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General introduction 

 

1. Background 

1.1 Electrophoresis 

In the field of analytical chemistry, electrophoresis is one of powerful methods to separate analytes 

via an electric force. Generally, the charged analytes are moved by the electric force and distinguished 

by the migration distance or migration mobility resulting the qualitatively or quantitatively determination. 

An electrophoresis equipment is composed of a power supplier to provide the electric field, a background 

electrolyte to guarantee the analytes participate in the electric circuit, and a detection system to detect 

the signal of analytes (Fig. 1). Categorizing by the form of equipment, different kinds of electrophoresis 

are presented. The separation in free flow electrophoresis (FFE)1 and slab gel electrophoresis (SGE)2 

occur in a two-dimensional (2D) flat space. Capillary electrophoresis (CE) employs a thin fused silica 

capillary (inner diameter < 100 μm) as a separation channel to confine the background electrolyte3. The 

integration of electrophoretic analysis with the upward and downward analysis into a micro-total analysis 

system (μ-TAS) is one trend at present4, 5. With the advancing of separation methods and detection 

methods, the three-dimensional (3D) form of electrophoresis has been realized with the assistance of a 

3D microfluidic device and the confocal/light-sheet imaging technology6. 

 

 

 

 

 

 

 

 

 

Electrophoresis is versatile to analyze a variety of components, including ions7, nucleic acids8, 9, 

proteins10, 11, polysaccharides12, nanoparticles13, 14, cells15-17, etc. To accommodate the nature property of 

the analytes, various separation modes have been developed, so that the analytes would be separated by 

Power supplier

Background electrolyte

Detector

Fig. 1 Basic equipment elements used in an electrophoretic analysis. 
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the charge to mass ratio, size, or affinity to a ligand. Here the author would like to introduce two major 

separation techniques: gel electrophoresis18 and affinity electrophoresis19, which are involved in this 

study. In a constant electric field and a constant background electrolyte, the migration velocity of an 

analyte depends on its charge to mass ratio. While, some molecules such as nucleic acids, their charge to 

mass ratios are too close to be distinguished. Gel electrophoresis takes the polymer network in a hydrogel 

as sieving matrix. When the pore size of the polymer network discriminates the size of the analytes, and 

then fractional effects occurs, thereby the size sieving of analytes can be realized. Gel electrophoresis, 

including SGE, capillary gel electrophoresis (CGE), and capillary polymer electrophoresis (CPE), has 

become a workhorse in the field of biomolecule analysis. Recent studies related with gel electrophoresis 

concerns new protocols for the determination of a specified analyte20, 21, involving new size sieving 

materials to facilitate experimental operation22, 23, improve the separation performance24-28, realize new 

functionality29 for the design of new methods and devices for μ-TAS30-32, etc. 

 

Affinity electrophoresis is generally suitable for specific binding, separation, and determination of 

bio-related molecules. The mobility of a molecule varies according to whether or not they interact with 

the affinity ligand. Molecules with a similar size are separated depending on their affinity activities with 

the ligand; the kinetic interaction between the ligands and targets are measurable33. The affinity ligand is 

complexed into a hydrogel or coated on the inner surface of a capillary34. When plotting affinity 

electrophoresis, the choice of a proper ligand is indispensable because the separation is based on the 

difference of the affinity strength between molecules and ligands. Variety of ligands including small 

molecules like metal complex35, 36, boronic compounds37, and macromolecules38-40 such as nucleic acids, 

enzymes, antibodies, and antigens, have been previously reported. As a novel form of a ligand, a 

molecularly imprinted polymer (MIP) (Fig. 2) is available, which is an artificial molecular recognition 

Target molecule Functional monomers Polymer network

Fig. 2 Schematic diagram of molecularly imprinting polymer and its specific recognition of target 

molecule. 
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material that can be fabricated with the presence of a template molecule under polymer networks41, 42. 

MIPs, especially for biomolecules, memorize the surface information of the template molecule and 

shows high affinity to target molecule. Compared to some ligands obtained from nature source, MIPs 

have merits of cost effective, easy to obtain, structurally stable, and designable specificity. Therefore, the 

author expects that MIPs will be a promising prospect as the affinity material in the electrophoretic 

separation43-46. 

