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General introduction

1. Background

1.1 Biomedical analysis

Health-related issues are usually one of the global challenges. Every year, many people get infected
with infectious diseases, especially in developing countries. On the other hand, non-communicable
diseases, such as diabetes, cancer, and heart disease, are the main health problems in developed countries.!
In order to prevent and treat these diseases, quick detection of the diseases is the crucial step. A biomarker
refers to any substances, structures, or processes that are measured and evaluated as an indicator of normal
biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention.? A
variety of biomolecules have been discovered as high potential biomarkers, including metabolites, lipids,
proteins, and nucleic acid.® Biomarkers play a vital role in disease detection and treatment follow-up.
Detecting the biomarkers in body fluids such as blood and urine is a powerful medical tool for the early
diagnosis and treatment of diseases.* The recent global pandemic occurred in 2019 shows the critical and

urgent needs for the development of biomedical analysis.®

From the viewpoint of analytical chemistry, the evaluation of biomarkers involves applications of
analytical techniques for separation, identification, and quantitative determination.* Many analytical
techniques, such as spectrophotometry, chromatography, electrochemistry, and electrophoresis, have been
used in biomedical analysis. Capillary electrophoresis (CE) is one of the conventional techniques used in
biomedical and pharmaceutical applications. Saving analysis time, sample, and solvent consumption, and
high separation resolution,* are the advantages of CE. CE can be applied in agueous and non-aqueous media
and can be coupled with several detectors. Generally, CE can separate analytes based on a mass to charge

ratio. Besides, many separation modes have been developed, such as micellar electrokinetic
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chromatography (MEKC), microemulsion electrokinetic chromatography (MEEKC), capillary isoelectric
focusing (CIEF), and capillary gel electrophoresis (CGE), providing alternative separation mechanism that
makes CE an ideal instrument for separation of a variety of compounds.* The further miniaturization of
electrophoresis leads to the development of microchip electrophoresis (MCE), which is promising for the
use as point-of-care (POC) devices. ° In chapter Il, the separation of steroids with CE was studied. The
author expects that this experiment would provide the fundamental knowledge of CE that can be used for

further development of MCE and POC devices.

1.2 Point of care testing

POC testing is defined as a diagnostic instrument that performs in vitro analysis on patients,
providing rapid test results without trained laboratory personnel, performed in a wide variety of locations:
in a home, in ambulances, at an accident site and at hospitals.® The POC testing is conducted with portable
devices and stationary benchtop tools that enable to conduct an analytical test, deliver clear and concise
results, as well as manage and operate the platform. According to the World Health Organization (WHO),
ASSURED is an acronym for the criteria of POC devices, which stands for affordable, sensitive, specific,
user-friendly, rapid and robust, equipment-free, and deliverable to end-users.” In recent years, POC devices
have become increasingly popular as replacements of the traditional equipment found in central
laboratories, which is often bulky, requires skilled personnel to operate, and takes a long time to deliver an
analytic result (Figure 1).2 Moreover, the traditional equipment is costly. Therefore, developing POC

devices is necessary for the rapid diagnosis.

In order to develop efficient POC devices, many aspects need to be considered, such as device
platforms, recognition elements, signal transducers, and so on.® The detection method is one of the essential
aspects to be considered by researchers for designing suitable devices. The detection can be used to answer
gualitative, quantitative, or both questions depending on the goal of the work. Many types of detection

methods, such as colorimetric,'®*? fluorescence,*>* electrochemistry,®>¢ and so on, have been used in



Chapter |

POC devices. Although they have been used in developing POC devices, most detection methods require
additional electric instruments to read the signal. Therefore, the detection methods without any further
instrument or equipment-free detection have been investigated in the past few years.!” Optical detection
like the naked eye has great potential for developing equipment-free detection methods. The
color/fluorescence change reaction between analytes and reagents has been widely used to realize the
presence of analytes. Moreover, the color intensity can be used to quantify analyte concentrations which
can be detected with naked eyes or a camera and a computer software to capture images and process the

data.'® Many optical sensors for environmental and biomedical applications have been published.
A) DIAGNOSIS PROCEDURE
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Figure 1. A) Schematic illustrations of medical diagnosis using conventional methods relied on centralized

laboratories and POC testing approaches. B) Difference platforms for POC testing.

Optical intensity-based detection shows many promising features, although some people might see
the color differently depending on the light, time of the day, the weather, and seasons.'’ Because of the
novel signal transformation design in device platforms, especially paper-based devices with colorimetric

detection, equipment-free quantitative strategies have already been introduced, such as distance-based,?!
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counting-based,?? time-based,?® and text-based strategies.?* Here, the author developed detection devices
for biomolecules to further investigate POC testing. The development of hydrogel as the distance-based
detection of trypsin was reported in chapter 111, and the fluorescence sensor for cytochrome ¢ was reported

in chapter V.

1.3 Hydrogels

A hydrogel is one type of material formed by hydrophilic polymers with 3D networks. This material
can swell and hold a large amount of aqueous solution due to the hydrophilic properties of polymers.?
Hydrogels are found in nature (gelatin and collagen as examples) or synthesized in the laboratory. The
enormous versatility of commercially available monomers allows the researchers to prepare hydrogels with
various interactions (Figure 2) and have physical and chemical properties suitable to their objective
applications. Nowadays, hydrogels have been used in many applications, such as separation membranes,?®
biosensors,?”?¢ adsorbing materials,?* and drug delivery systems.®**2 Considering hydrogel in biomedical
or pharmaceutical applications, hydrogel shows many advantages such as biocompatibility, physical or
chemical responsive properties, and biodegradability, resulting in many publications developing hydrogels

for these fields of application.

hydrolysis, oxidation,
sulfonation, etc.
————————

hydrophobic

polymer
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polar groups

Chemical Hydrogel Physical Hydrogel
Figure 2. Schematic methods for forming hydrogels by chemical modification of hydrophobic polymers.*

Figure is reproduced with permission from Elsevier.
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1.3.1 Poly(ethylene glycol) based hydrogel

A poly(ethylene glycol) (PEG) is a polyether that is also known as polyethylene oxide (PEQO) or
polyoxyethylene (POE). Oxygen in the monomer unit makes PEG hydrophilic.3* The variety of chain
lengths and geometries (linear, branched, star, etc.) (Figure 3) available in the market allow researchers to
use PEG in many kinds of applications. The PEG-based hydrogel can be synthesized from different types
of monomers as the main network structure. Besides, other types of functional monomers can be co-

polymerized into the PEG network to adjust PEG hydrogel's physical or chemical properties.
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Figure 3. PEG with different geometry structures.

The PEG is widely used for biological applications due to its well-known property as a
biocompatible material evidenced by its inability to provoke an immune response or promote cell death.*
Consequently, the publications that use PEG to modify therapeutic proteins and peptides,® to coat drug
delivery carriers,® and to use as scaffold for in vivo cell culture,® have been reported. Considering PEG in
the analytical chemistry aspect, the PEG polymer is suitable for analyzing biomolecules because of its
biocompatibility and less unspecific hydrogel interaction. PEG hydrogel can be used as an adsorbent

material in the preconcentration,® sieving matrix in the separation,®® and a recognition element in the
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determination step.*! In this thesis, PEG hydrogels were prepared for various analyses and detections of

biomolecules, reported in chapters 111 - V.

1.4 Molecularly imprinted polymer

Molecular imprinting is one of the essential techniques for creating and designing materials that
mimic natural receptors. Since the molecularly imprinting technique was introduced for the first time by
Wulff and co-workers more than 40 years ago, it is still the recent trend for developing novel materials.*>*
The principle of creating molecular imprinting typically involves the copolymerization of a functional
monomer or series of functional monomers, a cross-linker, and an initiator in the presence of template
molecules. In the polymer solution, the functional monomer possesses special functional groups to bind
with the template molecules. After polymerization, molecularly imprinted polymers (MIPs) are created
around the templates, and subsequent removal of template molecules will leave cavities with
complementary size, shape, and chemical moieties to the template (Figure 4).4> These cavities can recognize
and reversibly interact with the template molecules, resulting in selectively recognized materials that can

be applied to various applications.

One application of molecular imprinting technology is affinity-based separations for biomedical,*
environmental,*>¢ and food analysis.*”* The use of MIP in the sample preconcentration and treatment can
facilitate the adsorption performance with its recognition cavities. Only the target analyte remain while
other interferences are removed. The use of MIPs as the materials in solid-phase extraction,*® solid-phase
microextraction,* and magnetic stir bar sorption®® have been studied and published by several publications.
Moreover, the use of MIPs as packing materials and stationary phases for separating template analytes in
HPLC, capillary electrochromatography (CEC), or thin layer chromatography systems has also been
reported.>>2 Another application of molecularly imprinted materials is to use them as chemical and
biological sensors. In the MIP-based sensor, MIPs not only act as the recognition element for the target
analytes but also have elements that can generate output signals in the form of optical, electrochemical, or

6
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piezoelectric detection. These output signals allow MIPs to be utilized in fluorescence, electrochemical,
chemiluminescence, and UV-Vis sensing for various analytes, from small molecules to large

biomolecules.>*-%
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Figure 4. Principle of MIP preparation.

The traditional MIPs are prepared in the form of bulky materials that are further ground into smaller
pieces, which may damage the recognition site. Besides, the traditional MIPs are hard to apply with the
large template molecules due to the difficulty in template removal and adsorption processes. In order to
expand the application and overcome the limitation of traditional MIPs, many novel techniques to prepare
MIPs have been developed in recent years, such as precipitation polymerization,® emulsion
polymerization,®” and surface imprinting.®® Besides, the incorporation of MIP techniques with other
materials, such as magnetic nanoparticles,>*% and metal-covalent organic framework®-52 have been

reported. The preparation of MIPs in the form of hydrogels shows a promise for preparing the imprinting
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polymers of biomolecules. This reason is that hydrogel contains fewer organic solvents, which help
biomolecules maintain their natural form. Besides, the loose network polymer shows a flexible structure
that allows large biomolecules to penetrate and release. However, there are few fundamental studies
regarding MIP hydrogels for biomolecules, thus, the preparation of MIP hydrogels using PEG polymers

and their applications to separation/detection for proteins are examined in chapters IV and V.

2. Contents of this thesis

The contents of this thesis are the fundamental studies of biomedical analysis, from the
conventional analytical instrument to the development of the miniaturized detection method for point-of-
care testing. In detail, chapter 1l focuses on developing a separation method for steroid analysis with
capillary electrophoresis with UV spectrophotometry and mass spectrometry detection. Steroids were
online preconcentrated and separated using transient trapping (tr-trapping) in the MEKC mode. Chapters
Il - V focus on preparing PEG hydrogels and their application for point-of-care testing. Chapter IlI
demonstrates the use of PEG hydrogel as the distance and fluorescence intensity detection for trypsin
detection. The result showed promise of using PEG hydrogel as the porous material for distance-based
measurement of biomolecules. The improvement of selectivity in hydrogels was further studied in chapters
IV and V in the form of MIPs. In chapter IV, molecularly imprinting hydrogels for lysozyme were prepared
with a microfluidic dispensing device, and parameters affecting lysozyme adsorption were investigated.
The multivariate data on the adsorption capacity of lysozyme was successfully acquired. The hydrogels
provided a high imprinting factor, and adsorption specificity toward lysozyme were obtained. Finally, the
molecularly imprinting hydrogel as a fluorescence sensor for cytochrome ¢ determination was prepared in

chapter V. The obtained MIP hydrogel showed specific fluorescence quenching toward cytochrome c.
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Development of transient trapping micellar electrokinetic chromatography

coupled with mass spectrometry for steroids analysis

Abstract

An online sample preconcentration technique based on transient trapping (tr-trapping) in micellar
electrokinetic chromatography (MEKC) was applied for steroid detection with UV (tr-trapping-UV) and
electrospray ionization mass spectrometry detection (tr-trapping-ESI-MS). ESI-MS was used to improve
the sensitivity in MEKC. The MEKC separation was carried out using volatile ammonium formate as a
background solution to facilitate the coupling with ESI-MS. The partial introduction of a sodium dodecyl
sulfate (SDS) micellar solution before the introduction of a sample solution to the capillary provided the
effective preconcentration of analytes. At the same time, the SDS micelle would not enter the ESI-MS
system, so that its interference in ESI-MS detection was suppressed. Six steroids, including androsterone,
cortisone, estradiol (with a-, B- stereoisomers), hydrocortisone, progesterone, and testosterone, were
analyzed by the developed method. In tr-trapping-ESI-MS, an acidic condition of pH 3.5 was employed to
suppress the electroosmotic flow, which can avoid micellar solution migrating to the MS instrument. The
developed method showed that the micellar solution requires a 2-fold slower time than the sample to migrate
along the column, which can prohibit the cause of the problem with the MS instrument and interference
signal of SDS in the steroid’s detection. The tr-trapping-ESI-MS protocol showed up to 540-fold
enhancements of the peak intensity and 50-fold improvement of the limit of detection compared with

capillary zone electrophoresis using androsterone as a model sample. This simple and sensitive
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preconcentration technique provides a possibility for the detection of trace compounds that are difficult to

detect with the UV-vis and fluorescence instruments.

1. Introduction

Capillary electrophoresis (CE) is a popular separation technique in various analytical fields due to
its advantages, such as low reagent/sample consumption, high resolution, and ability to separate the sample
with various interaction/modes. Generally, CE can separate analytes based on the charges and sizes of
analytes that migrate through the capillary tube under an applied voltage.! Besides, adding some materials
into the background solution (BGS) can mimic a stationary phase providing molecular interactions to
separate analytes. By adding an ionic surfactant micelle into the BGS, a mode of micellar electrokinetic
chromatography (MEKC) can be achieved, where the micelle serves as a pseudo-stationary phase for
separating neutral analytes based on the partition mechanism between the micelle and BGS. MEKC

provides a wide range of separation applications for biomolecules and pharmaceutical substances.?*

In the case of biological samples, however, the sample usually contains lower analyte
concentrations than the detection limit of the system, and it is one of the problematic issues. To improve
the sensitivity, various off-line or on-line sample preconcentration techniques have been developed and
applied to CE. Examples of on-line sample preconcentration techniques include isotachophoresis®, field-
amplified sample stacking (FASS)>¢, large-volume sample stacking with an electroosmotic flow pump
(LVSEP)"®°, and sweeping'®. Transient trapping (tr-trapping) is also one of the on-line sample
preconcentration techniques in MEKC that was firstly described by Sueyoshi et al.**? In tr-trapping, the
micellar solution is injected into the capillary prior to the introduction of the sample solution. When the
voltage is applied, the micelle begins to migrate toward the anode, and the analytes are accumulated and
trapped at the sample/micelle boundary for a few seconds. After the preconcentration, the micelle

concentration slowly decreases at the sample/micelle boundary, which allows the trapped analytes to release
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based on their interaction with the micelle.’? The studies on tr-trapping with UV?3 and fluorescent!4

detection methods were recently reported.

