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Abstract: The detection of human serum albumin (HSA) is of significant clinical importance in disease
diagnoses. In this work, polymer-based synthetic receptors are designed by incorporating Ag-ZnS
microspheres in molecularly imprinted poly(methacrylic acid-co-ethylene glycol dimethacrylate)
(MIPs) for the gravimetric detection of HSA. Among different compositions of Ag-ZnS@MIPs, MIPs
having methacrylic acid and ethylene glycol dimethacrylate volume ratio of 3:2 exhibit enhanced HSA
sensitivity in the concentration range of 5-200 ng/mL. A remarkably low threshold limit of detection
(LOD = 0.364 ng/mL) is achieved with quartz crystal microbalance (QCM) based gravimetric sensors.
Furthermore, the Ag-ZnS@MIPs/QCM sensors show high selectivity for HSA compared to other
proteins, e.g., bovine serum albumin (BSA), glycoprotein, ribonuclease, and lysozyme. Hence, the
gravimetric quantification of HSA realizes a highly sensitive, selective, and label-free detection
mechanism with a limit of quantification down to 1.1 ng/mL.

Keywords: artificial receptors; human serum albumin; molecularly imprinted polymers; quartz
crystal microbalance; zinc sulfide

1. Introduction

Human serum albumin (HSA) is versatile and is the most abundant protein, constitut-
ing almost 60% of the total protein present in the blood plasma of a healthy individual [1].
HSA is synthesized completely in the liver [2], and it comprises a single chain of non-
glycosylated polypeptides with a molecular weight of about 66 kDa and 35 cysteine units
that form disulfide linkage and stabilize HSA shape [3]. HSA is responsible for many
functions in the human body, such as maintenance of oncotic pressure, prevention of folic
acid photo-degradation, transportation of unconjugated bilirubin, thyroid hormones, fatty
acids, and many drugs [4-6].

The exact concentration of HSA in blood plasma is 3.5-5.0 g/dL, and its abnormal
concentration indicates multiple myeloma and many heart diseases [7]. A low level of HSA
in plasma shows up as cirrhosis, cancer, liver failure, and chronic hepatitis. A moderate
level of HSA (30-300 pg/mL) in the urea causes kidney failure due to an increase in
concentrations of albuminuria, mostly resulting from hypertension and diabetes [8].

From this perspective, it is important to develop a simple and reliable method for
the accurate detection of HSA in clinical diagnoses [9]. Smart chemical sensors with
functionalized receptor surfaces are widely reported for the detection of various bio-
analytes, including HSA [10-13]. Nevertheless, the synthesis of receptor surfaces that have
a tailored functionality for the selective recognition of target analyte is a challenging task.
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To attain good sensitivity and selectivity, several bioactive materials including ap-
tamers [14,15], antibodies [16-18], and enzymes [19,20] have been used widely to develop
efficient sensor coatings. However, there are certain limitations in using these biomolecules,
such as increased processing cost, involvement of living animals, difficult purification steps,
and a requirement of special conditions for storage.

Molecular imprinting [21,22] is a generic approach for the generation of tailor-made
highly selective recognition coatings for a target analyte, e.g., proteins and biomark-
ers [23,24], and molecularly imprinted polymers (MIPs) possess several advantages over
their natural competitors. The facile synthesis, low production cost, long-term stability,
and ability to integrate with different transducers are some of the promising features of
MIPs. For instance, MIPs have been designed as efficient sensing platforms for label-free
detection, extraction, and delivery of different analytes [25-30].

Recently, ZnS-based materials [31] have gained increasing attention due to their re-
markable properties that can be utilized in different fields including biosensors [32,33],
electroluminescence [34,35], electro-catalysts [36,37], and field emitters [38]. The doping
of Ag in various metal sulfide nanostructures has been reported in recent studies to fur-
ther tune these properties for a variety of applications [39,40]. From a typical sensing
perspective, Ag could interact with amino acids of the target proteins through electrostatic
interactions [41]; thus, it could be utilized for improved recognition of proteins. These
functionalized materials have found many applications in different fields ranging from
bio-labeling to bio-sensing.