 

1.2.1 Hydrogel in electrophoresis 

A hydrogel is one type of 3D networks formed by the hydrophilic polymers absorbing a substantial 

amount of aqueous solution (Fig. 3 (a)). Depending on the chemical composition of the polymer, the 

hydrogel can possess tunable physical and chemical properties, release physical or biochemical signal 

spontaneously or upon external stimuli, allow for spatiotemporal control47. Usually, the background 

electrolyte in an electrophoretic analysis is an aqueous solution, thus when absorbing the background 

electrolyte, a hydrogel may serve as a sieving matrix and/or a scaffold of affinity ligand (Fig. 3 (b), (c)). 

Agarose gels and crosslinked polyacrylamide gels are used as hydrogels. Replaceable polymer solutions, 

which can provide an entangled polymer network and flushed after each run, are frequently employed in 

CPE and microfluidic devices4.  

 

With the advances in adjustable synthesis, novel hydrogels have been widely developed to promote 

the electrophoretic technology with improved separation performance, facile operation, rapid analysis, 

and high compactness form. For example, high pressure (1000 psi) is required in the column filling with 

a viscous sieving matrix, which is not applicable to microfluidic devices owing to their moderate pressure 

tolerance (<200 psi)4. Thermal responsive polymers showed dramatic viscosity alteration upon the 

Hydrogel

Solid network Water

(a) (b) (c)

Analyte Ligand Analyte-ligand interactionAnalyte migration

Fig. 3 (a) Illustration of hydrogel which is composed of a solid polymer network absorbing an aqueous 

solution. (b) Illustration of size sieving matrix using a hydrogel to separate molecules by size. (c) 

Illustration of affinity ligand attached on a hydrogel network. 
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change of temperature, and were reported to be facile in column filling at one temperature and capable 

of high resolution separation at another temperature48. As another example, multi-functional hydrogel 

served as size sieving matrix at one stage of the analysis and play as affinity binding scaffolds at another 

stage of analysis, with which the sample transformation between two stages of analysis was exempted 

and the compactness of the microfluidic device increased30, 31. According to these achievements, the 

progress of hydrogel would bring new opportunities and possible breakthrough to the electrophoretic 

technology. 

 

1.2.2 Poly(ethylene glycol) based hydrogel 

A poly(ethylene glycol) (PEG)-based hydrogel is composed of hydrophilic PEG polymer subunits 

absorbable a high water content. The PEG-based hydrogel can be synthesized from different types of 

monomer, for example, the polycondensation of tetraamine-terminated PEG with tetra-N-

hydroxysuccinimidyl-glutarate-terminated PEG49, and the free radical polymerization of PEG diacrylate 

(PEGDA) and PEG acrylate (PEGA)50. Thus, the different kinds of PEG polymer exist, such as linear 

PEG polymer and non-linear PEG polymer (Fig. 4)51. Especially, the structure of non-linear poly(PEGA) 

polymer is composed of carbon-carbon backbone and oligo(ethylene glycol) side chains. A precise 

modification of its functionality becomes simple by just changing the chemical composition of the side 

chain segment. For example, as the PEG methylacrylate (PEGMA) oligo has a thermal responsive 

character and show various lower critical solution temperature (LCST) ranging from 26 to 90 oC 

depending on the oligo length and polymer concentration51. To precisely modify the LCST of 

poly(PEGMA), it just requires a random copolymerization of different oligo with a stoichiometric 

amount52. 

Fig. 4 Molecular structure of standard linear PEG and nonlinear PEG-analogues constructed with 

oligo(ethylene glycol) (macro)monomers51. Copyright (2008) obtained from Wiley. 
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The PEG material is well recognized as its biocompatibility with the evidences of not elicit an 

immune response and not induce cell death53. Thus, PEG is widely applied for biological applications, 

such as the modification of therapeutic proteins and peptides, the coating of drug delivery carriers, the 

scaffold for in vivo cell culture, etc. On the standing point of analytical chemistry, the PEG polymer is 

also suitable for analysis of biomolecule because of showing less unspecific hydrogen interactions. So 

far, the PEG polymer solutions and PEG-based hydrogels have been reported as size sieving matrix with 

highly efficient separations54, 55. Previous studies also demonstrated the possibility to apply PEG-based 

hydrogels to the stimuli-responsive MIP materials56, 57. In this work, the author continues to use the novel 

PEG-based materials as size sieving matrix (Chapter I). In addition, the author also attempts to develop 

new PEG-based materials for molecular size sieving (Chapter II) and affinity recognition (Chapters III 

and IV). 