Even though UV and fluorescent detections are commonly used in CE, they also have limitations
since not all samples have chromophore or fluorophore in their structures. In addition, some derivatizing
processes for introducing chromophore/fluorophore in the sample structure are time-consuming and
complicated. Mass spectrometry (MS) is an informative analytical technique that measures the mass-to-
charge ratio (m/z) of molecules present in samples, which can overcome the limitation of UV and
fluorescent detections. The m/z property of each analyte obtained from the MS measurement can be used
for both quantitative and qualitative analysis.'> However, mass spectrum is sometimes hindered by the
restricted conditions for sample quality. To avoid interference from impurities, a pre-separation of crude
sample is usually required before MS analysis. So far, CE coupled with MS (CE-MS), in which an
electrospray ionization (ESI) interface is usually employed, has been recognized as an important tool for
the analysis of biological compounds in various fields.'® It has been demonstrated that CE-MS can offer
high sensitivity and selectivity for both chiral and achiral compounds. Besides, it can separate isotope
compounds.’® Different from normal CE separations, CE-MS protocols usually employ specific buffer
systems to facilitate the downflow ionization of targets. For example, when considering MEKC, the
surfactants are poorly compatible with MS detection for many reasons, such as being unable to evaporate,
making the electrospray unstable, and lowering the sensitivity of MS detection.’®'° Thus, strategies to

guarantee both the CE and MS sections work well are required.

In this study, we demonstrated the method that uses the tr-trapping-MEKC technique combined
with ESI-MS (tr-trapping-ESI-MS) for analyzing biological samples. This study was firstly optimized for
the chemical conditions and instrument parameters that might affect tr-trapping-ESI-MS. Steroid
compounds were selected as the analytes since they are an important group of compounds that can be found
in the body and can be used as biomarkers.?® The illegal use of steroids among body-builder and athletes is

prohibited in many competitions and sport-events.?* The improper use of steroid compounds is also found

15



Chapter 11

in agriculture, and releasing these compounds into the water can cause an environmental problem.?22 Six
steroids, including androsterone, cortisone, estradiol (with a- and p-stereocisomer), hydrocortisone,
progesterone, and testosterone, were tested with the optimized condition and separation efficiency. Firstly,
tr-trapping-MEKC using UV detection (tr-trapping-UV) was employed for the separation of steroids, and
then the condition was further optimized for tr-trapping-ESI-MS. Finally, the separation of steroids with tr-

trapping-ESI-MS was demonstrated.

2. Material and methods
2.1 Chemical and reagents

Androsterone, cortisone, hydrocortisone, and progesterone were purchased from Sigma-Aldrich
(Tokyo, Japan), sodium dodecyl sulfate (SDS) and thiourea were from Wako Pure Chemical Industries
(Kyoto, Japan), a-Estradiol, Sudan R, and testosterone were from Tokyo Chemical Industry (Tokyo, Japan),
B-Estradiol, ammonium formate (NHs;COOH), ethanol (EtOH), formic acid (HCOOH), ammonium
hydroxide, and deionized water were from Nacalai Tesque (Kyoto, Japan). All reagents were of analytical
or HPLC grade, and the structures of all steroids used in this work are shown in Figure 1. Electrolyte
solutions were prepared with the prescribed amount of each buffer component and its pH was measured
with a pH meter (F-53 model, Horiba, Kyoto, Japan). Stock solutions of samples were prepared by
dissolving the sample with EtOH and kept at 4 °C before use. Sample solutions were prepared by diluting
the stock solution with the BGS. All the solutions were filtered through a membrane filter (0.45 um pore

size) prior to use.
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HO™

Androsterone Progesterone Testosterone
(Log P 3.69) (Log P 3.87) (Log P 3.32)

Cortisone Hydrocortisone [-Estradiol a-Estradiol
(Log P 1.47) (Log P 1.61) (Log P 4.0) (Log P 4.0)

Figure 1. Structures of tested steroids and their Log P values. The Log P values are obtained from PubChem

database.?*

2.2 Apparatus

CE experiments were performed with a P/ACE MDQ system (Beckman Coulter, Fullerton, CA,
USA). For UV detection, a photodiode array (PDA) UV detection system was employed. For the MS
detection, the outlet of the CE system was connected with a 3200 Q TRAP mass spectrometer system (Sciex,
Framingham, MA, USA). A fused-silica capillary (50 pmi.d., 375 mm 0.d.) was purchased from Polymicro

Technologies (Phoenix, AZ, USA).

2.3 Procedure

In a tr-trapping-UV procedure, the capillary column with a total length of 50 cm was used. 20%
EtOH in 20 mM ammonium formate (pH 7.0) was used as a BGS. Next, 50 mM SDS dissolved in BGS as

the micellar solution was injected with 0.5 psi for 90 s. Then, the steroid samples prepared in BGS were

17



Chapter 11

introduced at 2.5 psi for 10 s. The separation was performed at 30.0 kV at 25 °C. After each measurement,

the capillary was washed with 1 M NaOH, water, and BGS for 3, 3, and 3 min, respectively.

In the tr-trapping-ESI-MS procedure, the capillary column with a total length of 120 cm was used.
As a BGS, 30 mM ammonium formate (pH 3.5) was used, while 25 mM SDS dissolved in 10 mM
ammonium formate (pH 3.5) was employed as the micellar solution. The schematics of the tr-trapping-ESI-
MS operation are illustrated in Figure 2. Firstly, the capillary was filled with the BGS. After the partial
injection of the micellar solution at 1.5 psi for 20 s, the sample solution was further introduced into the
capillary with pressure injection at 5.0 psi for 180 s. Then, a 30.0 kV separation voltage with 0.5 psi as an
auxiliary pressure was applied to both ends of the capillary at 25 °C. For MS detection, 5.0 kV was applied
to introduce the sample into the detector. 10 mM formic acid and 50% MeOH was used as the sheath
solution with a flow rate of 5.0 pL/min. The nebulizer gas pressure was 20 psi. After each measurement,

the capillary was washed with 1 M NaOH, water, and BGS for 3, 3, and 3 min, respectively.

2.4 Principle of tr-trapping—ESI-MS

The fundamental mechanism of tr-trapping was studied and described in the previous papers.'t!2
In Figure 2, a process of tr-trapping-ESI-MS was briefly explained. After the micellar solution (M) is
partially introduced into the capillary filled with a BGS without micelle (Figure 2a), a sample solution (S)
is then injected into the capillary. Depending on their hydrophobicity, the analytes would be incorporated
into the micelle and are trapped nearby the boundary between the S and M zones (S/M boundary) during
the injection process and the initial stage of electrophoresis as shown in Figure 2b. The trapped sample is
concentrated rather than broadened since the sample band cannot penetrate into the micelle plug at the
initial stage. After applying the voltage, the M zone slowly moves along the capillary channel and resulting
in the broadening of the M zone with the gradually decreased micelle concentration which generates a

micelle gradient. At the same time, the analytes migrate in the M zone, get separated based on partitioning
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between the micelle and solution, and then get released from the M zone (Figure 2c). After the sample
release from the M zone, the samples migrate towards the MS instrument. During this stage, the analyte’s
velocity is determined by the electroosmotic flow (EOF) and pressure. The micelle migrates much slower
than or even opposite direction to the sample since the negatively charged micelle contributes a negative
velocity to the M zone (Figure 2d). Therefore, the sample would migrate to the MS instrument prior to the

micelle and SDS cannot interfere with the signal of the mass spectrum (Figure 2e).

) - CE B

M BGS << MS
Pressare injected I—*— Shielding solution
b)
+ E I <4 MS
) * = = N
Trapped analytes
)
+ NN / /
) E \\ MS

MS

N

MS

ﬁ

Figure 2. Schematics of tr-trapping-ESI-MS. (a) Initial condition, (b) preconcentration of analytes due to
the trap mechanism, (c) separation of analytes due to the difference in release timings due to their
hydrophobicity, (d) sample released from M zone and migrate to MS instrument, and (e) sample was
injected to MS instrument for detection. M, micellar solution; S, sample solution without the micelle; veor,
V pressure, V ep, me are the velocity of the EOF, pressure, and electrophoretic mobility of SDS, respectively. The

hydrophobicity of S, is smaller than that of Sp.
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3. Results and discussion
3.1 Detection of steroids with tr-trapping-UvV

As a starting point, the tr-trapping-UV protocol was developed. Most steroids are neutral
compounds that cannot be separated with typical capillary zone electrophoresis (CZE). Therefore, as
reported by many works, MEKC showed its ability to separate and quantify steroids.t”?>3! From the
previous literature, the separation of steroids can be done in a wide pH range from acidic to basic
conditions.? SDS was the most common surfactant used as a micelle forming agent.?53%3! While many bile
salts, such as sodium cholate and sodium taurocholate, were also used as the micelle forming agents in the
main micellar solution or a mixed micellar solution of other surfactants.'”-??” Various additives, such as
cyclodextrin?®, urea?®, and organic solvent?®, were also used to modify the aqueous phase for improving the
separation efficiency. In this study, ammonium formate was selected as the buffer for steroid separation
since it is volatile. EtOH was selected as the organic solvent for steroid stock preparation and used as a
mixing solvent in BGS, 20%EtOH in 20 mM ammonium formate pH 7.0. The use of EtOH can improve
the separation by reducing the hydrophilicity of the solvent phase. However, too high ratio of EtOH can
cause the breakdown of the micellar structure and should be avoided. Moreover, EtOH also improves the
solubility of steroids at a high concentration because most steroids can dissolve in water only at a low level.
Although many previous papers showed that the mix of SDS and bile salt could improve the steroid
separation efficiency, the use of the mixed micelle solution can cause the problem when applied to MS
detection. Therefore, only SDS was used as a micelle forming agent in this study. After adjusting the
condition of micellar solution introduction, the optimal condition regarding both sensitivity and resolution
were obtained when applied 50 mM SDS in 20% EtOH in 20 mM ammonium formate at 0.5 psi for 90 s.

The large volume of sample was introduced at 2.5 psi for 10 s as the optimal injection time.

Six steroids, including androsterone, cortisone, estradiol, hydrocortisone, progesterone, and
testosterone, were separated with tr-trapping-UV. Two stereoisomers (a-, 3-) of estradiol were also
examined. With this condition, 5 types of steroids showed the signal within 15 min of separation. Cortisone,
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hydrocortisone, progesterone, and testosterone can be measured at 254 nm while estradiol can be measured
at 200 nm. Androsterone cannot be detected with UV due to the lack of a strong chromophore in its structure.
The migration sequence from earliest to latest was cortisone/hydrocortisone > testosterone > estradiol >
progesterone (Figure 3). According to the separation mechanism of tr-trapping described previously, after
the sample was trapped in the sample/micelle boundary, the compounds can be separated based on the
releasing of the trapped compound off the micelle gradient similar to the normal MEKC principle.® Since
the separation principle of MEKC is based on the differential partition of analytes between the micelle and
BGS. It is expected that the compounds with less hydrophobic would migrate faster than compounds with
more hydrophobic ones. The migration order agreed with the hydrophobic property (Log P) of steroids
except for estradiol. The reason that cortisone and hydrocortisone cannot be separated might be because
SDS is not a good micellar agent for the separation of corticosteroids.?’ Interestingly, even cortisone and
hydrocortisone cannot be completely separated with this condition, a- and B-estradiol show a different

migration time.

The developed method was validated and the calibration curves between peak area and steroids
concentration were plotted, as shown in Table 1. The linear relationship between peak area and steroids
concentration between 2 — 60 ppm can be observed with the R? value between 0.990 — 0.999. The value
of %RSD of the migration time of the analyte was in the range of 1.88 — 5.38% (n = 3 at 20 ppm)

demonstrating good reproducibility of the analysis.
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Table 1. Calibration curves of steroids with the tr-trapping-UV method.

Compound Migration time Linear range Equation® R?
(min) (Ppm)
Cortisone 6.6 2-60 A =5254xCs—1286.8 0.990
Testosterone 8.8 2-60 A=571.3xCs—-697.0 0.999
a-Estradiol 9.7 2-40 A =1490.0x Cs +1719.6 0.995
B-Estradiol 10.2 2-60 A =1842.4x C;—589.4 0.991
Progesterone 12.3 2-40 A =469.7 x Cs + 56.9 0.998

2 The abbreviations A and Cs mean peak area and analyte concentration, respectively.
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Figure 3. Electropherogram of 5 steroids using the tr-trapping-UV analysis. Dashed line: 200 nm, solid
line: 254 nm. Analytical condition: the micellar solution injection, 0.5 psi, 90 s; sample solution injection,
2.5 psi, 10 s; sample concentration, 20 ppm each. The letters above the peaks represent the abbreviations

of steroids: C = cortisone, E = estradiol, H = hydrocortisone, P = progesterone, and T = testosterone.
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3.2 Strategies for optimization condition of tr-trapping-ESI-MS

As shown in the previous section, UV can be used as the detection scheme for some steroids.
Although some steroids have a chromophore in their structures®, many steroid hormones provide low
absorbance and it is difficult to directly detect with UV at the real concentration in human samples. MS
provides another approach to this issue by measuring the m/z ratio of ions, which shows a specific detection
for each molecule based on a characteristic defragment pattern.t® Here, the condition for detecting with MS
was carefully controlled to avoid interference from electrolyte molecules. To specify, efforts were made to

avoid the surfactant SDS, which was used in the tr-trapping analysis, entering the MS system.