Keeping in view the characteristic properties of Ag-ZnS and MIPs, in the present
research, Ag-doped ZnS particles are embedded in poly(methacrylic acid-co-ethylene
glycol dimethacrylate) for developing highly sensitive and selective recognition coatings
for HSA detection. The MIP formulation, including the monomer-crosslinker ratio, is
optimized to achieve enhanced sensor response. For label-free sensing of HSA, Ag-
ZnS@MIP coating is integrated with the QCM chip. The fabricated Ag-ZnS@MIP QCM
sensor has demonstrated appreciably high sensitivity and selectivity for HSA recognition
at extremely low concentrations, thereby showing its potential for clinical diagnosis and
other related applications.

2. Materials and Methods
2.1. Chemicals and Reagents

Methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA), and zinc acetate
dihydrate were obtained from Daejung chemicals. The free radical initiator IRGACURE
blend was purchased from Uni-chem. Human serum albumin (HSA), x;-acid glycoprotein,
bovine serum albumin (BSA), lysozyme, chymotrypsin, ribonuclease, and silver nitrate
were purchased from Sigma-Aldrich. Thiourea was obtained from Merck. Phosphate buffer
saline (PBS) of pH 7.4 was prepared by dissolving PBS tablets in deionized water from Elga
Pure lab water deionizer. All the solvents used during the experiments were of analytical
grade and used as received.

2.2. Synthesis of Ag-ZnS Microspheres

The synthesis of Ag-ZnS microspheres was carried out following the already reported
method [42,43]. Briefly, the aqueous solutions of 0.1 M zinc acetate dihydrate and 0.1 M
silver nitrate of equal volumes were mixed and subjected to continuous magnetic stirring.
Separately, 0.1 M thiourea solution was added to the above mixture. The resulting solution
was shifted in an autoclave and heated at 180 °C for 12 h. The as-prepared Ag-ZnS
microspheres were separated and washed with distilled water and ethanol, and then dried
in an oven for further use.

2.3. Synthesis of HSA-Imprinted Polymer

Figure 1 shows a schematic for the synthesis of Ag-ZnS incorporated, HSA-imprinted
polymer. For the synthesis of HSA-imprinted polymer, 45 pL of MAA was mixed along
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HSA

with 14 pL of HSA solution taken from a stock of 5 mg/mL. A total of 30 uL of EGDMA
and 114 pL of ethanol were then added to the above solution and subjected to magnetic
stirring. A total of 100 puL of Ag-ZnS suspension was then taken from a stock of 4 mg/mL
and was added to the above mixture. To initiate polymerization, a 2 pL IRGACURE
blend was added to the mixture and sonicated for 20 min. Immediately, 3.5 uL of aliquot
was applied to a gold electrode of the QCM chip and subjected to the spin coater. After
spin coating, the QCM was placed on a clean, dry glass slide and irradiated with a UV
lamp at 328 nm to polymerize the layer. After photo-polymerization, the MIP film was
formed on a gold electrode that had HSA embedded in it. To remove the template from
the MIP layer, the QCM chip was immersed in 70 pL of 20% methanol for 20 min.

o Template
Polymerization removal
IRGACURE, Rebinding,

ethanol, 25°C HSA detection

Ag-ZnS@MIP

Figure 1. A schematic for the synthesis of human serum albumin (HSA)-imprinted Ag-ZnS@MIP
composite receptors.

The non-imprinted polymer or control was synthesized following the same procedure
as for MIP without adding has, and it was coated on a separate QCM under the same
conditions. To optimize MIP composition and achieve optimum sensor response, the
amounts of monomer (MAA) and crosslinker (EGDMA) were varied to synthesize different
combinations while keeping the amounts of HSA and Ag-ZnS microspheres constant. The
developed formulations are listed in Table 1. These MIP formulations were fabricated with
separate QCM chips and assessed for their respective sensor shifts on exposing standard
HSA solutions.