 

1.3 Online fluorescence detection and the photobleaching phenomenon 

The fluorescence detection is a method to detect the fluorescent emission of the analyte under an 

excitation wavelength. The analyte may be self-fluorescence or complexed with fluorophores. As the 

emission wavelength is different to its excitation length, the sensitive detection is obtained owing to 

filtering the background noise. In most CE and microfluidic electrophoretic systems, an online detection 

manner is usually employed for the signal collection from a detection window opened on the separation 

channel. The signal collection is processed while the analytes are migrating; the obtained 

electropherogram reflects the signal intensity in the detection window. According to previous studies, 

these features of online fluorescence detection should be carefully handled otherwise the detection 

sensitivity and quantitative determination are affected. 

The photobleaching of fluorophores is an inevitable photoinduced oxidation process accompanied 

with the fluorescent excitation. As the online fluorescence detection taking the analyte’s fluorescent 

intensity for quantitative analysis, the effect of photobleaching on the profile of electrophoretic peaks 

requires a deep understanding. Previous studies showed that the photobleaching affects the sensitivity of 

CE58, 59. Hirschfeld’s theoretical study predicted that a high signal-to-noise ratio (SNR) could be achieved 

even for low quantum efficiency fluorophores, as long as a complete photobleaching could be 

implemented60. Because the analytes pass through the detection window at different velocities, the faster 

one will be exposed by a shorter time duration and the slower one by a longer time duration. Consequently, 

inequivalent photobleaching occurs with a velocity dependence. Other reports demonstrated that the 
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inequivalent photobleaching in online detection affects the accuracy of quantitative analysis61-63. One 

solution is to tune the excitation power accordingly with the analyte’s velocity61, 62. Another approach is 

to reduce the total photodegradation of fluorophores. A few studies included the use of a high migration 

velocity, the use of the fluorophores with high photostability, the use of the photostabilizing buffer 

additives, or the use of a low-power laser beam61, 63. Besides, reducing the length of the detection window 

helps to reduce the time duration for excitation. However, this is at a trade for the detection sensitivity, 

because the total time for collecting fluorescent emissions will also be reduced64. 

 

2. Contents of this thesis 

The contents of this thesis contain fundamental studies of electrophoresis with the aim of providing 

approaches to an accurate quantitative CE (qCE) analysis, an efficient size sieving separation, and a 

selective separation for target molecule. In detail, chapter I concentrates on reducing the interference of 

inequivalent photobleaching with qCE. An online fluorescent imaging detection method was set up to 

trace the real-time fluorescent intensity of migrating analytes, so that the accuracy of qCE would be 

guaranteed by collecting the fluorescent intensities under identical photo exposure duration. Chapter II 

reports the separation performance of a new size sieving material via CE. The proposed copoly(PEG 

diacrylate/PEG acrylate) (copoly(PEGDA/PEGA)) hydrogel was demonstrated to have a comparable size 

sieving ability as well as a high repeatability compared with the authentic polyacrylamide (PA) gel. 

Chapter III and chapter IV focus on the fabrication of PEG-based MIP hydrogels for the specific 

recognition to target proteins, and then MIP hydrogels could be used as affinity materials in 

electrophoretic separations. Chapter III shows the copoly(PEGDAPEGA) hydrogel as a new MIP 

material; the compositions of the copoly(PEGDAPEGA) hydrogel were investigated for a high specific 

molecular recognition. A hybrid slab gel was developed containing a MIP gel zone and a PA zone, with 

which a selective separation of target protein (cytochrome c) was realized. Chapter IV proposes a new 

approach to fabricate an MIP material by a postmodification of a crosslinked hydrogel. The MIP structure 

was grafted on a polymer network strand via the atom transfer radical polymerization. Although future 

work is still demanded to demonstrate selective electrophoretic separations, current result shows the 

possibility to use the resulting MIP hydrogel for the specific adsorption of target proteins (cytochrome c 

and trypsin).  
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Chapter I 

 

Online fluorescence imaging method by reducing the inequivalent 

photobleaching for quantitative capillary electrophoresis 

 

Abstract 

In traditional capillary electrophoresis (CE) by fluorescence detection, the difference of the 

migration time of analytes leads to the inequivalent photobleaching, therefore the quantitative 

determination of the analytes is usually difficult. Especially, when an internal standard (IS) is used, the 

fluorescent intensities of analytes are hardly comparable to that of IS if the inequivalent photobleaching 

is not restricted. We propose a practical approach to reduce the effect of inequivalent photobleaching 

via an online fluorescence imaging system coupled with the IS method. The detection was operated by 

the acquisitions of the fluorescent intensities from the divided small section array in the detection 

window and the electropherograms were obtained from the integrated each acquisition. Compared with 

the traditional CE detection method, the proposed method demonstrates a real-time detection to collect 

the fluorescence signals of different analytes under the definite exposure time, rather than the same 

traversing length. Experimental demonstration for the proposed method was carried out by using 