Firstly, the migration of the surfactant SDS was considered. Ammonium formate was continued to
use as the buffer since it was compatible for both CE separation and MS detection. In order to apply the tr-
trapping method to the ESI-MS analysis, the condition which suppresses migrating SDS toward the MS
detector as much as possible and can send the analytes for ionizing with ESI needs to be considered. As
one of the most important factors influencing the velocity of the analyte, the electroosmotic mobility (Heor)
was investigated and optimized to control the migration of SDS. As the negatively charged SDS contributes
a migration velocity of the analyte that directs from the cathode to anode. The EOF affects the velocity and
even alters the migration direction of SDS. The peorand epmc Values can be measured and calculated using

the equation and relation below:

v Lq/tm
Mgop = —2r = — /= L, 1)
Viotal = VEoF + ‘_’ep,mc = (Mgor T Hep,mc)E (2)

where v is the velocity, E is the electric field strength, Lqis the effective capillary length, tnis the

migration time, V is the applied voltage, and L is the total capillary length.

The measurement of Peor and pep,mc Values was firstly carried out with the PPACE MDQ system

with UV detection (L; = 50 cm). Here, the peor was measured with a neutral molecule, thiourea, as an EOF
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marker, and epmec Was measured with Sudan R as a micelle marker. Based on egs. (1) and (2), the
electrophoretic mobility of SDS in the form of micelles and free-molecule were calculated approximately
-3.7 x 10*and -2.5 x 10*cm?V-1s, respectively. To limit SDS migrating to the outlet of the capillary,
Meor needs to be below these values. It is well-known that the pH of the BGS dramatically affects peor.
When pH is above 3, the EOF will migrate with a direction towards the anode. At higher pH, leor increases
velocity and provides the possibility for the micellar solution to migrate toward the outlet port. Therefore,
Meor from 17 mM ammonium buffer pH 3.5 - 6.4 was investigated and the result is shown in Table 2. The
result showed that at pH 3.5, The value of peor was 1.97 x 10#cm?V-1s. When pH was above 4, Heor
was higher than 2.71 x 10~ cm?V-1stwhich was unable to be used. Therefore, pH 3.5 was selected as the

optimum pH in CE conditions.

Table 2. peor values at different pHs.

pH 6.4 5.0 4.0 35

Heor (cm? V1s?) 4.42x10 4.15x10* 2.71x10* 1.97x10*

In the CE-MS equipment, the 120 cm capillary length was used for steroids separation. At the
interface of the capillary outlet and ESI sheath, the pressure was applied for the ionization. For stabilizing
the ESI, the pressure of the auxiliary gas of 0.5 psi was applied during the CE separation. The effect of
auxiliary gas pressure on the CE-MS devices was studied. When applying the analytes to migrate to the
detector with only pressure at 0.5 psi, the signal of the sample was observed at 75.4 min, which can be
calculated velocity as 0.26 mm/s. When applying voltage at 250 V/cm (30 kV/120 cm), the velocities of
the EOF (at pH 3.5) and free-SDS can be calculated as 0.49 mm/s and -0.63 mm/s, respectively. Therefore,
the SDS molecule was moved toward the outlet side at a total speed of 0.12 mm/s. From these obtained
values, the SDS molecules could reach the ESI interface at approximately 100 min after the start of

migration under the tr-trapping-ESI-MS optimized condition.
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3.3 Detection of steroids with tr-trapping-ESI-MS

After optimizing the condition, the obtained method was used for simultaneous detection of 5
steroid hormones that commonly found in human; briefly, androsterone (M\ = 290.44), cortisone (Mw =
360.44), hydrocortisone (My = 362.47), progesterone (My, = 314.47), and testosterone (M, = 288.42). As a
demonstration of the separation efficiency of the tr-trapping method, the samples were also tested without
injection the M zone, i.e., the CZE mode. It was found that in the CZE mode, all the samples migrated at
the same time (~ 33 min), which was due to all the analytes having a neutral charge in this pH condition.
Therefore, no separation based on the charge-to-mass ratio was observed for these analytes and resulted in
all analytes migrating along with the EOF. In the tr-trapping-ESI-MS mode, the peak of each steroid was
resolved and can be confirmed with each m/z value and migration time, as shown in Table 3. The peaks of
the analytes can be observed at the migration time between 23.3 — 38.4 min, which leaves time to stop the
separation before the SDS reaches the MS instrument. The peak before 20 min might come from the
impurity from androsterone and hydrocortisone (data not shown here). When considering the migration
order of the analyte, the migration sequence was testosterone/cortisone > androsterone > progesterone >
hydrocortisone. The migration order of the steroids from tr-trapping-ESI-MS was different from tr-
trapping-UV which might be the difference in the separation condition (pH, pressure, etc.). The migration
sequence of androsterone, progesterone, and testosterone were agreed with their hydrophobic properties.
Interestingly, hydrocortisone which has more hydrophilic functional in its structure than the previous three
steroids was the last compound that come to the detection window. The reason for that is still unclear but it

indicated that another interaction occurs during the separation.
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Figure 4. Total ion electropherogram in (a) CZE, (b) tr-trapping-ESI-MS analysis of 5 steroids. Analytical
condition: the micellar solution injection, (a) none, (b) 1.5 psi, 20 s; sample solution injection, (a) 5.0 psi,
5, (b) 5.0 psi, 180 s; sample concentration, (a) 10 ppm, (b) 25 ppb each. The letters in the figure represent

the steroids similar to Fig. 3 with the addition of A = androsterone.

To validate the tr-trapping-ESI-MS method, the %RSD of the migration time was studied.
The %RSD of the migration time of the analytes was in the range of 1.13 - 1.83% (Table 3), demonstrating
good reproducibility in the analysis process. The androsterone was selected as the model to establish the
calibration curve. A good linear relationship between the peak height and androsterone concentration in the
range of 1 - 300 ppb with the R?=0.992 was obtained (Figure 5). The limit of detection (LOD) can be as
low as 1 ppb which is 50 times lower than the CZE mode (LODcze = 50 ppb) and more than 1000 times
lower than tr-trapping-UV that can be detected on ppm level. In addition, the sensitivity enhancement factor

(SEF) was calculated using the following equation:

Peak height form Tr—trap—ESI-MS
Peak height from CZE

SEF = Dilution factor x (3)

From the calculation, a maximum SEF as high as 540 times can be achieved. This result shows the

good sensitivity of steroid detection of the developed method.
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Table 3. Validation data of steroids with the tr-trapping-ESI-MS method.

Compound m/z Migration time (min) %RSD Plate number (N)
(n=3) (at 50 ppb)
Testosterone 289.2 23.3 1.71% 54250
Androsterone 308.3 34.2 1.70% 23034
Progesterone 3154 36.2 1.83% 33200
Cortisone 361.4 23.3 1.13% 55148
Hydrocortisone 363.4 38.4 1.64% 31797
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Figure 5. Calibration plot between the peak height and androsterone concentration under the optimized tr-

trapping-ESI-MS condition. The abbreviations h and Cs in the equation are the mean peak height and analyte

concentration, respectively.

The method to analyze steroids has been usually developed with HPLC and CG3#%, whereas there

are plenty of approaches to determine steroid hormone by CE that have been recently developed.3¢-%° This

work demonstrated the possibility to use the tr-trapping technique for sample preparation with the MS

instrument without the interference of micelle molecule. The tr-trapping-ESI-MS procedure is simple since
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it can be automatically programmed the injection and separation in one instrument. Although the developed
method required 50 min to operate the separation, this method can guarantee that SDS would not cause the
problem with the MS instrument because it requires around 2-fold of time to migrate through the capillary

channel.

4. Conclusions

In this work, the application of the tr-trapping technique in combination with UV and MS detections
was successfully demonstrated. The developed conditions can be used for the separation of steroids for both
UV and MS detection. The result of tr-trapping-UV showed the possibility to use SDS to separate steroids
and their stereoisomer without the use of any chiral agents. The separation in the tr-trapping-ESI-MS
provides the LOD as low as 1.0 ppb, which is 1000-fold lower than tr-trap-UV and 50-fold lower than the
CZE-MS technique. The possibility to use the tr-trapping technique with MS detection provides the
possibility to use CE to separate and detect the neutral compounds that are normally difficult to detect with
UV or fluorescent detection. In addition, the optimization strategy for tr-trapping-ESI-MS also provides the
idea to use this method with other surfactants and bile salts, which can give other possibilities for tr-
trapping-ESI-MS. For example, the use of surfactants with chiral structure might be able to

preconcentration and separation of chiral compounds.
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Protein determination by distance and color change via PEG-based hydrogels

Abstract

Equipment-free detection devices are attractive for point-of-care analysis, especially in resource-
limited regions. Distance-based detection is the measurement of color change along the detection path
related to the concentration of analytes. Hydrogels are three-dimensional crosslinked polymer networks
with tunable properties and may be suitable for the distance-based sensors. But, in the previous studies,
only small ions have been used as the targets. In this work, we demonstrated the possibility of using
hydrogel as the distance-based measurement of large biomolecules such as proteins. The hydrogel was
prepared with a poly(ethylene glycol) diacrylate and a fluorescein derivative as the fluorescent detection
probe. The fluorescence alteration in the presence of a target protein, trypsin can be observed in both
intensity-based and distance-based detection. It was found that the effect of the concentration of a
fluorescence reagent was not significantly impacted in distance-based detection, while it is essential in
intensity-based detection. The relationship between the distance change and trypsin concentration in the
range of 0.5 — 5 mM can be observed. The result showed the possibility of using hydrogel for the distance-

based detection for large biomolecules.
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1. Introduction

The development of point-of-care testing (POCT) has been a recent trend in the scientific
community. POCT aims to replace traditional laboratory tests that usually require large instruments, high-
skilled staff, and a long operation time.! According to the World Health Organization (WHO) standard, an
ideal POC diagnostic must meet the ASSURED standard, which stands for affordable, sensitive, specific,
user-friendly, rapid/robust, equipment-free, and deliverable to end-users.? Microfluidic is one of the popular
platforms for fabricating POC devices to reduce reagent/sample consumption, instrument size, and
operation time.® Moreover, multiple materials have been used to construct microfluidic devices, including
glass, silicone, polydimethylsiloxane (PDMS), paper, and thread.*® The early devices were made in chip
platforms that allow the solution to flow inside the microfluidic channel. In contrast, paper and thread-based

microfluidics allow the solution to flow inside the porous materials.

Although microfluidics has been introduced for application in limited resources, other instruments
are usually required as detection instruments. These detection instruments can detect analytes based on
colorimetric,” fluorescence,®® chemiluminescence,' electro-chemistry,!! or electrochemi-luminescence.?
These instruments might be challenging to operate in locations without supply of electricity. Therefore, the
development of POC devices with equipment-free quantitative readout becomes one of the recent trends.*3
Distance-based measurement is an alternative method for equipment-free readout. In this detection method,
the target analyte is introduced into the devices with long paths containing reagents. When the target
analytes move along the paths, the reaction between analytes and reagents causes the generation of color or
fluorescence, which can be seen with naked eye. The generation of color/fluorescence along the path in
proportion to target concentration makes determination the target, similar to reading a thermometer
quantitatively.!* Thus, a variety of distance-based microfluidic platforms have been developed in recent

years.1518

Among different microfluidic materials, microfluidic paper-based analytical devices (WPADs) are

one of the popular platforms for making distance-based devices. Paper, which commonly contains cellulose
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as the main material, can allow the solution to flow inside the porous spontaneously without any external

pumping systems.®

As another platform of a distance-based device, we focus on hydrogels. Hydrogels are three-
dimensional (3D) crosslinked polymer networks that contain a large amount of water.?° Normally, hydrogel
properties can be tunable based on the selection of monomers and preparation methods. Due to the variation
of hydrogels, they have been applied in various scientific applications, from water treatment to tissue
engineering.??? Besides, as one of unique applications, the use of hydrogel for distance-based sensors have
been published.?*% However, only small ions have been used as the targets. For practical usages, the
detection in bio-related samples such as urine, blood, and salivary, especially for the biomolecules. In this
work, we tried to study the possibility of using hydrogel as the distance-based sensor for large biomolecules
like proteins. Poly(ethylene glycol) (PEG) diacrylates were employed for the preparation of hydrogels and
trypsin as a target protein. The quenching reaction between trypsin and a synthesized fluorescence monomer

made it possible to see the change in both color/fluorescence intensity and their distance.

2. Material and methods
2.1 Chemicals and reagents

PEG diacrylate (23G' where the number represents the repeat unit) was kindly donated by Shin-
Nakamura Chemical (Wakayama, Japan) and utilized as received. 2,2'-azobis[2-(2-imidazolin-2-
yl)propane] (AIYP) were from Wako Pure Chemical Industries (Osaka, Japan).; fluorescein 5-
isothiocyanate (FITC), 2-acrylamido-2-methylpropane sulfonic acid (AMPS), and allylamine (AA) were
purchased from Tokyo Chemical Industry (Tokyo, Japan).; lysozyme chloride from egg white, cytochrome
¢ from equine heart, trypsin from the bovine pancreas, and bovine serum albumin (BSA) from Sigma-
Aldrich (Tokyo, Japan); and other reagents were from Nacalai Tesque (Kyoto, Japan). All reagents were of

analytical or HPLC grade.
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2.2 Instruments

The synthesized monomer was characterized by JNM-ECA500 (JEOL, Japan) as an NMR
spectrometer and Nicolet iS5 ATR (Thermo Fisher Scientific, USA) as an FT-IR spectrometer. The
absorbance of chemicals was measured using UV-2450 (Shimadzu, Japan) as a UV-Vis spectrophotometer.
The fluorescence was measured using RF-5300PC (Shimadzu) as a fluorescence spectrometer. The
absorbance and fluorescence of hydrogel were also measured using a SpectraMax iD3 plate reader

(Molecular Devices, Tokyo, Japan).

2.3 Synthesis of a fluorescent monomer (FITC-AA)

A FITC-AA was used as a fluorescent monomer and synthesized following our previously reported
method.?® In brief, FITC and AA were dissolved in tetrahydrofuran and stirred at room temperature
overnight. After the reaction was completed, the solvent was separated by evaporating with the evaporator.
Then products were purified by silica gel column chromatography using n-hexane/ethyl acetate/methanol
= 15/85/1 as an elution solvent. Then, the isolated compound was dried in a vacuum and reconfirmed the

structure by FT-IR and *H-NMR.

