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In this research, the meticulous development and exhaustive analysis of molecularly
imprinted polymer nanoparticles (nano-MIPs) are explored, with particular emphasis on their
affinity for human serum albumin (HSA), a crucial biomarker for diagnosing type 2 diabetes
mellitus. The yield of the synthesized nano-MIPs for HSA was determined by a freeze drying
technique to be in the range of 6-15 mg for every 100 g of glass beads. A multifaceted
characterization approach, including dynamic light scattering analysis, atomic force microscopy,
and Fourier-transform infrared spectroscopy, was employed to rigorously assess the
physicochemical properties of the nano-MIPs. The results indicate a relatively uniform size
distribution and a well-defined chemical composition. Surface plasmon resonance kinetic
analysis further revealed that the nano-MIPs exhibit high affinity and specificity for HSA, with
a dissociation constant (Kd) of 2.37 x 107 M and an R? value of 0.97. These findings not only
validate the successful synthesis and characterization of nano-MIPs but also underscore their
potential use for selective molecular recognition, thereby providing promising avenues for future
research and applications in biomedical and environmental fields.

1. Introduction

Human serum albumin (HSA), the most abundant protein in human blood plasma, is a key
player in the body’s functionality.(!=) It carries out multiple essential tasks including maintaining
the osmotic pressure in the blood and serving as a transporter of various substances within the
body.(®?) However, the importance of HSA extends beyond its physiological role — it also serves
as a vital biomarker in diagnostic medicine.®) For instance, the variation in HSA level can reflect
the onset or progression of diabetes, thus making its detection a crucial component in blood
glucose monitoring and management.(%-19

Historically, immunochemical methods have been utilized to quantitatively measure albumin
concentrations in serum and urine.'"'? Although these methods have been technologically
improved to increase their simplicity and accuracy,!? they have limitations that cannot be
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overlooked, such as time-consuming procedures and high equipment costs. These have led to the
exploration of alternative approaches for routine analysis.

As an alternative, the use of biosensors has been explored. Biosensors have demonstrated
superior performance in the detection of various compounds and, as a result, have become the
focal point of extensive global research.!4!7) Among various detection methods, the
electrochemical method has gained widespread acceptance owing to its simplicity and
quantification capability.(!¥-29) In this method, the electrical signals generated by the ions or
electrons produced from the chemical reactions between a biorecognition element and the target
analyte are measured. However, the effectiveness of this method depends on having a specific
material to form a functionalized surface.

To functionalize surfaces, one promising solution that has emerged is the use of molecularly
imprinted polymers (MIPs) owing to their low cost and robustness against natural materials such
as enzymes.?!27) These synthetic materials are designed to be highly selective towards a
specific molecule. The process begins with the selection of target molecules as a template,
followed by the formation of a complex with functional monomers through noncovalent
interactions, such as hydrogen bonding or electrostatic interactions. A polymerization reaction
then occurs, resulting in the creation of a rigid matrix around the template molecule, which is
subsequently removed, often by washing with a suitable solvent. The result is a polymer matrix
with cavities that perfectly match the template in size, shape, and functional group positioning.

However, the conventional MIP synthesis method described above poses some challenges.2®)
One of the primary limitations is the production of heterogeneous polymers. This can result in
an array of binding site conformations within the polymer, some of which may not interact
efficiently with the target molecule. This heterogeneity subsequently diminishes the abundance
of high-affinity binding sites that are essential for the selective identification of the target
molecule. Another challenge with the conventional MIP synthesis method is the potential for
residual template molecules to remain in the polymer matrix. Despite rigorous washing
procedures after polymerization to remove template molecules, some may remain trapped within
the matrix. These residual molecules can interfere with biomolecular recognition by occupying
the binding sites meant for the target molecule. Consequently, the sensitivity and specificity of
MIPs produced through these conventional methods can be compromised.

To overcome the challenges associated with the conventional MIP synthesis method, the
solid-phase synthesis method has recently been developed.®” In this method, MIP nanoparticles
(nano-MIPs) with increased specificity and reduced heterogeneity are formed by utilizing the
temperature-responsive properties of poly-N-isopropylacrylamide (NIPAAm),?? wherein
polymerization occurs on a template-coated solid phase below the lower critical solution
temperature (LCST) of poly-NIPAAm to retain the template, and heating above the LCST
thereafter ensures the efficient template release. Several instances of successful syntheses
exemplify the adaptability and versatility of the method across a range of proteins or epitopes
with specific peptide sequences and various characteristics and functions.®3!33) Proteins or
epitopes, despite their diverse structures and functions, are fundamentally polymers of amino
acids, sharing similar inherent biochemical properties and interaction potentials due to the
universal presence of amino acid residues. These foundational biochemical similarities among
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them imply a level of uniformity in their interactions with comonomers, providing a rational
basis for the generalizability of the synthesis method across different proteins such as HSA.