DNA-dye conjugations. As result, our method provided a lower relative error of peak area ratio of 

0.3-3.2% and a more practical operation because the efforts to restrict the photobleaching are 

exempted.  
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1. Introduction 

Quantitative capillary electrophoresis (qCE) by a fluorescence-detection is a molecular detection 

technology which has merits of high sensitivity, high specificity, high precision, and multi-target 

feasibility 1-3. Accurate quantification of biomolecules, such as nucleic acids, proteins, and 

polysaccharides, promotes the early diagnosis, the study of disease progress and the study of single 

cells. Thus the fluorescence-detection based qCE (FL-qCE) has a wide application in precision 

medicine 4, biomolecule diagnosis 2, 5, 6, and cell analysis 7. Besides, the FL-qCE’s integrative and 

cost-effective properties have attracted considerable attention in the development of miniaturized 

assemblies, including the microchip electrophoresis 8-11. The most portable microsystems for 

sample-to-answer analysis, which applies to the point of need analysis 12 of pathogen detection and 

forensic genotyping, are coupled with FL-qCE 13-16.  

The photobleaching of fluorophores is an inevitable photoinduced oxidation process accompany 

with the fluorescent excitation. As the qCE takes the analyte’s fluorescent intensity for quantitative 

analysis, the effect of photobleaching on the profile of electrophoretic peaks requires a deep 

understanding. Previous works showed that the photobleaching affects the sensitivity of FL-qCE 17-20. 

Studies also have been carried out focusing on improving the quantitative properties by restricting the 

inequivalent photobleaching. One solution is to tune the excitation power accordingly with the 

analyte’s velocity21, 22. Another approach is to reduce the total photodegradation of fluorophores. The 

reported measures include the use of a high migration velocity, the use of the fluorophores with high 

photostability, the use of the photostabilizing buffer additives, or the use of a low-power laser beam 21, 

23. Besides, reducing the length of the detection window helps to reduce the time duration for excitation, 

as well as to improve the detection resolution 24. However, this is at a trade for the detection sensitivity, 

because the total time for collecting fluorescent emissions will also be reduced 25. It is noted that some 

measures are not feasible for quantitative analysis, although they can yield a higher SNR. For example, 

the pulsed laser helps to yield high SNR, but not applicable for producing a linear relation over a wide 

range of concentration 26. In summary, the existing methods can be efficient to restrict the influence of 

inequivalent photobleaching on the quantitative analysis, but the detection conditions/apparatus are 

complexed, the choice of fluorophores is limited or the detection sensitivity is sacrificed.  

It can be seen that a more practical qCE measure is appealed to avoid the undesired influence from 

the photobleaching of analytes, which is the main target in this work. The internal standard (IS) method  
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Scheme 1. A comparison schematic diagram of the conventional single-point detection method and the 

online fluorescence imaging method in this work. These two methods integrate the fluorescent 

emission with different manners, resulting in different peak area ratios of the fast to the slow analytes 

(Afast/Aslow). While both methods can perform migration velocity analysis. The latter one can record the 

equivalent photobleaching of analytes and provide a more accurate quantitative analysis. Δt, exposure 

time; C, analyte concentration; I, florescent intensity; t, migration time. 

 

is a convenient self-calibration approach for the quantitative analysis, which doesn’t require the 

construction of a calibration curve 27. Within a single CE run, the concentration of the analyte can be 

calculated from the peak area ratio (R) of the analytes to the IS. As the analytes and IS have different 

migration velocities, the inequivalent photobleaching between the analyte and IS will introduce 

inaccuracy to the calculation of the IS method. In this work, an online fluorescence imaging method is 

proposed to study the photobleaching of migrating analysts. While an online fluorescence imaging 

system is commonly employed in the self-assembled CE apparatus for image capture 28, 29, this work 

employs it to record the real-time fluorescent intensities of the moving analytes; and scripts an image 

analysis program for tracing the change in peak profiles upon photobleaching. As is shown by the 

online image detection in Scheme 1, the proposed method will be applied to the IS method for avoiding 
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the inequivalent-photobleaching-induced error. Providing the IS and the analyte have the an identical 

photodegrading rate, quantum efficiency, buffer environment, and close concentration, practically they 

will experience the same rate of photobleaching 22.  Using the online fluorescence image detection 

method to index their fluorescent intensities under an equal time-duration of illumination, the 

inequivalent-photobleaching-induced error could be avoided. Therefore, this paper attempts to 

experimentally demonstrate the IS-online fluorescence image method by using DNA-dye conjugations 

as a standard sample. 