2.4 Preparation of the hydrogel and protein measurement

The hydrogels were prepared in two different containers for measuring by fluorescence intensity
and distance change. For fluorescence measurement, the hydrogel was prepared by mixing the
polymerization composition as shown in Table 1 and stirred for 30 min. Then, the mixing solution was
purged with nitrogen gas for 30 min. Then, the polymerization solution of 100 pL was transferred to a well
of the 96-wells microplate. After transferring the solution to the well, the polymer solution was polymerized
using a UV lamp at 365 nm for 3 h. After polymerization, 100 mM Tris-HCI buffer of 100 pL was added

to each well several times to wash the unreacted reagents until the washing solution showed no UV
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absorbance peak. The obtained hydrogel was used for trypsin detection based on fluorescence intensity. For
fluorescent detection, trypsin of 40 L at different concentrations were added to the microplate wells and
shaken with a shaking apparatus for 3 h. Fluorescence intensity were measured with a microplate reader

()\.ex: 450 nm, )\.em = 550 nm)

Table 1. Composition of hydrogels for intensity-based and distance-based detection

Fluorescence monomer Monomer i;(f:r Initiator Solvent
H1 FITC-AA, 0.57 |,Lm0| AMPS 23G' AlYP 1.0 mM Tris-HClI
buffer (pH 7.4), 2.1
H2 FITC-AA, 0.06 umol 205pmol 215 pmol - 4.29mg L eon 0.9 mL

For the distance-based hydrogel preparation, polymerization solution of 200 pL was transferred to
a glass container (25 mm in length, 6 mm in diameter, two open-end) sealed with parafilm at the bottom.
Then, the top of the tubes was sealed again and polymerized using a UV lamp at 365 nm for 3 h. When the
polymerization process was completed, the parafilm was removed from the top and bottom of the tube, and
the glass tube was put in a 15 mL tube. Then, 100 mM Tris-HCI buffer of 10 mL was added into the tube
and shaken with a shaking apparatus to wash the hydrogel. After washing, the hydrogel was stored in 1 mM

Tris-HCI buffer pH 7.4 before use.

For protein detection with distance-based measurement, tubes were first sealed at the bottom of the
tube with the parafilm. Then, trypsin solution of 40 pL was added to the tube and waited for the reaction
between FITC-AA and trypsin to occur for 3 h. The picture of color change was taken every 30 minutes.

Then, the photos were analyzed with the ImageJ program to precisely measure the distance change.
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3. Results and discussion

3.1 Interaction between FITC-AA and trypsin

FITC-AA was synthesized and characterized based on our previous method. After the success in
the synthesis process, UV-Vis and fluorescent spectra of FITC-AA with the interaction of trypsin was
examined. FITC is a commercially available dye used as a fluorescent tracer for tagging proteins via the
isothiocyanate group of FITC and the amine group of proteins. However, FITC can be quenched by other
chemicals and experimental conditions. It was also well-known that the adsorption spectrum of FITC can
be changed with pH conditions. Under acidic condition, FITC-AA was converted to a non-fluorescent form.
Therefore, Tris-HCI buffer pH 7.4 was used for all experiments to activate FITC-AA. The UV-Vis
spectrophotometer measurement showed that Amax Of FITC-AA is around 490 nm. When we employed
trypsin solution with FITC-AA, the absorbance shift to the shorter wavelength was observed when the
amount of trypsin increases (Figure 1). This result indicated that the complexation between trypsin and
FITC-AA occurred. For fluorescence measurement, the relationship between fluorescence quenching at
520 nm and trypsin concentrations was observed, showing the possibility of using FITC-AA as the

colorimetric or fluorescence probe for trypsin detection.
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Figure 1. UV-Vis absorption spectra of FITC-AA with different concentrations of trypsin. The absorption
spectra were obtained in a sample tube of 1.0 mL. The mixture of 1000 pL of 2 uM FITC-AA and 100 pL

trypsin solution in 1 mM Tris-HCI pH 7.4 was firstly mixed before the absorption measurement.

3.2 Hydrogels with fluorescence detection

After the interaction between FITC-AA and trypsin in the solution was examined, the hydrogels
using FITC-AA as a fluorescence probe for trypsin detection were prepared. In order to measure the
fluorescence intensity, the hydrogels were prepared in a 96-well microplate. The hydrogels were prepared
with two concentrations of FITC-AA (0.06 and 0.60 umol) to study the effect of FITC-AA concentrations
on fluorescence detection. Observing with the naked eye, the obtained hydrogel showed yellowish-green
color when using 0.60 umol FITC-AA, while they were almost colorless with 0.06 umol FITC-AA.
However, both hydrogels showed green fluorescent under UV light. By adding trypsin at different
concentrations into the well, the alteration of fluorescence intensity was observed as shown in Figure 2.
Comparing these two hydrogels showed that the hydrogel prepared with 0.6 pmol FITC-AA gave higher
sensitivity than that with 0.06 umol FITC-AA. This result indicated that the concentration of FITC-AA

affected the detection sensitivity for the fluorescence intensity-based detection method.
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Figure 2. a) Photo of the hydrogels under the ambient and UV light with different trypsin concentrations.
b) The relationship between fluorescence intensity and trypsin concentrations. Trypsin solution of 40 pl
was added to the wells and shaken for 3 h before fluorescence measurement. Fluorescence was measured

at 550 nm with excitation at 450 nm.

3.3 Hydrogels with distance-based detection

After the fluorescence intensity measurement, the possibility of using hydrogel as the distance-
based detection was examined. The hydrogels were prepared into the tube, and the average length of
obtained hydrogels was 14.84 + 0.55 mm with %RSD = 3.74%. This consistency in hydrogel length shows
good precision in the preparation process. The obtained hydrogel showed yellowish-green color that can be
seen by the naked eyes. By adding the trypsin solution into the tube and letting it permeate into the hydrogel,
it was found that the color and fluorescence change from the top of the hydrogel surface to the bottom was
observed. This result was seen from both ambient and UV light (360 nm). Under the ambient light, hydrogel
changed from yellowish-green color to colorless, while the difference in green fluorescence intensity was
seen under UV light (Figure 3). The distance gradually changed over 3 h and was measured with the ImageJ

program. Besides, the relationship between distance change and trypsin concentration from 0.5 — 5 mM
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was observed with %RSD in the range of 4.72 — 7.36 (Figure 4). This result showed the possibility of using

this hydrogel as the distance-based measurement for proteins.
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Figure 3. a) Photos of the hydrogel with the color/fluorescence change under the ambient and UV light
after adding 3 mM trypsin solution of 40 L at different times. b) The distance-change of hydrogels over 3

h after adding different trypsin concentrations.
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Figure 4. a) Photos of the hydrogel with the color change under ambient light after adding trypsin solution

of 40 pL at different concentrations for 3 h. b) The relationship between distance change and trypsin

concentration at 3 h.
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Two types of hydrogels prepared with different FITC-AA concentrations were used to study the
effect of FITC-AA concentrations, similar to fluorescence intensity-based measurement. It was found that
the distance of color change between these two hydrogels was almost same, but the color/fluorescence
change was slightly different. This result indicated that the concentration of FITC-AA did not affect the
detection sensitivity, unlike the intensity-based detection. Also, it indicated that the transportation of analyte
along the porous hydrogel is more critical than reagent concentration. Therefore, the adjustment of porous

hydrogel for solution transportation is the factor that needs to be investigated to reduce detection time.

3.4 Evaluation of distance-based with other proteins

The selectivity of hydrogels over other proteins, including cytochrome c, lysozyme, and BSA was
tested. It was found that there was no color change was observed for lysozyme and BSA at 2 mM
concentration. The result indicated a higher sensitivity toward trypsin than other proteins on the prepared
hydrogel. The elongation of the red color from cytochrome c solution was observed, which shows the
possibility of using a hydrogel for other protein detection (Figure 5). In order to prepare the hydrogel
specifically for only one protein, further optimizations to reduce the effect of other interference need to be

incorporated.

BSA
30 min 180 min

Cytochrome C
30 min 180 min

Cytochrome C
30 min 180 min

Ambient light UV light

UV light

Figure 5. Photos of the hydrogel with the color change under ambient and UV light after adding 2 mM

BSA and cytochrome c of 40 pL.
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To know the general reaction of the prepared hydrogels, smaller molecules on the hydrogel was
also studied by evaluating the quenching of FITC-AA in the presence of proton, H*. After adding HCI
solution into the tube, it was found that the distance change was clearly observed within 5 min after injecting
HCI solution., which is much faster than that of trypsin, 3 h for the measurement. This phenomenon might
be because the proton is much smaller than trypsin, resulting in faster transportation into the hydrogel. This
result showed that the composition of hydrogel allowing large biomolecules to transport faster needs to be

investigated.

& o7 5T (307 a5 60T 5T 480~ M5~ 20~ M35~ 4150- ~165 180, min

N’ N A N e » y v 3

Figure 6. Photos of the hydrogel with the color change under ambient light after adding 25 mM HCI

solution of 40 uL at different concentrations for 3 h.

4. Conclusions

In conclusion, the possibility of using hydrogel as a distance-based sensor for trypsin detection was
successfully demonstrated. The result showed that the effect of fluorescence reagent in intensity-based and
distance-based detection is different. While the concentration of FITC-AA affected the sensitivity in
intensity-based detection, the FITC-AA concentration seems to have a lower impact than solution
transportation in distance-based measurement. The relationship between distance change and trypsin
concentrations could be observed. Furthermore, the distance change over time was observed in other
proteins, which showed the promise of distance-based hydrogel sensors for large biomolecules detection.

Moreover, compared with a small ion, proton, trypsin transported slower than the proton, resulting in a
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more extended detection time. In order to achieve more practical with the actual application, the hydrogel
compositions that allow large molecules to transport inside faster and reduce detection time need to be

investigated.
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Chapter IV

Development of a microfluidic dispensing device for multivariate data

acquisition and application in molecularly imprinting hydrogel preparation

Abstract

Molecularly imprinted polymer (MIP) is the recent advanced material with molecular recognition
ability that can be used in various applications. In order to get high specificity recognition for target
molecules, optimization of polymerization conditions is crucial. However, this process is time and labor-
consuming. The advance in the microfluidic field enables the researchers to control the flow rate and divide
the solution based on the design of microfluidic devices to acquire multivariate data by simultaneously
preparing the samples with different conditions. In this chapter, we fabricated microfluidic dispensing
devices with different flow path widths that can give the solution of different flow rates. The accuracy of
the flow rate was compared with the simulation value. The obtained flow rate data showed almost the same
data as the simulation value, and a dispensing volume ratio showed high reproducibility. Besides, the
multivariate data from mixing fluorescence and protein solutions prepared by this dispensing device and a
micropipette showed no significant difference giving the possibility of using this device to replace
traditional laboratory equipment. Finally, the dispensing device was used for preparing MIP hydrogels for
lysozyme as a template protein. We successfully acquired multivariate data on the adsorption capacity of
proteins, as a result, the hydrogels provided a high imprinting factor and adsorption specificity toward

lysozyme.
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1. Introduction

Molecular imprinting is one of the most important techniques for producing and designing materials
that mimic natural receptors.® The principle of imprinting is included template molecules with other
polymer components during the synthesis process. When the templates were removed, the cavities
corresponding to the template size were generated inside of the polymer network that can provide a specific
recognition to the template.! Recently, molecularly imprinted polymers (MIPs) have been widely studied
and applied as artificial molecular recognition materials for selective adsorption and/or concentration of
target compounds.?® Generally, the technique of MIP has been applied to small molecules. However, the
applications for macromolecules of biomolecules can lead to practical studies as the tools to construct
antibodies and enzymes artificially. On the other hand, we could find a few examples of the application of
MIP toward biomolecules of proteins,*® viruses,®’ and whole cells,® and there are still some challenges to
be solved. For example, we have to deal with the problems such as (1) the instability of protein in the
polymerization solution, (2) the difficulty in the completion of the template removal, and (3) the nonspecific

adsorption caused by the polymer backbone on the study of MIP targeting proteins.

To overcome the limitation of the traditional MIPs, many novel techniques have been developed in
recent years, such as emulsion polymerization,® precipitation polymerization,*® and surface imprinting.'
Besides, the incorporating MIP techniques with other types of materials, such as metal-covalent organic
framework,2* and magnetic nanoparticle'*® open up the new possibility for improving MIPs performance
in various applications. MIPs based on hydrogels are one of the recent preparation techniques that have
attracted attention for preparing the imprinting polymers of biomolecules. A hydrogel is a soft material with
a loose polymer network that provides many advantages, such as stimulus responsiveness, permeability,
elasticity, and water-absorbing properties.’® Hydrogels have been used as separation membranes,’
biosensors,'®1° adsorbing materials,?*?'and drug delivery systems.?>2 Considering proteins as the templates,
hydrogels show better performance than rigid MIPs due to their properties, such as (1) higher protein

stability since hydrogels contain fewer organic solvents than bulk MIPs, and (2) flexible structure that
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allows macromolecules to penetrate and release. Several studies have been reported on the MIPs hydrogel
for proteins.?*% Polyacrylamide-based and poly(ethylene glycol) (PEG)-based cross-linker MIP hydrogels
have been reported. In comparison with polyacrylamide and PEG, PEG is superior to polyacrylamide in
biocompatibility and low toxicity properties, which can be a promising application in the biological and
medical fields. At the same time, acrylamide usually shows nonspecific adsorption biomolecules. Even
though many MIP hydrogels have been reported by our group?®2” and other researchers, 26 there are still

many problems of developing protein MIP hydrogels to be solved .