In this study, we focus on the synthesis and characterization of nano-MIPs with a strong
binding affinity for HSA. We aim to form nano-MIPs with increased specificity and reduced
heterogeneity as the specific material for surface functionalization in electrochemical biosensors.
Using various characterization techniques, we evaluate the binding affinity of these nano-MIPs
for HSA in this study. The overarching goal is to improve diabetes diagnosis and management by
providing a reliable, efficient, and cost-effective surface material for HSA detection.

2. Materials and Methods
2.1 Chemicals

Sulfuric acid (H,SO,), sodium hydroxide (NaOH), acetone, aminopropyltrimethoxysilane
(APTMS), toluene anhydrous, HSA, sodium tetrahydroborate (NaBH,), ethanolamine,
NIPAAm, N,N’-methylenebisacrylamide (BIS), N-tert-butylacrylamide (TBAm), ethanol,
acrylamide (AAm), N,N,N’,N’-tetramethylethylenediamine (TEMED) ammonium
peroxodisdulfate (APS), and cysteamine hydrochloride were purchased from Wako Pure
Chemicals Industries, Ltd. Phosphate-buffered saline (PBS 1X, pH 7.4) was purchased from
Thermo Fisher Scientific Inc. Glutaraldehyde was purchased from Tokyo Chemical Industry
Co., Ltd. Spherical glass beads with diameters ranging from 63 to 88 pm (SGMT No. 007) were
purchased from Toshinriko Co., Ltd. Glycated albumin (GA), which was purified from human
serum, was supplied by PROVIGATE Inc., or a standard GA was purchased from the Reference
Material Institute for Clinical Chemistry Standards (ReCCS, Japan).

2.2 Preparation of solid phase

Nano-MIPs were synthesized manually using cleaned and lab-grade glassware. Figure 1
outlines the process for solid phase preparation.?”) HSA was immobilized onto the silanized
glass beads prior to nano-MIP synthesis. Briefly, glass beads (200 g) were activated by boiling
in NaOH (4 M) for 30 min and washed thoroughly with Milli-Q water. Subsequently, the glass
beads were incubated in 20% (v/v) sulfuric acid solution for 60 min. The beads were then
washed sequentially with PBS, Milli-Q water, and acetone in this sequence, dried in an oven at
120 °C for 30 min, and silanized with 2% v/v APTMS in anhydrous toluene (100 mL) at 60 °C
overnight with stirring (170 rpm). Finally, the silanized glass beads were washed thoroughly
with acetone and reconditioned by drying in the oven at 120 °C for 30 min. The resultant amine-
functionalized glass beads were incubated with a 100 mL solution of glutaraldehyde in PBS (7%
v/v, pH 7.4) at room temperature for 2 h. Subsequently, the glass beads were rinsed with milli-Q
water and dried in a vacuum. The glass beads were then incubated at room temperature
overnight with the template solution, which was prepared by dissolving HSA (1 mg/mL) in PBS
(100 mL) with stirring (170 rpm). The beads were then rinsed with Milli-Q water and dried



4080 Sensors and Materials, Vol. 36, No. 9 (2024)

4 M, Boiling, 30 min

2% viv APTMS in toluene at e $

60°C overnight ’ O—E\/\/‘”’
&(%%S\/\/NHZ

7% viv glutaraldehyde in o

PBS at room temperature M

for2h

1 mg/mL HSA in PBS at
room temperature overnight

1 mg/mL NaBH, in PBS at l { H }
Na

room temperature for 30 min ] ,,/*w

H

H H
\)Eé())%si\/\/,\‘\/\/\/'\lt@
Fig. 1. (Color online) Schematic of immobilization of HSA template onto glass beads as solid phase.

completely in a vacuum. The remaining unreacted aldehyde groups were blocked with 100 mL
of ethanolamine (0.01 M, pH 7.4). Schiff base bonds were reduced with 100 mL of NaBH, (1 mg/
ml, pH 7.4) at room temperature for 30 min.