At first, we briefly demonstrate our method to use an online fluorescence image detection system 

in FL-qCE. Then, we experimentally confirm the role of photobleaching in alternating the peak areas. 

The photodegrading rates of peak areas under various conditions are examined, including the intensity 

of excitation irradiance, the type of fluorophore and the migration velocity. The method to collect the 

fluorescent intensities at equivalent photoalteration is demonstrated. Then, we introduce the principle 

of the IS-online fluorescence image method for quantitative analysis. 

 

2. Experimental 

2.1 Method 

2.1.1 The online fluorescence imaging method 

The online fluorescence imaging method employed an online fluorescence imaging system and 

the corresponding imaging analysis method. The construction of the online fluorescence imaging-qCE 

system is described in our previously published work4.The method of image analysis was realized by 

using a self-scripted MatLAB program. In brief, the program equally sectioned the image of the 

detection window into a designable number. The fluorescent intensity in each section was integrated 

and thereby a series of electropherograms were derived. As an analog to the conventional CE detection 

systems, these sections could be regarded as independent and successive detection regions with 

identical volume, i.e. an array of fluorescence sensors. The real-time change in the peak profile, 

including the peak area, peak width and resolution, are recorded when the analyte was passing by the 

detection array. 

Notes: (1) Peak areas obtained from the electropherogram were divided by the corresponding 

migration times to compensate for the dependence of the residence time in the detector on the 
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migration velocity of the analyte 30. (2) The peak area derived from each section was divided by the 

peak area obtained in the first section the analyte passed through. Thus, the initial peak area was 

normalized to 1 at the beginning of the elapse time. Similar data processing was implemented for 

analyzing the Rs. (3) The length of sections could be decided as short as possible, thus, it is not 

supposed to raise an issue for detection resolution.  

The term irradiance distance (Dr) is defined as a length parameter starting from the analyte enters 

the excitation irradiance area. Dr was calculated by accumulating the length of sections that the analyte 

passed through. In this work, we used DNA fragments conjugated with dyes as analytes. We 

hypothesized (1) the number of dyes labeled on DNAs is proportional to the length of the DNA 

fragment (2) DNA-dye conjugations were photodegraded with first-order kinetics so that the 

photobleaching of their peak areas could be fitted with the exponential function 31. The fitting lines 

were simulated using the Microsoft Excel software. 

We manipulated the intensity of excitation irradiance by using the objective lens on the 

microscope. Data measured by an illuminometer (UT383s, UNI-T, Guangdong, China) showed that the 

excitation irradiance intensity using the 60x objective lens (UplanFLN 60x/0.90) was average 8700 lux, 

10× objective lens (UPLanFL N 10×/0.30, Olympus) 8825 lux, and using the 4× lens (UPLanFL N 

4×/0.13, Olympus), 5661 lux. The capillary had an inner diameter of 75 μm, and was tailored with a 5 

mm window by removing the polyimide coat. The diameter of excitation irradiance (Ls) was adjusted 

to be smaller than the sensing field of CCD (Ld) by sizing the diaphragm on the microscope. 

 

2.1.2 The conventional CE detection method 

The conventional CE system employs a single-point detection manner, which integrates the 

fluorescent intensity from a detection window with a certain length of volume. The proposed online 

fluorescence imaging system was also applied to conventional CE detection. As mentioned in section 

2.1.1, each section can be regarded as a single-point detection window for the conventional CE 

detection. The position of the section, i.e. the Dr, represented the length of the detection window. 

 

2.1.3 Capillary coating 

The inner wall of the capillary was conditioned before use to reduce the electroosmotic flow and 
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avoid the adsorption of analytes on the wall. The capillary was flushed successively with 1 M NaOH 

for 5 min, water for 5 min, 1 M HCl for 5 min, and the coating buffer for 20 min 32. The coating buffer 

contains 0.25% 7M (molecular weight) polyethylene oxide (PEO) and 0.1 M HCl in water. 