In order to obtain good quality of MIPs, the optimization of MIP compositions is required. The
optimization of conditions usually changes one type of variable. Since many chemical compositions were
included in the polymerization process, a huge number of experiments need to be done to obtain the
necessary data. These optimization processes are time consuming and labor and cost intensive. Here,
microfluidic is the field that studies the behavior of fluids on a small scale and is applied in multidisciplinary
areas involving engineering, physics, chemistry, biochemistry, nanotechnology, and biotechnology.®* We
focus on the advantages of the microfluidic system over the macroscale analytical system, such as reducing
the sample size and reagent consumption. As a result, it contributes to the reduction of energy and the cost
for operating the experiment.®* Many microfluidic devices have been exploited for various biomedical,
environmental,® and pharmaceutical applications.3*% Most of the microfluidic studies have been carried
out using polydimethylsiloxane (PDMS),*® transparent and soft elastomer, as the substrate to fabricate the
microfluidic system, and a lot of microfluidic designs have also been developed.®”3® The versatility in
design allows microfluidic systems to mix and distribute solutions in difficult and complex systems so that

we can reduce the time and labor of experiments.

In this work, we fabricated a new microfluidic system that can offer solutions from a single inlet to
multiple outlets at different distribution ratios. The microfluidic device was fabricated with PDMS as the

substrates. We evaluated its distribution performance and reproducibility. Finally, we demonstrated the
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possibility of using the device to obtain the multivariate data of the MIP hydrogel preparation for a target

protein, lysozyme.

2. Material and methods
2.1 Chemicals and reagents

PEG 600 dimethacrylate (14G where the number represents the repeat unit) was kindly donated
from Shin-Nakamura Chemical (Wakayama, Japan) and utilized as received. Sylgard® 184 Silicone
Elastomer Base (prepolymer) and curing agent were purchased from Dow Corning Toray (Tokyo, Japan).
Fluoresbrite® Polychromatic Red Microspheres 1.0 um (fluorescent microbeads) was from Polysciences
Inc. (Warrington, PA, USA). S-CLEAN S-24 was from Sasaki Chemical (Kyoto, Japan). Lysozyme
chloride from egg white, bovine serum albumin (BSA), sodium p-styrenesulfonate (SS), fluorescein, and
2,2'-azobis[2-(2-imidazolin-2-yl)propane] (AlIYP) were from Wako Pure Chemical Industries (Osaka,
Japan). 2-acrylamido-2-methylpropane sulfonic acid (AMPS), sodium allylsulfonate (AS), and 8-anilino-
1-naphthalenesulfonic acid (ANS) were from Tokyo Chemical Industry (Tokyo, Japan). Cytochrome ¢ from
the equine heart and trypsin from the bovine pancreas were from Sigma-Aldrich Japan (Tokyo, Japan), and

other reagents were from Nacalai Tesque (Kyoto, Japan). All solvents were analytical or HPLC grade.

2.2 Instruments

A laser direct drawing device DWL2000 model (Heidelberg Instruments, Germany) was used for
patterning the chrome mask. A DELTAB80 T3/VP SPEC-KU (SUSS MicroTec SE, Germany) was used for
spin coating the polymer. A KSC-150CBU (Kanamex, Kanagawa, Japan) was used for cleaning the wafer.
The wafer and mask were aligned by an MA6 BSA SPEC — KU/3 (SUSS MicroTec SE). The microfluidic

pattern was checked and polymerized by an Olympus 1X51 fluorescence microscope (Tokyo, Japan). An
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As One DO-300 (Osaka, Japan) was used for drying and baking at constant temperatures. A Thinky ARE—
300 (Tokyo, Japan) was used for mixing and removing air bubbles in PDMS solution. A Cute-1MP (Femto

Science, Gyeonggi, Korea) was used for the vacuum plasma process.

The solution in dispensing device was transferred by a PHD ULTRA syringe pump (Harvard
Apparatus, Holliston, MA, USA). The absorbance of chemicals was measured using a UV-2450 (Shimadzu,
Kyoto, Japan) as a UV-Vis spectrophotometer. The fluorescence was measured using an RF-5300PC
(Shimadzu) as a fluorescence spectrometer. The absorbance and fluorescence were also measured using a
SpectraMax iD3 plate reader (Molecular Devices, Tokyo, Japan). A Shimadzu Nexera X3 HPLC system

was used for the measurement of proteins in the mixture solution.

2.3 Preparation of microfluidic dispensing device

The structure and dimension of a microfluidic channel were designed and drawn in the AutoCAD
program. The picture of the design device used in this experiment and the flow path structure is shown in
Figure 1. The SU-8 mold of the flow path pattern was drawn and developed on a chrome mask using a
Direct-Write Laser System. After the pattern was developed, the chrome mask was carefully washed and
dried with deionized (DI) water, acetone and finally cleaned with a mixing solution of sulfonic acid and
hydrogen peroxide (ratio 5:1). Then, SU-8 3050 photo-resist polymer was spin-coated on a silicon substrate,
and the wafer was soft-baked at 65 °C and 95 °C for 5 and 10 min, respectively. The chrome mask was then
installed with the silicon wafer and irradiated with UV light for polymerization. After polymerization, post-
exposer bake was done at 65 °C and 95 °C for 1 and 4 min, respectively. The SU-8 mold was further
immersed in the developer for 3 min twice to remove uncured SU-8, soaked in isopropyl alcohol with
shaking for 1 min, and then air-dried. Finally, the silicon substrate with trichloro (3,3,4,4,5,5,6,6,7,7,8,8,8-
tridecafluorooctyl)silane was dropped on the surface, and the prepared SU-8 mold was put in a vacuum

desiccator for 120 min.
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After the SU-8 mold was fabricated, a PDMS microfluidic dispensing device was made by mixing
Sylgard® 184 silicone elastomer base and curing agent in a ratio of 10: 1 (w/w). The PDMS mixing solution
was stirred and defoamed with an ARE-300. Then, the PDMS mixing solution was spread on the SU-8
mold and allowed to stand in a vacuum desiccator until air bubbles in the PDMS solution disappeared. After
heating the PDMS solution at 100 °C for 30 min, the PDMS was removed from the SU-8 mold. The holes
were created at both ends of the microfluidic channel. Next, the PDMS was placed on the glass slide and
treated with plasma to join the surface between the PDMS and a glass slide for 120 s. Finally, the PDMS

and slide were heated at 100 °C for 10 min to connect the surface completely.

outlet 3

300um
inlet

outlet
120°
2 150 pm 100 pm

Figure 1. The design of the dispensing device using AutoCAD software.

2.4 Evaluation of microfluidic dispensing devices

The flow rate near the discharge port of the microfluidic dispensing device was measured by using
a syringe and a syringe pump. Fluorescent microbeads dispersed in DI water were sent to the dispensing
device. A fluorescence microscope image was taken in the terminal region of the flow path using a digital
camera. The moving distance of the fluorescent beads in a fixed frame was measured. The movement speed
was calculated from the movement distance and the number of frames. The average movement speeds of
50 fluorescent beads were evaluated as the average flow velocity. The value obtained by multiplying the

average flow velocity by the cross-sectional area of the flow path was assessed as the flow rate.
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The actual dispensing volume of the device was evaluated by the following procedure. First, a
certain amount of pure water was sent to the device using a syringe and a syringe pump. Next, a constant
concentration of fluorescein solution was diluted with DI water from each outlet. Finally, the dilution rate
was calculated from the fluorescence intensity of the diluted fluorescein solution, and the amount of

dispensed DI water was determined.

The reaction of ANS and BSA was used to compare the performance of dispensing devices with a
commercial micropipette. First, ANS and BSA with the known concentrations were transferred to a
microtube in different concentrations using dispensing device or micropipette (Table 4) by controlling the
dispensing volume of ANS and BSA solution. Then, after both ANS and BSA solutions were added to the
microtube, the solution volume was adjusted and transferred to a 96-well plate for the fluorescence intensity

measurement.

2.5 Preparation of the imprinted hydrogel using microfluidic dispensing devices

The MIP components, including the cross-linker, functional monomer, template protein, and
initiator, were dissolved in a solution. Then, these solutions with the variable parameters were
transferred to a 200 pL-microtube using the microfluidic dispensing devices with the control
volume, while the other control parameters were manually transferred with micropipettes (the
composition of each component in all gel was shown in Tables 1 — 3). Then, the total volume of the
polymerization solution was adjusted to 100 pL in each microtube with a micropipette. The
polymerization composition was mixed and shaken for 30 min. Then, the mixing solution was under
a vacuum for degassing. The photopolymerization was carried out under 365 nm for 3 h. After
polymerization, the hydrogel was washed for 24 h with a 1 M NacCl solution (Scheme 1). Non-

imprinted polymers (NIPs) were also prepared without any templates. After the preparation and
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washing process, hydrogels were directly used or stored no more than one week before the protein

adsorption test.

2.6 Batch adsorption test for proteins

The adsorption test for prepared hydrogel was carried out using 20 uM protein solutions in 1.0
mM Tris-HCI buffer pH 7.1 with 50 mM NacCl. The adsorbed amount of proteins was estimated
from the remaining concentration in the adsorption solution after 24 h at room temperature with a

shaking apparatus. The adsorption ratio (AR) was defined as follows:

AR (%) = Padsorb/ Ptheo X 100 (1)

Where Pagsorn 1S the amount of adsorbed protein to the gels (w/v) and Pueo is the theoretical
amount of absorbable proteins estimated from the preparation compositions. Here, the Pineo 0f NIP

was the same as that of MIP. Furthermore, the imprinting factor (IF) was calculated as follows:

IF = the amount of adsorbed protein toward MIP / the amount of adsorbed protein

toward NIP (2)
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Scheme 1. Preparation of a protein imprinted hydrogel and protein adsorption procedures.
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Table 1. Composition of MIP hydrogel #1-32.

Gel # g'\rﬂsls) (wt.fQI\)'(sPMG) Cross-linker, template, solvent
1 0.58
2 1.2
3 15
4 2.1
5 1.9 2.6
6 3.0
7 5.4
8 6.7
9 0.58
10 1.2
11 15
12 2.1
13 3.9 2.6
14 3.0
712 2;1 14G, 80.7 umol;
17 058 Lysozyme, 0.38 pmol;
13 12 1.0 mM Tris-HCI buffer (pH 7.0), 1.0 mi
19 15
20 2.1
21 6.9 2.6
22 3.0
23 5.4
24 6.7
25 0.58
26 1.2
27 15
28 2.1
29 8.6 2.6
30 3.0
31 5.4
32 6.7
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Table 2. Composition of MIP hydrogel #33-56.

Gel # gxsls) (uiqsol) (uﬁil) Cross-linker, initiator, template, solvent
33 6.8
34 6.8
35 6.8
36 2.0 4.8
37 2.6 4.3
38 2.8 4.0
39 3.4 3.4
40 4.0 2.8
41 4.3 2.6
42 4.8 2.0
43 2.0 4.8 14G, 80.7 pumol;
44 2.6 4.3 AIYP, 2.5 wt.% vs. 14G;
45 2.8 4.0 Lysozyme, 0.38 umol;
46 3.4 3.4 1.0 mM Tris-HCI buffer (pH 7.0), 1.0 ml
47 4.0 2.8
48 4.3 2.6
49 4.8 2.0
50 4.8 2.0
51 4.3 2.6
52 4.0 2.8
53 3.4 3.4
54 2.8 4.0
55 2.6 4.3
56 2.0 4.8
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Table 3. Composition of MIP hydrogel #57-77.

Gel # émsls) (ansol) (uﬁil) Cross-linker, initiator, template, solvent

57 6.8

58 6.8

59 6.8

60 5.3 15

61 4.7 2.1

62 3.6 3.2

63 3.2 3.6

64 2.1 4.7

© LS >3 14G, 80.7 umol;
% >3 L5 AIYP. 1.0 WL % v, 14G:

67 4.7 2.1
8 36 32 Lysozyme, 0.38 pmol;
—_— 1.0 mM Tris-HCI buffer (pH 7.0), 1.0 ml

69 3.2 3.6

70 2.1 4.7

71 15 5.3

72 1.5 5.3

73 2.1 4.7

74 3.2 3.6

75 3.6 3.2

76 4.7 2.1

77 5.3 15

3. Results and discussion

3.1 The fabrication and evaluation of microfluidic dispensing devices

After the fabrication process, the flow rate and actual discharge of the microfluidic dispensing
device were evaluated. The flow rate of each flow path was also calculated by the simulation software
(COMSOL Multiphysics 5.4, COMSOL, Stockholm, Sweden) to compare the accuracy in the fabrication
process. The result shows that the flow rate ratio from the simulation and the experiment was almost
identical at each outlet (Figure 2a). Moreover, the result shows high reproducibility, indicating the
reusability of fabricating devices. However, the difference between the flow rate and the dispensing amount
can be observed. This reason was due to the difference in measurement techniques. The flow rate was

measured inside the dispensing device, and the obtained data are similar to the simulation value. In contrast,
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dispensing volume was measured after the solution was released from the outlet. Therefore, when dropping
elution from the device to the container, the flow rate might be slightly changed, resulting in a difference
in the actual dispensing amount. The above result showed the success in the fabrication process and the
application of the microfluidic for dispensing the solution with sufficient distribution ratios to realize

different conditions simultaneously.

Table 4. Conditions of [1] and [BSA] mixing solution using the dispensing device and a micropipette.

ANS (uM) BSA (M) ANS (uM) BSA (M)
45 2.2 14.8 2.4
6.2 3.0 15.4 45
6.8 2.6 15.7 4.9
7.3 2.1 15.9 2.9
7.4 2.3 16.0 2.1
78 1.9 16.4 4.1
9.3 35 16.6 2.4
9.8 4.8 16.7 1.7
10.0 2.9 19.6 3.1
10.0 2.0 20.5 4.2
10.1 3.2 21.1 2.8
10.6 2.6 22.0 2.3
10.9 25 22.0 5.0
11.9 2.2 23.8 4.4
12.4 1.8 24.8 3.7
135 2.8 28.6 4.6
14.4 55 30.6 4.0
14.7 3.3 31.8 3.3

The performance of microfluidic dispensing devices to acquire multivariate data was also compared
with the performance of a commercially available pipette by using the fluorescence reaction between ANS
and BSA. Since the fluorescence intensity was affected by both concentrations of ANS and BSA,*“ the
multi-data result was obtained by varying both ANS and BSA concentrations, as shown in Table 4. The

dispensing device and micropipette results showed no significant difference at a 95% confidence interval
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(Figure 2b). This result provides the possibility to use these devices to transfer the solution with the same

performance as a micropipette but with less labor and time to operate more complex conditions.

a) b)
ORate (sim.) @Rate (expt.) @AVol t. . . . .
35 ate (sim.) ate (expt) olume (expt.) 430 e Dispensing device
= 400 4 L.
_ I o Micropipette
3 - 350 1 ¢ % 8
E 25 300 %; g u§§
= a
2 5 £ 250 8ga é e 5
Pt 5
= £ 200 A @ 8 ]
2 L5 1 = % & g § &
5 1 150 4 a s
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50 A
0 y y y \
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< 0 3 10 15 20 23 30 33
Outlet No. [ANS] (nM)

Figure 2. a) Ratio of outflow rate or volume by each outlet from the dispensing device from the simulation
(sim.) and experimental data (expt.). b) Fluorescence intensity of ANS using the dispensing device and a

micropipette to transfer the solution. The mixing condition of ANS and BSA is shown in Table 4.