2.3 Synthesis of nano-MIPs

Figure 2 outlines the process for nano-MIP preparation, adapted from the methodology
presented by Canfarotta et al*® Glass beads, derivatized and chemically immobilized with
HSA, served as the solid phase, although the immobilization density of HSA on the beads was
not estimated in this study. The polymerization mixture consisted of NIPAAm (29.4, 294, 588
mg), TBAm (24.8, 248, 496 mg), AAm (13.8, 138, 276 mg), and BIS (20, 40, 80 mg), all dissolved
in 100 mL of water, where the sums of each concentration were adjusted to be 6.5, 65, and 130
mM. The derivatized glass beads (100 g) were added to this mixture, sonicated for 5 min, and
subjected to N2 gas bubbling for 30 min. Polymerization was initiated by adding APS (27 mg)
and TEMED (15 pL), and allowed to proceed at room temperature for 2 h. Subsequently, the
modified beads were rinsed with distilled water at room temperature using a fritted solid-phase
extraction (SPE) cartridge to eliminate low-affinity and unreacted components. High-affinity
nano-MIPs for HSA were then collected by flushing the SPE cartridge with 100 mL of water at
60 °C. The solubility of nano-MIPs did not meet the requirements for employing the
measurement technique at 60 °C. This means that the number of hydrophobic nano-MIPs
composed of poly-NIPAAm increased at 60 °C, which should have exceeded the LCST of the
nano-MIPs. For comparison, non-imprinted polymer nanoparticles (nano-NIPs) were produced
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Fig. 2. (Color online) Synthesis of nano-MIPs.

by the same method, but without incorporating GA or HSA. 20 mL of the nano-MIP suspension
was freeze-dried in a 50 mL Falcon tube. The resulting solid residue was then weighed to
determine the concentration of the suspension.

2.4 Fourier-transform infrared spectroscopy (FTIR) analysis

The chemical structure of nano-MIPs was investigated using the JASCO FT/IR-6300FV
spectroscopy system. To prepare the nano-MIP suspension samples, 1 mg of nano-MIP powder
was suspended in 20 pL of water. The prepared samples were directly placed onto a ZnSe
crystal, integrated into a single-reflection ATR device. Once dried, measurements were carried
out at a constant temperature of 25 °C. The spectra were captured in the range of 4000—600

1 1

cm ', maintaining a resolution of 4 cm™.

2.5 Dynamic light scattering (DLS) measurements

The hydrodynamic diameter and size distribution of nano-MIPs were determined by DLS
measurements, using an S-nanosizer from Malvern Ltd. (Malvern, UK). For the analysis, nano-
MIPs were dissolved in PBS (pH 7.4) at a standard concentration of 1 mg/mL. The resulting
solution was then sonicated at room temperature for 30 min and subsequently filtered through a
0.45 um syringe filter. A 50 puL aliquot from this solution was transferred to a quartz cuvette for
measurement. The particle-containing solution was exposed to light with a wavelength (1) of
632.8 nm. All analyses were carried out at a constant temperature of 25 °C.
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2.6 Atomic force microscopy (AFM) measurements

AFM measurements of nano-MIPs were conducted using a Veeco Metrology System (Model
No. 920-006-101, Veeco Metrology, Santa Barbara, CA, USA). Air measurements were
conducted in the tapping mode utilizing RTESP-300 probes from Bruker, CA, USA. These
probes feature a cantilever length of 125 pm and a spring constant of 40 N/m. Scanning was set
to cover an area of 2 x 2 um? or 5 x 5 um? at a rate of 2 um/s. For the analysis, nano-MIPs were
dissolved in water at a concentration of 50 pg/mL. A 20 pL sample of this solution was drop-cast
onto gold-coated substrates. The prepared samples were then allowed to dry naturally under
ambient room conditions overnight.