Table 1. A summary of different MIP formulations having varying amounts of the monomer (MAA)
and the crosslinker (EGDMA).

Formulations MAA (uL) EGDMA (uL) HAS ! (uL) Ag-ZnS 2 (uL)
MIP-1 50 25 14 100
MIP-2 38.5 38.5 14 100
MIP-3 45 30 14 100
MIP-4 15 60 14 100

Table notes. ! Template (human serum albumin, HSA) solution was taken from a 5 mg/mL stock solution. 2

Ag-7ZnS volume was taken from a suspension of 4 mg/mL.

2.4. Materials Characterization

The functionality of as-prepared Ag doped ZnS was examined by Fourier transform
infrared (FTIR) spectroscopy using Thermo Fisher Scientific, Nicolet 6700 spectrophotome-
ter that has an attenuated total reflectance (ATR) mode in the range of 4000-600 cm~'. The
as-prepared Ag doped ZnS particles were characterized by an X-ray powder diffraction
(XRD) pattern that was recorded in the range of 10-80° (20) using Cu K« radiation from a
PANalytical X'pert powder diffractometer with diffractive beam operated at 100 mA and



Chemosensors 2023, 11, 240

40f11

40 kV. To develop thin films of Ag-ZnS@MIP composite, a vacuum spin coater from MTI
Corporation was used. The UV curing machine from Heraeus Noblelight America LLC
was used for initiating photo-polymerization at 328 nm.

2.5. Quartz Crystal Microbalance (QCM) Setup

For gravimetric measurements, the AT-cut quartz crystal microbalance (QCM) with
a frequency of 5 MHz with a diameter of 2.54 cm that had gold electrodes on both sides
was purchased from Stanford Research System (Sunnyvale, CA, USA). Before coating
MIP /NIP layers on QCM, the bare gold electrode was washed with 1IN NaOH and 1N
HCI, respectively, for 10 min each. After that, it was rinsed thoroughly with distilled
water and dried at 60 °C. The layer-coated QCM chip was placed in a crystal holder and
fixed by two O-rings to ensure contact between one side of the gold electrode and the
testing solution.

2.6. Sensor Measurements

For measuring sensor shifts resulting from Ag-ZnS@MIP and Ag-ZnS@NIP coated
QCM sensors, six different concentrations of HSA were prepared in phosphate buffer
solution (7.4 pH, 10 mM) ranging from 5 ng/mL to 200 ng/mL. The Ag-ZnS@MIP and
Ag-ZnS@NIP coated QCMs were transferred to the QCM200, set up one-by-one, and fitted
in the chip holder for mass-sensitive measurements, respectively. After the removal of the
template, the chip was again inserted into the crystal holder, and frequency change was
noted. Before evaluating each analyte concentration, the QCM chip was immersed in PBS
to stabilize the baseline frequency. After about 10 min, a stable baseline was recorded.

For evaluating the selectivity of Ag-ZnS@MIP coated QCM, the sensor was exposed
to bovine serum albumin (BSA), «4-acid glycoprotein, lysozyme, chymotrypsin, and
ribonuclease separately, and their responses were compared with sensor shifts for HSA.
The tested concentration for each analyte was 200 ng/mL prepared in PBS of 7.4 pH.
Both Ag-ZnS@MIP and Ag-ZnS@NIP sensors were subjected to the same concentrations
of analytes.

3. Results and Discussion
3.1. Characterizations

The as-prepared Ag-ZnS microspheres are characterized by XRD as shown in Figure 2a.
XRD of Ag-ZnS exhibited sharp peaks, which are suitably matched with the reference
pattern of cubic (F-43m) ZnS (JCPDS 1-080-0020) [42]. The diffraction peaks for cubic ZnS
are observed around 29°, 48°, and 57°, corresponding to (111), (220), and (311) planes,
respectively [43]. It is reported that due to the addition of Ag in ZnS, these peaks become
sharper. Moreover, XRD peaks for Ag were not observed, which could be due to its
amorphous nature and the relatively lesser amount.