3.2 Optimization conditions for lysozyme MIP hydrogel polymerization using microfluidic dispensing

devices

In order to demonstrate the application of dispensing devices, multivariate data on the
polymerization solution composition of the MIP hydrogel was acquired. The compositions of
polymerization solution were known to affect the adsorption performance. Therefore, the hydrogel prepared
with different monomer concentrations, amount of initiator, and types of monomers were investigated.

Lysozyme was used as a template protein in this study.

3.2.1 The effect of initiator and monomer and their relationship

In the first multivariate study, the hydrogels with different AIYP/14G (wt%) (0.58 — 6.75) and

AMPS/lysozyme molar ratios (5.07 — 22.9) were synthesized. The results showed that the adsorption on
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MIP hydrogels increased when the ratio of AMPS/lysozymes increased from 5.07 to 22.9 (Figure 3). It can
be explained that hydrogels having more functional monomers showed strong electrostatic interaction with
protein. Whereas adsorption on MIP hydrogels gradually decreased as the AI'YP/14G ratio increased. This
tendency indicates that large molecules were hampered to permeant into hydrogels because cross-link
increased by associating with the increase of AIYP, and it led to a decrease of polymerized chain length.
Hence, using a relatively small amount of initiator is important to let proteins smoothly permeant into
hydrogels. Consequently, we can obtain higher adsorbed amount and adsorption selectivity. When the
regression equation is structured by using surface methodology regarding the relation between AIYP ratio
toward cross-linking agents (wt.%), AMPS ratio toward proteins, and the adsorption rate, each rate is
considered as a dependent variable, and the determination coefficient is indicated as R?>= 0.827 which can

be calculated according to the following equation:

y = 0.98x2 - 6.70x,- 0.22x, X, + 1.25x, + 6.53 3)

Where y is the adsorption rate, x; is the amount of AI'YP for the cross-linking agent (wt.%), and X, is the

molar ratio of AMPS to the protein.

The equation shows that the amount of AI'YP gives a negative effect, while the molar ratio of AMPS
toward the protein can provide a positive effect on lysozyme adsorption. Besides, the dependence effect of

AMPS on the amount of AI'YP can be observed by the equation.
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Figure 3. Adsorption rate of lysozyme in each lysozyme MIP and NIP hydrogels prepared with different
AIYP/14G and AMPS/lysozyme ratios. The lysozyme and 14G concentrations for every hydrogel in the
preparation process were 0.38 mM and 80.6 mM, respectively. Adsorption condition: gel size, 100 pL;
solution volume, 2.5 mL; concentration of lysozyme, 0.02 mM; concentration of NaCl, 50 mM; solvent,

1.0 mM Tris-HCI buffer (pH 7.1).
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3.2.2 The effect of types of sulfonate monomers

We also investigated the preparation of MIP hydrogels using different sulfonated monomers
(AMPS, AS, and SS) (Scheme 1). The investigation implies that these different monomers may have
different electrostatic interactions with lysozyme depending on each different structure. Then, we prepared
the hydrogel with three sulfonated monomers and the hydrogel combined with two different sulfonated
monomers. Furthermore, the synthesis of hydrogels with different amounts of AI'YP was conducted at the
same time (2.5% for gels #33-56 and 1.0% for gels #57-77). The hydrogel with two sulfonate monomers
showed higher IF than the hydrogel with one simple sulfonate monomer indicating IF which was
approximately 1 described in Table 2 (Figure 4a). Especially when using AMPS and SS, we confirmed that

they tended to show higher IF than other combinations.

Interestingly, as shown in Table 3 (Figure 4b), we observed a different trend when altering the
AIYP proportion to 1.0 wt%. Regarding AMPS and SS, the higher adsorption was found even though they
are one sulfonated monomer. On the basis of these results, we constructed the regression equation.
Consequently, the determination coefficient R? = 0.967 was obtained, and the following high correlativity

equation was obtained:

y = 1.03x2 - 0.09%2 X3 - 0.1x2X4 + 2.45x%3- 0.16X3 Xa + 4.16 (@)

Where y is the adsorption rate, X, - X3 -X4 are the molar ratio toward proteins of AMPS, SS, and AS,

respectively.

According to these results, SS is presumed to contribute to the most effective adsorption. SS is the
only monomer having an aromatic ring, considering each construction of monomers. Therefore, in addition
to the electrostatic interactions, we can conclude that the aromatic ring of SS interacts with the hydrophobic

region inside of lysozymes each other.
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Figure 4. a) and b) Adsorption rate of lysozyme in each lysozyme MIP and NIP gels prepared with different
combinations of sulfonate monomers. The concentrations of lysozyme, 14G, and AIYP in every hydrogel in
the preparation process were 0.38 mM, 80.6 mM, 2.5 wt% (#33-56) or 1.0 wt% (#57-77) vs. 14G,
respectively. Adsorption condition: gel size, 100 pL; solution volume, 2.5 mL; concentration of lysozyme,

0.02 mM; concentration of NaCl, 50 mM; solvent, 1.0 mM Tris-HCI buffer (pH 7.1).
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Through these results, we successfully realized the simple optimization of synthetic MIP by using
the microfluidic dispensing device that we invented. From both sections 3.2.1 and 3.2.2, it can be seen that
the effect of the amount of initiator, the ratio of template/functional monomers, and types of sulfonate
monomer can affect the adsorption performance in different ways and equations that show the relation
between these parameters and adsorption performance were established. However, the single equation that
combines all of these parameters cannot be obtained from these data sets, as seen in Figure 4 that changing
only one parameter can lead to a different adsorption behavior of other parameters. To make the single
equation possible, larger data sets need to be done and using only microfluidic dispensing devices to variate
these parameters is impossible. Even though the microfluidic dispensing device can reduce the time in MIP
hydrogel preparation process, the other processes in this work, such as hydrogel washing and protein
adsorption, also require numerous labor works. Therefore, other high-throughput instruments that can
reduce labor work on other processes would provide the data for a better understanding MIP and need to

be developed.

3.2.3 Selectivity of MIP toward lysozyme

After obtaining the adsorption data by varying the condition of MIP polymerization solutions, MIP
hydrogels were further used for testing the specificity toward lysozyme with the other proteins. First, the
performance of lysozyme adsorption was compared with trypsin adsorption in the single protein adsorption
(Figure 5). It was found that all MIP hydrogels can adsorb trypsin lower than 15%, which was lower than
lysozyme adsorption in most conditions except for MIP hydrogels prepared with low ratios of sulfonate
monomer (gels #1 - 16) or high amount of AIYP (gels #32-24, 30-32). Moreover, the MIP hydrogel was
used for the adsorption test in the lysozyme mixing solution with cytochrome ¢ and BSA to study the
selectivity in mixing conditions (trypsin cannot be performed in this condition due to the degradation effect
when mixing with other proteins). The result from MIP hydrogel #37, as an example, showed that MIP
hydrogel has higher specificity toward lysozyme than the other two proteins at all initial concentrations
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(Figure 6). Furthermore, these results showed that the MIP composition highly specific to lysozyme protein

was successfully obtained by using dispensing devices to acquire multivariate data.
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Figure 5. Adsorption performance toward lysozyme and trypsin of MIP hydrogels #1-77.
Adsorption condition: gel size, 100 pL; solution volume, 2.5 mL; concentration of protein, 0.02 mM; concentration

of NaCl, 50 mM; solvent, 1.0 mM Tris-HCI buffer (pH 7.1).
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Figure 6. a) Chromatograms of the standard protein solution after immersing in NIP and MIP at 0.01 mM
of each protein concentration. b) Adsorption performance of #37 MIP and NIP in the mixing protein
solution at different initial concentrations. Adsorption condition: gel size, 100 pL; solution volume, 2.5
mL; concentration of proteins, 0.002 — 0.02 mM; concentration of NaCl, 50 mM; solvent, 1.0 mM Tris-
HCI buffer (pH 7.1). The abbreviation for proteins; Cyc = cytochrome ¢, Lyz = lysozyme, and BSA =

Bovine serum albumin.

4. Conclusions

In this work, we successfully developed a microfluidic device that can transfer solutions with a
different flow rate to acquire multivariate data. The performance of the fabricated device was evaluated by
comparing experimental data with the simulation value. It was confirmed that experimental data obtained
from the devices could distribute the solution at almost the same flow rate ratio as the simulation result. We
also evaluated the amount of dispensed liquid, and the result confirmed that it could be distributed with
high reproducibility. The performance of the dispensing device was also compared with a commercially
available pipette for transferring solutions to acquire multivariate data between the reaction of ANS and

BSA. The result shows no significant difference in the fluorescence intensity of the data obtained from
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dispensing devices and micropipettes, demonstrating the use of dispensing devices to get complex data with

less labor and time to vary the variation condition.

Finally, we demonstrated the use of this dispensing device for preparing the MIP hydrogel by
varying polymerization solution composition for the lysozyme imprinted hydrogel. It was shown that each
polymerization component could affect the adsorption performance differently. Besides, the hydrogel with
high specificity adsorption toward lysozyme can be obtained. These results show the possibility of acquiring
multivariate data using a dispensing device for the analysis and consideration of optimization conditions

by simultaneously preparing samples under different conditions.

To acquire the multivariate data, not only the preparation process that labor work needs to be
reduced, but also other processes in this experiment. Even though the microfluidic dispensing device can
reduce the time in MIP hydrogel preparation step, processes that are time and labor-intensive still remain.
Therefore, we hope that other high-throughput instruments to utilize MIP research will be developed in the

future.
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Chapter V

Specific adsorption and fluorescence detection of cytochrome c using

molecularly imprinted PEG-hydrogel

Abstract

Quantification of certain proteins is usually essential requirement for clinical, biomedical,
environmental, and food quality control applications. Protein imprinting polymer is one type of the
molecularly imprinted polymers (MIPs) that can be used as artificial antibodies to replace the natural
antibodies, which are usually expensive and low physical/chemical stability. Moreover, preparation of MIPs
with signal probes allows the use for the sensor with specific recognition cavities for target molecules. In
this work, a fundamental study on the preparation of MIP hydrogel as the fluorescence sensor for protein
detection was investigated. Cytochrome ¢ was selected as a model template, and a fluorescein derivative
(FITC-AA) was used as a fluorescent probe. We suppose that fluorescence quenching can be observed
when cytochrome is adsorbed inside the MIP hydrogel. Various parameters affecting adsorption
performance and fluorescence intensity were investigated. Under the optimal conditions, the MIP hydrogel
showed high selective adsorption and sensitive fluorescent response for cytochrome c. Furthermore, the
specificity of MIP hydrogel toward cytochrome ¢ with other proteins was also investigated. The results
showed that the MIP hydrogel provided higher selectivity when comparing adsorption performance with
larger-size proteins (trypsin and BSA). However, similar high adsorption of lysozyme, which has close
molecular weight and pl, was obtained. Interestingly, the fluorescence quenching was observed in hydrogel
after adsorbing only cytochrome c. The result suggested that the MIP hydrogel can be used as a fluorescence

sensor for bioanalysis applications.
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1. Introduction

Molecular imprinting technology is a powerful artificial molecular recognition strategy that has
been continuously studied since the first introduction by Wulff and co-workers in 1972.12 In general, the
molecular imprinting process involves a copolymerization of the template molecules with several types of
functional monomers, crosslinkers, and initiators. Functional monomers can interact with template
molecules via chemical interaction during the mixing process. The polymerization with template/functional
monomers/crosslinker and subsequent removal of templates can provide a cavity with complementary size,
shape, and chemical moieties to the template.* Resulting molecularly imprinting polymer (MIP) provides a
specific cavity that allows the rebinding of the template molecule with high affinity and recognizable
adsorption. Thus, MIPs can be used in various applications, such as adsorbent and separation materials,*

chemical reactions catalysts,® drug delivery materials,® and chemical/biosensors. 1/

The early works of the molecular imprinting field aimed to separate small molecules. The success
cases of small molecule imprinting motivated researchers for more complicated templates.® Nowadays, the
MIP has become an essential tool in the field of protein recognition to mimic the natural interaction of
antibodies. Compared with natural antibodies, protein MIPs offer higher chemical/physical stability with a
lower cost of production. However, to get high-performance protein MIPs, some obstacles related to protein
properties need to be overcome. Proteins are considered large biomolecules with high molecular weight, so
that it is difficult to transport proteins in the rigid and densely crosslinked network. Additionally, proteins
are easily transformed their 3D structure and decomposed in organic solvents, which are typically used for
the MIP preparation. Consequently, we must consider enough space to facilitate the removal and rebinding
of proteins, and incompatible organic porogen should be avoided for water-soluble proteins to provide

conditions close to their natural environment.

To overcome the limitation of traditional MIP for proteins, novel polymerization processes have
been developed, such as surface imprinting,® epitope-mediated imprinting,'° and nanoparticle imprinting.°
Protein imprinting hydrogel is one of the successful preparation strategies that have been reported by many
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researchers.!** Hydrogels are “soft and wet” materials composed of a three-dimensional crosslinked
network that contains a large amount of aqueous solution.'® The biocompatibility, permeability, elasticity,
and stimulus responsiveness of hydrogels allow an excellent material for biomolecule with various

applications, such as drug-delivery systems'®-® and tissue engineering.2%2!