 

2.2 Chemicals 

100 bp DNA ladder, 20 bp DNA ladder, and TBE buffer powder were purchased from Takara 

(Dalian, China). Different types of fluorophores, including Sybr Green I (SG I), YOYO-1, and Cy 3 

(Thermo Fisher Scientific, Waltham, MA, USA) were employed for dyeing DNAs. SG I was mixed 

with DNA fragments with a final 10× concentration before CE detection. The methods for labeling 

YOYO-1 and Cy3 on DNAs were following the manual provided by the manufacturer, respectively. 

The 7M PEO polymer was purchased from Aladdin (Shanghai, China), tetra-polyethylene glycol 

(tetra-PEG) polymers, including PET-200HS and PET-200HS, were from NOF (Tokyo, Japan). 

Deionized water was prepared by a Milli-Q Direct-Q 3UV system (Merck Millipore, Tokyo, Japan). 

 

3. Results and discussion 

3.1 Real-time fluorescence detection with the online fluorescence imaging system 

 

 

 

 

 

 

 

 

 

Fig. 1 Images of DNA bands passing through an excitation irradiance area with (a) a slow migration 

velocity, and (b) a fast migration velocity, respectively. Electropherograms derived by using the 

self-script program from the recorded images of the DNA band with (c) the slow migration velocity, 

and (d) the fast migration velocity, respectively.  
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The representing images recorded by the online fluorescence imaging system and the illustration 

of data analysis are shown in (Fig. 1). The self-scripted MatLAB program divided the image of the 

detection window into equal sections (Fig. 1 (a, b)); from each section, an electropherogram was 

obtained (Fig. 1 (c, d)). Both Figs. 1(a) and 1(b) show that the peak area decreased after the band 

traveled from one end to the other end of the detection window. It was also observed that, although the 

peak area always decreased, sometimes peak width increased during the detection (data not shown). 

Band broadening is a common phenomenon during CE separation, which might also be a reason to 

cause the peak area decreases. In case the band broadening effect interferes with the exponential fitting 

of the photobleaching effect, we attempted to separate these two effects by the following experiments. 

 

3.2 Band broadening vs photobleaching 

After the electrophoretic band of the100 bp DNA fragment passed through the detection window, 

we applied a pulsed power, so that the electrophoretic band could pass through the detection window 

back and forth (see Fig. 2 (a)-(c)). The peak area (A) was integrated every time the DNA band passed 

back and forth. The declination of peak area (D) was examined. This experiment involves two tests, 

test (i) and test (ii). During the test (i), the excitation irradiance was switched off at t1 for 2 min. The 

test (ii) was conducted with the excitation irradiance kept on. The As obtained from the test (i) and test 

(ii) are plotted against the time as shown in Fig. 2 (d) and (e), respectively. 

Among the factors that cause band broadening, including molecular diffusion, microheterogeneity, 

eddy diffusion, electro-diffusion, etc., there are reversible and irreversible processes 33. This experiment 

examines the A of a single band when it passed back and forth a single detection volume. Thus, only 

the irreversible band broadening processes are considered here.  

For test (i), at the time t1, the exposure was turned off; at the time t2, the exposure was turned on. 

Thus, D can be expressed as equation (1) and (2) 

𝐷(𝑡1) = 𝐷𝑑(𝑡1) + 𝐷𝑝(𝑡1)                             (1) 

𝐷(𝑡2) = 𝐷𝑑(𝑡2) + 𝐷𝑝(𝑡1)                             (2) 

where D(t) represents the loss of A at t. Dd(t) and Dp(t) represent the loss of A at t contributed by the 

band broadening effect and the photobleaching effect, respectively. From t1 to t2 the excitation 

irradiance was turned off, so there was no photobleaching process, while the band broadening process 
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Fig. 2 (a) The pulsed power for driving the DNA band to migrate back and forth. (b) The 

electropherogram obtained from test (i). From t1 to t2 the excitation irradiance was switched off. (c) The 

electropherogram obtained from test (ii). Plots of normalized peak area in (d) test (i) and (e) test (ii) 

and replotted test (ii). Electrophoretic conditions: sample, 100 bp DNA fragment; objective lens, 60×; 

sieving matrix, 1% PEO polymer in 0.5× TBE; dye, SG I; Le, 6 cm; E, 100 V/cm. 