The FTIR spectrum of as-prepared Ag-ZnS microspheres was also recorded, as shown
in Figure 2b. A sharp peak can be observed around 3620 cm~!, which could be assigned to
stretching vibrations of the O-H groups resulting from absorbed moisture. A weak peak
around 1540 cm~! may indicate -NH bending vibrations of residual free amines. A sharp
peak around 669 cm~! suggests Zn-S vibrations [44]. The shifting of the Zn-S peak from
the literature value of 617 cm ™! to 669 cm ™! could be due to the difference in particle size
and morphology [45].
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Figure 2. (a) XRD pattern, and (b) FTIR spectrum of Ag-ZnS microspheres.

Figure 3a shows a typical micrograph of sensor coatings containing Ag-ZnS micro-
spheres embedded in the MIP receptor layer. The surface profiles of the coating are shown
in Figure 3b. The surface of the layer exhibits the presence of micro-sized Ag-ZnS spheres
with diameters in the range of 1.5-2.5 pum. The microspheres are uniformly dispersed on
the surface.

(a) Z: 277.7 nm

(b)

240 - Topography 2 Topography ®
p— 180 =
C 120 -
L L
N 60
0 =
1 L | | | 1 1 L
0 5 10 15 20
X (pm)

0

Figure 3. (a) A micrograph of the receptor layer showing Ag-ZnS microspheres, (b) topographic
surface profiles of the receptor layer showing surface features from bottom-to-top (Topography &)
and across right-to-left (Topography b) of surface in (a).

3.2. Optimization of MIP Formulations

To achieve enhanced sensor shifts for HSA, four different Ag-ZnS@MIP compo-
sitions that had variable amounts of monomer and cross-linker were synthesized and
tested. As shown in Table 1, volumes of MAA and EGDMA are varied, whereas
the amounts of HSA, Ag-ZnS microspheres, and initiator are kept constant. The as-
synthesized four Ag-ZnS@MIP formulations, i.e., MIP-1, MIP-2, MIP-3, and MIP-4, are
coated on four different QCMs under the same conditions. Their respective sensor shifts
on exposure to equal concentrations of HSA are recorded and shown in Figure 4. It can be
observed that MIP-1 coated QCM has resulted in an average sensor response of 2.1 kHz,
whereas MIP-2 has about 2.5 kHz sensor response showing unstable analyte-layer satu-
ration, which could be due to the stability of sensor coating or inadequate analyte-layer
interactions. MIP-3-coated QCM exhibited the highest sensor shift of 3.8 kHz while
MIP-4-coated QCM yielded a 1.5 kHz response.

The data suggest that the MIP-3 sensor layer composition is optimal as it demonstrated
the highest sensor response among four MIP formulations. To calculate the imprinting
factor, the sensor shifts of all MIP-coated devices i.e., MIP-1, MIP-2, MIP-3, and MIP-4 are
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divided with their corresponding NIP layers and shown in Figure 5. The relative sensor
shifts of all the MIP and NIP layers are also shown in Figure 5. It can be seen here that
MIP-1 has an imprinting factor of 5.4 whereas MIP-3 coating possesses an imprinting factor
of about 5. There is not much difference in values of the imprinting factor of MIP-1 and
MIP-3, although MIP-3 demonstrated the highest sensor shift, and, thus, for further sensor
measurements, the MIP-3 formulation was selected.
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Figure 4. Sensor response of QCM devices coated with different MIP formulations containing varying
ratios of monomer (MAA) and crosslinker (EGDMA).
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Figure 5. Sensor responses and imprinting factors of QCM devices coated with different MIP
formulations. Imprinting factors are calculated by dividing the respective MIP and NIP sensor shifts.
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3.3. Sensor Measurements
3.3.1. Sensor Response and Sensitivity

