out at room
temperature using CV, DPV, and all were performed in PBS,
containing 1.0 mM K,Fe(CN)s;, 5.0 mM K;[Fe(CN)g] and 0.1
mmol/L KCl, according to the reported literaturel'sl, The
parameters used for the DPV measurements: Inter Electro-
motive force: —0.60 V; Final Electromotive force: 0.10 V;
Amplitude: 0.050 V; Pulse width: 0.050 s; Pulse period: 0.20 s.
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