 

still went on. The D that was caused only by the band broadening effect can be calculated by 

subtracting D(t1) from D(t2), as shown in equation (3): 

𝐷𝑑(𝑡2) − 𝐷𝑑(𝑡1) = 𝐷(𝑡2) − 𝐷(𝑡1)                        (3) 

For a better illustration, the line in Fig. 2 (d) was replotted after cutting off the data when the exposure 

was off, giving the plot labeled as the test (i) in Fig. 2 (e). In Fig. 2 (e), the declination rates of A at t1/t2 

on the plot of the test (i) was 7.6x10-4 s-2, and at t1 on the plot of the test (ii) was 7.5x10-4 s-2 (details of 

fitting line not shown here). It could be seen that the declination rates were very close. In other words, 

in the test (i) even an extra 2 min of irreversible band broadening process from t1 to t2 didn’t cause a 

significant decrease in the peak area. Thus, it could be considered that, under the presented 

experimental conditions, the effect of the irreversible band broadening on the peak area is negligible. 

As another supporting experiment, the data in reference [33] show that the band broadening, 

including the reversible and irreversible ones, might not cause the decrease of peak area. For example, 

in Table 1 of reference [33], the peak areas of peak 2/4 were bigger than those of peak 1/3 after the 
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bands broadened. The described work employed UV detection. In our paper, given the peak area’s 

sensitive dependence upon excitation exposure, it is reasonable to hypothesize that the declination of 

the peak area is dominantly caused by the photobleaching effect. 

 

3.3 Exponential simulation of the peak area on the elapse time scale 

After confirming the dominating role of photobleaching in altering the peak area, this section 

attempted to simulate the real-time fluorescent intensities of the migrating DNA fragments. The peak 

area against the elapse time was investigated under different conditions, including the irradiance 

intensity, the type of fluorophores, the irradiance distance and the migration velocity. As a summary of 

the results, it is demonstrated that the plots of peak area against the elapse time could be fitted using an 

exponential function which was characterized by a half-life period (τ). Experimental results showed 

that the decay rate of peak areas is influenced by the excitation irradiance intensity (Fig.3 (a)): it 

speeded up when the excitation irradiance intensity increased from 5661 (τ=18 s) to 8825 (τ=5 s) lux. 

Different fluorophores exhibited different decay rates (Fig. 3 (b)): the fluorescent intensity of 

DNA-YOYO-1 conjugations showed a better photostability (τ=1250 s), while the DNA-SG I 

conjugations (τ=42 s) and DNA-Cy3 conjugations (τ=38 s) were more apt to photobleaching.  

 

 

 

 

 

 

 

Fig. 3 (a) Comparison of the normalized peak area of 1.5 kbp DNA fragment under the 5661 lux and 

8825 lux excitation irradiances. (b) Comparison of the normalized peak area/height of 500 bp DNA 

fragment dyed with SG I, Cy3, and YOYO-1. Other experimental conditions: sieving matrix, 1% PEO 

polymer in 0.5× TBE; dye, SG I; Le, 7 cm; E, 100 V/cm. 

 

When the excitation irradiance intensity and the fluorophores were the same, it is found that the 

peak areas of different DNA fragments showed the same photodegrading rate (Fig. 4). As is illustrated 

by the equations (4) and (5), for the 100 and 400 bp DNA fragments, the simulation of their peak area 
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against elapse time yielded the same τ=37 s, which is consistent with our hypothesis described in the 

section 2.1.1.  

A = 1.0211 e-t/37                               (4) 

A = 1.0072 e-t/37                                (5)  

where the A is the peak area with an arbitrary unit, t is the elapse time in unit of second. This result 

suggests that the analysis on the elapse time scale exempted the inequivalent photobleaching from the 

analytes with different velocities. Thereby, with our online fluorescent imaging detection method, it is 

more accurate for the IS method to calculate the Rs. 

 

 

 

 

 

 

Fig. 4 The normalized peak areas of 100 and 400 bp DNA fragments against elapse time and their 

fitting lines. E, 100 V/cm. Other experimental conditions as in Fig. 3. 

 

3.4 Internal standard-online fluorescence imaging method and its accuracy 

Being able to collect the fluorescent intensities under the equivalent photobleaching process, this 

section describes the IS-online fluorescence imaging method. As a demonstration, the 100 bp DNA 

fragment in Fig. 4 was taken as the IS, and the 400 bp as the target analyte. First, their peak area-elapse 

time plots were fitted as shown in equations (4) and (5). Then, the equations (4) and (5) were integrated. 