Biochemical sensors are sensing devices that provide signals through optical, electrical, or
mechanical transitions, which can subsequently be translated to specific quantitative or semi-quantitative
analytical information. Biochemical sensors are in great demand for medical diagnostic,?#?® food analysis
and quality control,?* environmental analysis,?® and chemical warfare agents.?® To develop biochemical
sensors, both the molecular recognition ability and the signal transducer are the crucial components. By
preparing MIPs with transducer molecules, the obtained MIPs can provide capturing target molecules and

interaction with transducers, thus many MIP biosensors have been successfully developed.?6-t

According to these requirements in MIP studies, we carry out a fundamental study of MIP hydrogel
as the fluorescence sensor for protein detection. Cytochrome ¢ was employed as a model template with the
interaction of a fluorescein derivative to provide a fluorescence signal. The preparation conditions to obtain
high cytochrome c affinity were investigated by varying types of crosslinkers, sulfonate monomers,
fluorescence and sulfonate monomer concentrations, and gel washing methods. The resulting MIP
hydrogels provided a satisfying imprinting efficiency compared with their non-imprinted polymer (NIP).
Furthermore, the fluorescence quenching toward cytochrome c was significantly lower than other proteins,

showing a promise in using MIP hydrogel as the fluorescence sensor for cytochrome c detection.

2. Experimental
2.1 Chemicals and reagents

Poly(ethylene glycol) (PEG) dimethacrylate (9G, 14G, and 23G, where the number represents

repeat units) and PEG diacrylate (14G’) were kindly donated from Shin-Nakamura Chemical
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(Wakayama, Japan) and utilized as received. Lysozyme chloride from egg white, bovine serum
albumin (BSA), sodium p-styrenesulfonate (SS), fluorescein, and 2,2’-azobis[2-(2-imidazolin-2-
yl)propane] (AlI'YP) were from Wako Pure Chemical Industries (Osaka, Japan). Fluorescein 5-
isothiocyanate (FITC), allylamine (AA), 2-acrylamido-2-methylpropane sulfonic acid (AMPS), and
sodium allylsulfonate (AS), were from Tokyo Chemical Industry (Tokyo, Japan). Cytochrome ¢
from the equine heart and trypsin from the bovine pancreas were from Sigma-Aldrich Japan (Tokyo,
Japan), and other reagents were from Nacalai Tesque (Kyoto, Japan). All solvents were analytical

or HPLC grade.

2.2 Instruments

The synthesized monomer was characterized by JNM-ECA500 (JEOL, Japan) as an NMR
spectrometer and Nicolet iS5 ATR (Thermo Fisher Scientific, USA) as an FT-IR spectrometer. The
absorbance of chemicals was measured using UV-2450 (Shimadzu, Japan) as a UV-Vis spectrophotometer.
The fluorescence was measured using RF-5300PC (Shimadzu) as a fluorescence spectrometer. The
absorbance and fluorescence were also measured using a SpectraMax iD3 plate reader (Molecular Devices,
Tokyo, Japan). Photo of hydrogel under UV light can be obtained BZ-X810 fluorescence microscope

(Keyence, Japan).

2.3 Preparation of MIP hydrogels

The hydrogels were prepared using the compositions shown in Tables 1 to 5. Firstly, the hydrogels
were prepared by mixing the polymerization composition except for TEMED. Then, the mixing solution
was purged with Ar gas for 30 min to remove oxygen. After purging Ar gas, TEMED was added into the
mixture and quickly transferred to 1-mL syringes (inner diameter of 4 mm). The polymerization solution

was allowed to polymerize overnight. After polymerization, the hydrogels were peeled off from the
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polymerization containers, cut into small pieces, and transferred to a 50 mL microtube for washing the
unreacted components. For reference, NIP hydrogels were also prepared with the same procedure without

cytochrome c.

Table 1. Compositions of MIP hydrogel used in washing process experiment.

Gel# Template Fluorescence Monomer  Cross- Initiator Solvent
monomer linker

1 Cytochrome c FITC-AA AMPS 14G 10.6 pL 30% 1.0 mM Tris—HCI
0.9 umol 0.9 umol 21.2 umol 215 puL APS buffer (pH 7.4) 2.7
2uL TEMED mL, DMSO 0.3 mL

Table 2. Compositions of MIP hydrogels with different AMPS: SS ratios.

Gel# Template Fluorescence Monomer C_ross- Initiator Solvent
monomer linker
2 AMPS 10.6 umol
3 AMPS 7.95 pmol 1.0 mM
SS 2.65 pmol Tris—HCI
0,
4 Cytochrome ¢ FITC-AA AMPS 5.3 pmol 14G° 10.6 KIL‘SBO/O buffer (pH
0.45 pmol 0.45 pmol SS 5.3 umol 215 uL 7.4)2.7mL,
2 uL TEMED
5 AMPS 2.65 umol DMSO 0.3
SS 7.95 umol mL
6 SS 10.6 pmol
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Table 3. Compositions of MIP hydrogels with different cross-linker concentrations and types of cross-

linkers.
Gel# Template Flrl:]%fosafgfe Monomer Cross-linker Initiator Solvent
. 14G’ 215 pL
(110.8 mM)
g 14G’ 268.8 uL
(135’3.45 mM) 106
ss 146732250k 1130% 1.0 mM Tris-HCI
Cytochromec  FITC-AA 106 (166.2 mM) APS  buffer (pH 7.4) 2.7
10 0.45 pmol 0.45 umol umol 14G’* 430 pL mL, DMSO 0.3
(221.6 mM) 2l mL
9G’ 1935  TEMED
= (138.45 mM)
23G’ 422 uL
12 (138.45 mM)

Table 4. Compositions of MIP hydrogels with different cytochrome ¢ and FITC-AA concentrations.

Fluorescence Cross-
Gel# Template Monomer

- Initiator Solvent
monomer linker

13 Cytochrome c 0.45 FITC-AA 0.45
umol umol

Cytochrome ¢ 0.225 FITC-AA 0.225
14 pmol pmol 1.0mM
1061l TrisHcl
;5 Cviochromec0.15  FITC-AA015  SS106  14G’ 30% APS  puffer (pH

pmol pmol umol 430 puL 2ul 7.4) 2.7 mL,
TEMED DMSO0 0.3
16 Cytochrome ¢ 0.113  FITC-AA 0.113 mL
pmol pmol

17 Cytochrome c 0.45 FITC-AA0.113
pmol pmol

Composition of hydrogel #13 is the same as hydrogel #12 in Table 3
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Table 5. Compositions of MIP hydrogels with different SS concentrations.

Gel -
# Template Fluorescence Monomer C_ross Initiator Solvent
monomer linker
18 SS 21.2 pmol
19 SS 10.6 umol 106wk 1.0 mM Tris-HCI
- ) 30% APS
20 Cytochrome ¢ FITC-AA S5 5.3 umol 14G buffer (pH 7.4)
0.15 pmol 0.15 pmol 430 pL 2ul 2.7 mL, DMSO
21 SS 3.53 pumol TEMED 0.3mL
22 SS 2.65 pmol

* Composition of hydrogel #19 is the same as hydrogel #15 in Table 4

To remove the templates from the MIP hydrogels, the gel pieces were immersed in 50 mL of 1 M

NaCl, 1x Tris-Gly buffer pH 8.6, and 1 mM Tris-HCI pH 7.4 for 4, 2, and 1 time, respectively. The washing

process was performed at 40 °C, and each washing time was performed for 24 h. As a control reference, the

NIP hydrogels were washed in the same manner.

2.4 Adsorption and fluorescence measurement

The proteins, including cytochrome c, lysozyme, trypsin, and BSA, were dissolved into a buffered

solution to make an adsorption solution. The buffered solution contained (0.01 — 0.06 mM) protein in 20

mM NaCl 1 mM pH 7.4 Tris-HCI. To test the protein adsorption ability, hydrogels were put into 0.5 mL of

the adsorption solution and kept shaking for 24 h with a shaking apparatus. The supernatant of the

adsorption solvent was examined under a UV spectrometer or microplate reader to detect the concentration

of remaining proteins, which can be further calculated to adsorption amount. Each test was conducted with

three replicates. For lysozyme, trypsin, and BSA detection, the UV absorbance at 280 nm was examined.

For cytochrome c detection, the UV absorbance at 410 nm was examined. The adsorption amount, percent

adsorption, and imprinting factor (IF) were calculated as follows:
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Adsorption amount = (protein concentration before adsorption — protein concentration after

adsorption) x volume of adsorption solution (D)

. Adsorption amount of protein in hydrogel
% Adsorption = d P ol x 100 2

Initial amount of protein in solution

. Adsorption amount of MIP hydrogel
Imprinting factor = , (3)
Adsorption amount of NIP hydrogel

Fluorescent measurement was performed by placing each hydrogel into the well of a 96-well
microplate. Fluorescence intensity was measured using Aexcitation = 450 hm (or otherwise indicated), and

fluorescent spectrum was obtained in the range of 500 — 650 nm.

3. Result and discussion

3.1 Template removal conditions

Template removal process is an essential issue considerably affecting imprinting performance. The
remaining templates inside of the MIP cavity may block the accessing of target molecule to the affinity site
or leak templates into the solution during adsorption, leading to fault information on adsorption
performance. Therefore, various types of washing solutions were used in this study. Since the functional
monomers used in this study have sulfonate groups and interact with cytochrome ¢ by electrostatic
interaction, the washing solution including NaCl, Na;SO4, NaOH, carbonate buffer pH 11, N-cyclohexyl-
3-aminopropanesulfonic acid (CAPS) buffer pH 11, and Tris-Glycine buffer pH 8.6 were employed. In this
study, we assumed that the salted solutions as the washing solution increase the ionic strength, which
subsequently interferes with the interaction between cytochrome ¢ and sulfonate groups in hydrogels,
resulting in release of cytochrome c. For basic buffered solutions, we assumed that the high abundance of
OH~ species should interact with sulfonate groups inside of hydrogel, and competitive interaction between

OH~ and template molecules might result in releasing the template. Our previous study found that
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temperature can improve the washing efficiency since dissociation reaction is an endothermic process. 2
Therefore, the template removal process was evaluated at 40 °C. The Tris-Gly buffer was used as the
washing solution on days 5-6 of all experiments since it was found that washing with salted solution alone
cannot remove the unreacted FITC-AA molecule, and Tris-Gly buffer can activate FITC-AA inside of the
hydrogel into the fluorescence active form. Tris-HCI buffer was used as the last washing solution to adjust

the hydrogel’s condition to be identical to the adsorption condition.

Table 6. Washing conditions used in this study.

Da Method  Method Method Method Method  Method Method
Yoo 2 3 4 5 6 7
1 1M 1mM 1 mM Carbonate 1 mM CAPS 1M 1M 1x Tris-Gly
NaCl NaOH buffer pH 11 buffer pH11  NaOH Na,SO, buffer
5 1M 1 mM 1 mM Carbonate 1 mM CAPS 1M 1M 1x Tris-Gly
NaCl NaOH buffer pH 11 buffer pH11  NaOH Na,SO, buffer
3 1M 10mM 10 mM Carbonate 10 mM CAPS 1M 1M 1X Tris-Gly
NaCl NaOH buffer pH 11 buffer pH 11 NaCl NaCl buffer
4 1M 100 mM 100 mM Carbonate 27 mM CAPS 1M 1M 1x Tris-Gly
NaCl NaOH buffer pH 11 buffer pH 11 NaCl NaCl buffer
S 1x Tris-Gly buffer
6 1x Tris-Gly buffer
7 1 mM Tris-HCI

During the washing process, hydrogel shrinkage and swollen phenomenon were observed,
especially a washing with Na.SO, showed a significant shrinkage of the hydrogels compared with other
washing solutions. However, all hydrogels swelled back again after washing with Tris-Gly and Tris-HCI.
After the completion of the washing process, the hydrogels from different washing processes were tested
for cytochrome c adsorption. The results revealed that only MIP hydrogels washed with NaCl and Na;SO4
gave better cytochrome ¢ adsorption than that of NIP hydrogels. This result indicated that the washing

solution was important in the template removal process. If an inadequate washing solution was used, it
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could lead to incomplete template removal and result in an imprinting factor lower than 1. In addition, the
washing solutions also affected the color/fluorescence of the hydrogel. As shown in Figure 1a, the color of
the MIP hydrogel washed with method 5 was significantly different from its NIP. Although the MIP
hydrogel washed with Na,SO4 gave the highest cytochrome ¢ adsorption, unidentified white particles were
found inside both MIP and NIP hydrogels. Therefore, NaCl solution with Tris-Gly and Tris-HCI (method

1) was selected as a washing procedure during the later experiment.
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Figure 1. (a) The picture of MIP and NIP hydrogel after a 6-day washing under different conditions. (b)
Cytochrome c adsorption performance of MIP and NIP hydrogels after washing with different conditions.

The number above each bar indicates the adsorption percent of each hydrogel.
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3.2 Effect of the ratio between AMPS and SS for cytochrome ¢ adsorption

The main functional group that interacts with cytochrome in the prepared hydrogels is a sulfonate
group. The previous study of lysozyme MIP hydrogels showed that the kinds of sulfonate monomers could
affect adsorption selectivity. Therefore, the hydrogels prepared with the different types of sulfonate
monomers were prepared. The result shows that AMPS gave the highest cytochrome ¢ adsorption than that
of using SS and SA, even in the NIP hydrogels (data not shown). However, it also found that the template
removal from MIP hydrogels prepared with AMPS was the most difficult compared to other MIP hydrogels
when the washing process was performed at room temperature. As another point, the selection of the
monomers affected the alteration of color of the prepared hydrogels. Thus, the ratio between AMPS and SS
was studied to obtain high adsorption performance with color/fluorescence intensity. In this experimental,
the hydrogels were prepared with 14 G’ instead of 14G, and the amount of fluorescence monomer was 2-

times lower than above to reduce unreacted fluorescence molecule.