2.7 Surface plasmon resonance (SPR) sensor chip preparation and protein binding
assessment

Silicon substrates were sectioned into approximately 1 x 1.8 ¢cm? pieces and subsequently
cleaned using acetone and methanol. Chromium and gold layers were deposited on these
substrates using a sputtering system (ULVAC, Inc.). The prepared chips were then immersed in
an ethanol solution containing 5 mM cysteamine and left at room temperature for 24 h. The
sensor chips were then treated with 5 mM glutaraldehyde for 1.5 h. Afterward, 0.1 mg/mL nano-
MIPs were prepared in a pH 6 phosphate buffer and introduced to the substrates, with which
they were allowed to interact for 24 h.¥ The binding interactions between the HSA-nano-MIPs
and the SPR sensor chips, which had immobilized nano-MIPs, were assessed at 25 °C. Protein
solutions of various concentrations (0, 12.5, 25.0, 50.0, and 100.0 ng/mL) prepared in 5 mM PBS
(pH 7.4) were continuously introduced to the sensor surface at a flow rate of 20 pL/min, each for
a duration of 20 min. Following each introduction, any unbound molecules were thoroughly
rinsed off by a 4 min injection of 5 mM PBS. Nano-NIPs were analyzed using the same method
for comparison.

3. Results and Discussion

Regarding cost-effectiveness and simplicity in the synthesis process, only three monomers
were selected: NIPAAm, TBAm, and AAm. TBAm contributes to the hydrophobicity of nano-
MIPs, aiding in maintaining their structure in aqueous solutions. The composition of the
monomers was determined to ensure sufficient solubility in aqueous solutions while maintaining
a level of structural rigidity, which is crucial for their practical application. Nano-MIPs were
synthesized in water, targeting a pH of around 5.2. This pH is close to the isoelectric point of
HSA (4.2) and is favorable for the interaction of HSA with A Am, at which the number of binding
sites for AAm on HSA increases to more than 100.3%) Moreover, HSA displays various
conformations depending on pH.(9 It is possible that at pH 5.2, HSA has a conformation that
exposes more binding sites or makes the existing sites more accessible to AAm, leading to an
increased number of binding sites. On the other hand, an increased number of binding sites at pH
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5.2 increase the specificity of the interaction between AAm and HSA. Additionally, AAm reacts
with the thiol groups of HSA, indicating a targeted interaction between the two.G7) Although
there are concerns about the weak binding nature of AAm to HSA, the specificity of the
interaction might be advantageous in synthesizing nano-MIPs with distinct recognition sites for
HSA.

In the initial trials, a concentration of 6.5 mM yielded only trace amounts of nano-MIPs that
were undetectable with a microbalance after freeze drying. To improve the yield, the
concentration was increased tenfold to 65 mM, resulting in an approximate yield in the range of
6—15 mg across multiple batches, which means the reliable yield for the evaluation of the nano-
MIPs polymerized in this experiment. Furthermore, a twofold increase to 130 mM did not result
in a proportional increase in yield, indicating a potential presence of a saturation point of the
HSA imprinting. Given the solubility constraints and the excessive consumption of the
monomers at elevated concentrations, 65 mM was identified as the optimal concentration for
nano-MIP synthesis. However, the binding sites between HSA and the polymerized matrix may
not have been easily dissociated owing to the multipoint binding, which may have resulted in the
relatively low yield of nano-MIPs obtained in this study.

The size of nano-MIPs was characterized using both the DLS and AFM techniques. DLS
analysis [Fig. 3(a)] revealed a mean hydrodynamic diameter of 245 nm with a polydispersity
index (PDI) of 0.30. PDI represents the variation in sizes of nanoparticles in a sample, the value
of which ranges from 0 to 1. A PDI close to 0 indicates that the nanoparticles in the sample are
very uniform in size, meaning that the sample is nearly monodisperse. On the other hand, a PDI
close to 1 indicates a broader distribution, that is, the nanoparticles vary significantly in size.(®)
In this context, the PDI of 0.30 indicates a relatively uniform size distribution, which is often
desirable in nanoparticle synthesis. On the other hand, AFM imaging provided a morphological
representation of nano-MIPs, showing a diameter of approximately 100 nm [Fig. 3(b)]. The
height distribution analysis from the AFM data obtained revealed an average depth of 100 £+ 6
nm, closely in agreement with the observed diameter range [Fig. 3(c)], although the height
distribution may not have correctly represented the statistical distribution owing to the limited
number of nano-MIPs within this area. However, it is noteworthy that there is a discrepancy
between the DLS and AFM measurements. This difference can be attributed to the drying effect
inherent to AFM, potentially causing particle shrinkage or aggregation.