The sensor shifts of Ag-ZnS@MIP and Ag-ZnS@NIP coated QCM devices on expos-
ing different HSA concentrations ranging from 5 to 200 ng/mL are shown in Figure 6a.
It can be noticed that the drop in frequency of Ag-ZnS@MIP coated QCM for 200 ng/mL
of HSA is about 2410 Hz, while for Ag-ZnS@NIP, the drop in frequency is 940 Hz. The
appreciably higher sensor shifts of the MIP layer are attributed to tailored affinity sites
for has recognition, which are generated by the molecular imprinting process. It is pro-
posed that the optimized amounts of MAA and EGDMA for MIP formation could yield
geometrically and chemically adapted interaction sites for HSA recognition through a
range of non-covalent interactions. Moreover, the incorporation of Ag-ZnS microspheres
in MIP coating could also contribute to increased sensor shifts for HSA sensing. The
sensor shifts resulting from the NIP layer could only be due to the non-specific binding
interactions between polymer surface and analyte molecules, and, thus, NIP coatings
could be taken as control.

— (a) . 3000 (b)
N ol N o MIP-3
= = L 2500 s |
- o NIP e
() e
9 n @ 2000 ot
£ _1000 | = §.-
o i 5 o ; "y = 6.6207x + 1155.3
3 ng/mL 2 1500 R2 = 0.9457
= -2000 00 50 w 1000 |§ =
5 ng/mL 0 i
o] 150 ng/mL B
(72] 200 L — NIP C 500 |5 e i
S s000f ngmL N9M o | . § y = 4.3006x + 115.64
[ —— MIP-3 (7] R? = 0.9877
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0 200 400 600 800 50 100 150 200
Time (s) HSA Concentration (ng/mL)

Figure 6. (a) Sensor response of Ag-ZnS@MIP and Ag-ZnS@NIP coated QCM devices toward
different concentrations of HSA. (b) The linear detection range and sensitivity of Ag-ZnS@MIP and
Ag-ZnS@NIP-based HSA sensors are depicted by the respective calibration curves.

On further testing of the lower concentrations of HSA, the sensor shifts by the Ag-
ZnS@MIP layer remain significantly higher than Ag-ZnS@NIP. The lowest tested concen-
tration was 5 ng/mL of HSA where the response of the Ag-ZnS@MIP layer was 1030 Hz
and 110 Hz for Ag-ZnS@NIP. To compare the relative sensitivities of Ag-ZnS@MIP and
Ag-ZnS@NIP coatings, their average sensor responses at all concentrations are shown in
Figure 6b. Here, the slopes of Ag-ZnS@MIP and Ag-ZnS@NIP curves represent their respec-
tive sensitivities. From this graph, it can be observed that the sensitivity of the Ag-ZnS@MIP
curve is 6.62 Hz/ng/mL, having an R? value of 0.95; while for Ag-ZnS@NIP, the slope is
4.30 Hz/ng/mL and R? is 0.99. This demonstrates that the sensitivity of Ag-ZnS@MIP
coated QCM for HSA sensing is appreciably higher than Ag-ZnS@NIP.

The limit of detection (LOD) of the Ag-ZnS@MIP-based HSA sensor was calculated from
the slope (S = 6.6207 Hz/ng/mL) and standard deviation (¢ = 0.9157 Hz/ng/mL) of the
respective calibration plot using the formula: (LOD = 3.3 ¢/5), as reported earlier [46—48],
and is found to be 0.456 ng/mL. This is well below the reported values for HSA sensors, as
compared below in Table 2. Similarly, the limit of quantification (LOQ = 10 ¢/S) is calculated
to be 1.38 ng/mL.
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Table 2. A comparison of Ag-ZnS@MIP-based HSA sensor performance with different HSA sensing
methods from the literature.