The result shows that all the MIP hydrogels gave higher adsorption performance than NIP
hydrogels over IF of 2.5 (Figure 2a). The combination of AMPS and SS provided higher adsorption than
using only one sulfonate monomer. However, when the AMPS ratio increased, the fluorescence intensity
between MIP and NIP hydrogels also increased. After the adsorption, the fluorescence intensity of the
hydrogel was measured. The fluorescence intensity of NIP hydrogel before adsorption was higher than MIP
hydrogels in all preparation conditions. However, when comparing the fluorescence intensity in the term
of the fluorescence ratio (lo/l), it was found that all the MIP hydrogels showed lo/l higher than that NIP
hydrogels (Figure 2b), which indicated higher adsorption performance of MIP over NIP and resulted in

more quenching interaction between FITC-AA and cytochrome C in MIP hydrogel.
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Figure 2. a) Cytochrome c adsorption at different initial concentrations using hydrogels prepared with
different AMPS: SS ratios. The number above each bar indicates the adsorption percent of each hydrogel
toward initial concentration of cytochrome c. b) Fluorescence ratio (I/lo) of hydrogel after cytochrome ¢

adsorption. Fluorescence intensity was measured at Aex= 450 nm, Agm= 530 nm.

3.3 Effect of the types and concentration of crosslinkers

The crosslinker is an essential component of the hydrogel that can tune the flexible properties of
the hydrogel. The length of crosslinkers also affects the pore size of the polymer network. At the fixed

concentration, the longer chain crosslinker would give the larger pore size to facilitate the large
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biomolecules uptake and elution better. On the other hand, when the amount of the crosslinker increases, it
assumed that the density of the hydrogel also increases, making it difficult for large biomolecules to
permeate. Thus, we employed 14G’ with different concentrations and 9G’/23G” were used for hydrogel

preparation.

The adsorption evaluations showed that both concentration and types of crosslinker significantly
affected the recognition properties of the hydrogel. When the crosslinker concentration increases,
cytochrome ¢ adsorption also decreases due to the denser polymer network. For the crosslinker length, the
MIP hydrogel prepared with 9G’, which has the shortest length in this experimental, showed the highest
cytochrome ¢ adsorption (Figure 3). A shorter crosslinker provided a more rigid polymer structure; thus,
the MIP sites would be more robust. Notably, NIP hydrogels also showed the same trend as MIPs, resulting
in a lower imprinting factor. The high adsorption in NIP hydrogel revealed high unspecific adsorption in
the hydrogel. Therefore, high cytochrome c adsorption performance with less unspecific adsorption is the

key factor to be optimized.
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Figure 3. Cytochrome c¢ adsorption using hydrogels prepared with different concentrations and types of
crosslinkers. The number above each bar indicates the adsorption percent of each hydrogel toward initial

concentration of cytochrome c. 0.04 mM cytochrome ¢ was used in this experiment.
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3.4 Effect of the concentration of FITC-AA and template

Amount of the template molecules is vital for MIP preparation. The most suitable amount of
templates was investigated by preparing hydrogel at the different template and FITC-AA concentrations as
shown in Table 4. The result showed that the trend in the cytochrome ¢ adsorption could not be seen even
though the amount of template and FITC-AA was decreased (Figure 4a). This result suggested that FITC-
AA is not the primary functional group interacting with cytochrome c. When the amount of SS is equal in
the hydrogel component, the adsorption performance is quite the same. It should be noted that when the
ratio of cytochrome c: FITC-AA is 4:1, was employed, higher adsorption than at a ratio of 1:1 was observed.
However, this higher ratio of cytochrome c also affects the fluorescence intensity of the obtained MIP

hydrogel, which is significantly different from its NIP (Figure 4b).

85



Chapter V

a)
0.015 - - 35
EMIP BNIP OIF
2 o 605 r3
20.012 1 °
c
=1 @] F25
2 o
3]
3 0.009 - Q )
el (o]
o 66.7 L
i 15
o .
S 0.008 y
o 1.0
S . 65.0 1
G 0.003 & 2.2
2 IH L os
O H 3.7
IIH
o H ro
0.01 0.04 | 0.01 | 0.02 | 0.04
Gel# 17

b)

MIP NIP
0.00 0.01 0.02 0.04 0.00 001 0.02 0.04

Figure 4. a) Cytochrome c adsorption at different initial concentrations using hydrogels prepared with
different cytochrome ¢ and FITC-AA concentrations. The number above each bar indicates the adsorption
percent of each hydrogel toward initial concentration of cytochromec.. b) Fluorescence intensity of each

hydrogel after cytochrome c adsorption.
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3.5 Effect of the template ratio toward functional monomers

As discussed above, the amount of sulfonate monomer really impacted the adsorption performance
of both MIP and NIP hydrogel. The amount of sulfonate monomer should be enough to interact with
template molecules and create recognition sites. However, too much amount of monomers may lead to
unspecific adsorption. Therefore, the ratio of SS and template was optimized in this section. Figure 5 shows
the same adsorption trend as the hypothesis that the cytochrome can be adsorbed inside the MIP hydrogel
better when the ratio of SS is high. However, the same trend was also observed for NIP hydrogels, meaning
more unspecific adsorption occurs and lower imprinting factor. Even though MIP hydrogel prepared with
lower ratio of SS provided high IF and the adsorption amount, giving the fluorescence change needs to be

considered.
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Figure 5. a) Cytochrome ¢ adsorption at different initial concentrations using hydrogels prepared with
different SS: cytochrome ¢ ratios. The number above each bar indicates the adsorption percent of each

hydrogel toward initial concentrations. b) Fluorescence intensity of each hydrogel after cytochrome c

adsorption.

88



Chapter V

3.6 Adsorption selectivity and effect of ionic strength in the adsorption solvents

Another critical factor in adsorption was ionic strength of atmosphere. Then, the selectivity of
hydrogels was tested at different concentrations of NaCl (0, 20, 50, 100 mM). In the adsorption without any
NaCl in the adsorption solution, the selectivity between MIP and NIP cannot be observed since both
hydrogels show almost 99% cytochrome c adsorption (data not shown) by strong ionic interaction. This
result shows the essential of NaCl in competing with ionic interaction between proteins to functional
monomers. At 20 mM NacCl, the higher cytochrome adsorption performance of MIP over its NIP was
observed (Figure 6a). However, the interaction between proteins and MIP hydrogels was extensively
suppressed, so less than 20% of cytochrome ¢ was adsorbed in MIP hydrogel when NaCl concentration was

over 50 mM. Therefore, 20 mM NaCl was used as the ionic strength in the adsorption performance.

The selectivity is crucial to demonstrate the specific recognition of the MIPs toward their templates.
The selectivity of the cytochrome ¢ hydrogel was tested with other non-template proteins, including
lysozyme, trypsin, and BSA. Cytochrome c, lysozyme, and trypsin have similar isoelectric points (pl), as
shown in Table 7, and carry positive charges under the experimental condition (Tris-HCI pH 7.4). These
positive charged proteins might show affinity to the sulfonate monomers. On the other hand, BSA, which
has a pl of 4.7, carries negative charges. Besides, lysozyme has a similar molecular weight to cytochrome

¢, whereas trypsin and BSA are around 2-fold and 5-fold larger than cytochrome c.

Table 7. Molecular weight and isoelectric point of proteins

Protein Molecular weight (kDa) Isoelectric point, pl
Cytochrome c 12.3 10.2
Lysozyme 144 10.8
Trypsin 23.8 10.6
BSA 66.0 4.7
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For the selectivity of hydrogel, compared to cytochrome c adsorption at 20 mM NacCl, the
adsorption capacity of the MIP and NIP hydrogels for BSA was significantly lower (Figure 6a). This result
indicated that BSA adsorption was resisted by the ionic repulsion force. For trypsin adsorption, a larger
molecule with a similar pl, MIP hydrogel also exhibited lower adsorption than cytochrome c. This result
indicated that small cavities were formed inside this MIP gel, which could hinder the access of large
molecules to specific sites. However, MIP and NIP gels showed higher lysozyme adsorption capacity. This
phenomenon may be because lysozyme shares a similar molecular size and pl as cytochrome c, allowing it
to access the imprinted cavities of cytochrome c easily. In contrast, the NIP gel demonstrated more
significant adsorption to lysozyme, indicating that lysozyme had easier access to the sulfonate group than
cytochrome c under the given hydrogel conditions. Although increasing NaCl concentration could suppress
the lysozyme adsorption similar to cytochrome c¢ adsorption, higher adsorption of cytochrome ¢ was not
identified in any conditions. On the other hand, interestingly, the fluorescence quenching can be observed
in hydrogel after adsorbing only for cytochrome ¢ (Figure 6b), showing that fluorescence detection is more
selective toward cytochrome ¢ than other proteins. The constructed recognition sites showed similar
selectivity for cytochrome ¢ and lysozyme, whereas fluorescent moiety was interacted only with
cytochrome c. The results suggested that the fluorescent monomer was effectively functionalized for the

template molecule.

90



Chapter V

a)
0.02 4 911 4
] =
_ o8 EMIP  aNIP  olF 3.5
'S 0.016
E 3
:0014 1633 3
5 | o 258
g 0012 g12 © 509 El
] 0.01 I 2 38
5 0.008 i 34.4 o o 158
2 il . 72 5
5 0.006 14 i 0o 218 (1)4.1 P
© 0.004 | i 17.6 ' o 5.7 145
(o u 11.0 9.?.6 74 94103 9. 82 | o5
0.002 H E ﬁ 3 ﬁ 5.7 -
0 A : mi | 0
Cyc | Lyz | Try BSA Cyc Lyz | Try | BSA Cyc | Lyz | Try | BSA
20 50 100
b) 20 50 100 mM NaCl

MIP NIP  MIP NIP MIP NIP

Figure 6. a) Protein adsorption of hydrogel #12 at different NaCl concentrations. b) fluorescence intensity

of each hydrogel after protein adsorption. 0.04 mM of each protein was used in this experiment.

4. Conclusion

This work involves a fundamental study on preparing PEG-based MIP hydrogel as the fluorescence
sensor for protein detection. Cytochrome ¢ was employed as a model template, and FITC-AA was employed
as a fluorescence probe. Various preparation and adsorption parameters, including the washing processes,
ratios between AMPS and SS, concentrations of crosslinker, types of crosslinkers, template/FITC-AA/SS
concentrations, and NaCl concentration in the adsorption solution, were investigated. Results showed that
the combination of NaCl solution and Tris-Gly buffer provided a satisfied removal of templates.
Concentrations of crosslinkers, types of crosslinkers, template/FITC-AA/SS concentrations affect both
cytochrome ¢ adsorption and fluorescence quenching on hydrogels. Most of preparation conditions

provided high cytochrome c¢ adsorption on MIP hydrogels, however, the same trend also occurred with NIP
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hydrogel, indicating that the high adsorption was not due to specific recognition size. On the other hand, it
was found that NaCl concentration significantly affects protein adsorption. Comparing the adsorption
performance of the obtained MIP hydrogels with other proteins showed that the MIP hydrogel showed
higher specificity toward cytochrome c than trypsin and BSA. Additionally, the MIP hydrogel showed
similar high adsorption to lysozyme. Interestingly, the fluorescence quenching was observed in hydrogel
after adsorbing only for cytochrome c. This result shows that fluorescence detection is very selective toward
cytochrome c than other proteins. Consequently, the present MIP hydrogel supposed a promising use as a

cytochrome c fluorescence sensor for bioanalysis applications.
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General conclusion

The biomedical analysis is an important aspect related to human life. Many analytical techniques
for separation, identification, and quantitative determination are involved in this process. The development
of determination techniques, from traditional laboratory instruments to point-of-care testing devices, is
essential for improving the analytical performance in biomarker determination. With these aims, this thesis
reports several developments in analytical methods targeting biomolecules for separation and detection in
both traditional laboratory instruments and small detection platforms. The details in each chapter are as

follows:

Chapter |1 targets on development of an online sample preconcentration technique in CE based on
transient trapping (tr-trapping) in MEKC mode for steroid determination. The steroids can be detected with
UV and ESI-MS detectors. Six steroids, including androsterone, cortisone, estradiol (with o-, B-
stereoisomers), hydrocortisone, progesterone, and testosterone, were successfully separated with the tr-
trapping technique. Using the tr-trapping technique with ESI-MS can eliminate the interference effect of
micelle with MS instruments which can be troublesome for normal MEKC mode. Moreover, tr-trapping-
ESI-MS shows a 50-fold improvement in limit of detection compared with CZE-ESI-MS. The proposed
technique is suitable for biomolecules that are difficult to be detected with the UV-vis and fluorescence
instruments.

Chapter I11 focuses on the development of an equipment-free detection for protein. The possibility
of using hydrogel in the distance-based measurement of protein was studied. Results show that the
color/fluorescence change inside of hydrogel in the presence of trypsin was observed from the top surface
to the bottom. Besides, the relationship between the distance change and trypsin concentrations was
observed, which shows the possibility of using hydrogel in the distance-based measurement of large

biomolecules.
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Chapter IV further focuses on improving hydrogel in point of the adsorption selectivity for protein
by using the MIP technique in hydrogel preparation. A variety of preparation conditions for MIP hydrogels
with lysozyme as a template were examined via microfluidic dispensing devices, and the parameters
affecting lysozyme adsorption were studied. Microfluidic dispensing devices show comparable
performance with a commercially available micropipette with less time to distribute the solution.
Furthermore, the multivariate data on the lysozyme adsorption performance was obtained, and the equations
that predict adsorption performance with studied parameters were constructed. Finally, a MIP hydrogel
which provides a high imprinting factor and adsorption specificity toward lysozyme was successfully

obtained. These MIP hydrogels can be used for protein separation and preconcentration.

Chapter V demonstrates the development of MIP hydrogel as the fluorescence sensor. Cytochrome
¢ was employed as a template in the MIP hydrogel preparation, and parameters affecting cytochrome c
adsorption and fluorescence determination were studied. Under the optimal condition, the MIP hydrogel
showing high selective adsorption and fluorescence response for cytochrome c can be obtained.
Additionally, comparing with other proteins, the fluorescence quenching can be observed in hydrogel after
adsorbing only for cytochrome c, showing that fluorescence detection is very selective to cytochrome c.
This result shows a promise to use cytochrome ¢ MIP hydrogel as a fluorescence sensor. Moreover, the use
of the same fluorescence monomer in chapters Il and V show the possibility of using the MIP technique

for hydrogel preparation to improve specificity in distance-based measurement.

The author believes that these studies would contribute to the progress in analytical chemistry,
especially for the biomolecules on medical, pharmaceutical, agricultural, environmental, food, and

engineering fields.
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