FTIR spectroscopy was employed to analyze the chemical bonding states and functional
groups present in the nano-MIPs [Fig. 3(d)]. The acquired spectra exhibited a distinct peak at
3447 cm™!, characteristic of N—H stretching in primary amide groups. Additional peaks at 2939
and 1684 cm! were observed, corresponding to C—H and C=O stretching, respectively.
Furthermore, the peak at 1122 cm™! indicates the presence of the —C(CH3); group.®”) These
spectral features collectively contribute to a comprehensive understanding of the chemical
composition of nano-MIPs.

To assess the nano-MIP affinity towards HSA, SPR was employed for real-time, label-free
kinetic analysis. The use of SPR for real-time analysis is particularly noteworthy as it provides a
dynamic view of binding interactions, which is crucial for applications requiring rapid detection
and high specificity. GA was used as a relevant control in this study, given its substantial clinical
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Fig. 3. (Color online) (a) DLS analysis of hydrodynamic size distribution of HSA—nano-MIPs. (b) AFM image of
HSA-nano-MIPs (2 x 2 um?). (c) Height distribution of HSA-nano-MIP-deposited gold-coated substrate. A height
distribution was extracted from a surface area of 5 x 5 um?. (d) FTIR spectra of HSA-nano-MIPs with chemical
structures of the constituent monomers shaded to highlight the specific functional groups.

significance, particularly in the context of diabetes. GA is a modified form of HSA, resulting
from the nonenzymatic glycation of the albumin protein.) It serves as a crucial clinical
biomarker and an indicator of long-term glycemic control, allowing for a more accurate
assessment and management of patients with diabetes.®? The ability to distinguish between
HSA and GA is therefore of importance in clinical diagnostics, enhancing the precision in
evaluating glycemic status. Considering its structural similarities with HSA, GA serves as a
control to assess the specificity of the nano-MIPs. As shown in Fig. 4(a), the sensorgram for
nano-MIPs indicated a significant increase in SPR response level with HSA concentration,
thereby confirming binding activity. The nano-MIP—HSA sensorgram demonstrated the spike
signals upon adding HSA, indicating the interactions between HSA and the SPR sensor chip.
After washing the SPR sensor chip with PBS, that is, the bound/free (B/F) molecule separation,
the SPR responses clearly decreased while the response levels were maintained to a certain
degree owing to the nano-MIP-HSA binding. In contrast, the sensorgram for nano-NIPs
exhibited a lower SPR response level, underscoring the superior selectivity of nano-MIPs over
nano-NIPs. The binding affinity of nano-MIPs to HSA was quantified by fitting the increasing
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SPR levels against concentrations using a Langmuir isotherm model, thereby obtaining a
dissociation constant (Kd) of 2.37 x 10~ M and an R? value of 0.97 [Fig. 4(b)]. According to the
SPR data, the fitted Langmuir isotherm is assumed to be typical and sigmoidal, which implies a
1:1 stoichiometry between the nano-MIPs and HSA. This suggests that the binding sites within
the nano-MIPs exhibited a narrow distribution, indicative of uniform binding interactions.
Furthermore, the SPR response level for HSA was markedly higher than that for GA,
highlighting the capability of nano-MIPs to differentiate between HSA and its structurally
similar counterpart, GA (Fig. 5). The low Kd and high R? values not only support the high
affinity and specificity of nano-MIPs for HSA but also suggest potential applications of nano-
MIPs in highly sensitive diagnostic assays in which distinguishing between HSA and GA is

crucial.
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4. Conclusion

This study provides a comprehensive evaluation of the synthesis and characterization of
nano-MIPs, underscoring their potential utility in selective molecular recognition applications.
Through a meticulous freeze drying process, the yield of the nano-MIPs was quantified to be in
the range of 615 mg per 100 g of glass beads. A series of characterization techniques, including
DLS, AFM, and FTIR spectroscopy, were employed to rigorously assess the physicochemical
properties of the synthesized nano-MIPs. The data collectively indicate a relatively uniform size
distribution and a well-defined chemical composition, which are the attributes highly desirable
for targeted molecular interactions. Furthermore, SPR kinetic analysis revealed the high affinity
and specificity of the nano-MIPs for HSA, as evidenced by a Kd value of 2.37 x 10 M and an
R? value of 0.97. These findings not only validate the successful synthesis of nano-MIPs but also
highlight their potential for selective molecular recognition, thereby opening avenues for further
research and potential applications in biomedical and environmental fields.
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