Sensing Element Transducer Range LOD Ref.
Thiophene-based DPV 800-20,000 ng/mL 16.6 ng/mL (8]
conducting polymers EIS 4000-80,000 ng/mL 800 ng/mL
Epitope-imprinted polymer (zinc
erylate_co EGDMA) QCM 50-500 ng/mL 26 ng/mL [11]
Multiwalled carbon nanotubes . _8 _7 _8
(MWCNTs) Potentiometry 28 x107°-34x 107" M 2x107°M [49]
CuInZnS quantum dots Photoluminescence 75 x108t01.0 x 10* M 45 % 108 M [50]
Aggregation—-induced emission
based on salicylidene Fluorescence 0-100,000 ng/mL 6110 ng/mL [51]
Ag—ZnS/poly(MAA—co- .
EGDMA) QCM 5-200 ng/mL 0.456 ng/mL This work
3.3.2. Sensor Selectivity and Stability
The selectivity of Ag-ZnS@MIP coated QCM is evaluated by exposing the sensor
surface to other proteins and enzymes under the same conditions. Figure 7a compares
the frequency shifts of Ag-ZnS@MIP and Ag-ZnS@NIP coated devices for HSA, BSA,
glycoprotein, chymotrypsin, ribonuclease, and lysozyme. All the analytes were evaluated
at equal concentrations, i.e., 200 ng/mL, and their solutions were made in a PBS of pH 7.4.
As shown in Figure 7, the sensor shift of Ag-ZnS@MIP for HSA is higher than all the tested
analytes. Despite the close resemblance in molecular weights and structures of HSA and
BSA, the sensor shifts for HSA are significantly higher than for BSA.
2500 2500
~ EMIP (a) (b)
I N
=~ 2000 L
b o 2250 11
S 1500 2
2 2
e S
: 5
c 500 0 1750
@ c
w O
0 n
1500

0 3 6 9 12 15 18 21
Time (days)

Figure 7. (a) The cross-sensitivity of HSA sensors toward different proteins, and (b) the stability
and repeatability of the HSA sensor demonstrated by its sensor response to 200 ng/mL HSA over a
period of 3 weeks.

Moreover, the differential response of Ag-ZnS@MIP and Ag-ZnS@NIP layers for
HSA is even more improved for HSA than for BSA. For the other tested analytes such
as glycoprotein, chymotrypsin, ribonuclease, and lysozyme, the sensor response of the
Ag-ZnS@MIP layer is much lower for these compounds than HSA. The Ag-ZnS@NIP layer
did not show much differentiation for these analytes, though.

Figure 7b shows the repeatability of measurements and the sensor s stability over a period
of 3 weeks. When the same sensor is exposed to the same concentration (i.e., 200 ng/mL) of
HSA for 3 weeks, it reveals a consistent response without any significant loss in sensor
response. The overall loss in sensor response is 4.7% only, which exhibits the robustness
and stability of the MIP coatings and the HSA sensors. Thus, Ag-ZnS@MIP sensor coatings
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are highly selective for HSA recognition due to the presence of tailored analyte-analogous
interaction sites.

3.3.3. Sensor’s Performance Comparison

The performance of the Ag-ZnS@MIP sensor is compared with some of the already
reported sensing technologies for HSA detection in terms of detection range and limit of
detection (LOD). Table 2 summarizes a general comparison of various HSA sensors. From
Table 2, it can be observed that the designed sensor set-up demonstrates a suitable linear
working range and an exceptionally low detection limit, i.e., 0.364 ng/mL, compared to
other methods reported for HSA detection in the literature.

4. Conclusions

The incorporation of Ag-ZnS microspheres in MIP results in highly sensitive sensor
coatings for HSA detection. The optimized amounts of monomer and cross-linker for
MIP formation is a rational approach to enhance the sensitivity. The combination of Ag-
ZnS@MIP with QCM has lead us to develop a highly efficient sensing platform for HSA
detection down to 5 ng/mL. Moreover, the designed sensor setup is highly selective for
HSA recognition when evaluated against related proteins and enzymes. In general, the
simple synthesis of sensor coating and label-free transduction by the QCM chip has the
potential to utilize this setup for ultrasensitive detection of HSA in complex mixtures,
thereby finding applications in clinical diagnostics.
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