Thereby, we obtained the fluorescence integrations of the analyte and IS against elapse time, given 

equations (6) and (7). Divide equation (7) by (6), there was a physical meaning of comparing the 

fluorescence integrations of 400 to 100 bp DNA fragments at the same elapse time.  

A = 1.0211 (1-e-t/37)                              (6)  

A = 1.0072 (1-e-t/37)                              (7) 

where the A is the peak area with an arbitrary unit, t is the elapse time in unit of second. Other fitting 

parameters of 100 and 400 bp DNA-SG I conjugations under different electric field strengths (Es) are 

listed in Table 1. 
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Table 1 Results of single exponential simulation A = a e-t/τ under different Es, R2 is the correlation 

coefficient. 

E (V/cm) DNA size (bp) a τ (s) R2 

50 
100 1.231 48 0.9698 

400 1.27 48 0.9958 

100 
100 1.0211 37 0.9754 

400 1.0072 37 0.9825 

150 
100 1.0255 36 0.8662 

400 1.0224 36 0.9515 

200 
100 1.0209 34 0.9014 

400 1.0184 31 0.9556 

 

As demonstrated above, the mass ratio of the analyte to the IS would be equal to the experimental 

result (7)/(6), which represented the fluorescent intensity ratio of the analyte to the IS at an equivalent 

photobleaching status. In this work, the true value of equation (7)/(6) was normalized to 1. The relative 

error (δ) of R, which was the relative deviation of the experimental (7)/(6) from the true value, was 

employed to evaluate the accuracy of the IS-online fluorescence imaging method. A high accuracy 

method is accompanied by a low δ. 

As illustrated in Fig. 5 (a), under a constant electric field strength (E = 50, 100, 150 V/cm, 

respectively), the δ remained a constant on the scale of elapse time. This result indicates that the R did 

not show a bias upon the elapse time, i.e. the influence from the unequal exposure time was avoided. 

Because the Dr is proportional to the elapse time, the IS-online fluorescence imaging method also 

exempted the dependence of R on Dr. In the situation of E = 200 V/cm, although the δ increased with 

elapse time, the increase was only little from 0.3 to 0.9%. As a contrast, the δ increased from 0.6 to 4.9% 

when the conventional single-point detection method was applied (Fig. 5 (b)). In conclusion, by 

collecting the fluorescent intensities at equal photobleaching duration, one can efficiently avoid the 

influence of inequivalent photodegradation among fluorophores. 

In Fig. 5 (a), the δs show a dependency on E. One reason for this dependency might be the 

inhomogeneous spatial distribution of the excitation irradiance. As is illustrated in Scheme 1, in the 

online fluorescence image detection method, the finish line of different analytes ended up at different 

Drs. Thus, there might exist some inequivalent photodegradation rate/fluorescence response caused by 

the distribution of excitation irradiance. It is not difficult to infer that a lower E slowed down the 

migration of analytes, which might contribute to the accumulation of these inequivalence. It is expected 
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that future works would increase the spatial homogeneity of the excitation irradiance to release the 

influence of photobleaching on quantitative accuracy. 

 

 

 

 

 

 

 

Fig. 5 Under different Es/migration velocities, the relative error against (a) elapse time and (b) Dr. In 

Fig. (b) the total last of elapse time was corresponding to the total illumination time of the100 bp DNA 

fragment in Fig. 5. Objective lens, 4x; Le, 7 cm; dye, SG I; other experimental conditions as in Fig. 3. 

 

For comparison, the IS method coupled with the conventional single-point CE detection method 

was implemented. As is shown in Fig. 5(b), the δ was piled up from 0.6-4.2% to 3-19% by the 

increasing Dr. Consequently, efforts were required to minimize the difference between the analytes’ 

excitation irradiance, for example, choose the internal standard with similar mobility, raise the E, 

shorten the Dr, etc. In contrast, the IS-online fluorescence image method showed a lower δ and more 

robust accuracy under the same separation conditions. The errors from the migration velocity of the 

analyte and the Dr were avoided. We note the practicality of the proposed method for many tedious 

works to minify the photobleaching of fluorophores can be exempted. 

 

3.5 Influence of photobleaching on the resolution and peak area ratio 

We have demonstrated that in a conventional CE detection system the photobleaching could have 

a significant impact on the peak area, as well as the R. This section analyzes the electropherograms 

yielded from the successive sections and reports the fact that the peak width and resolution (see 

reference [27] for the calculation method) are influenced by the photobleaching of fluorophores. As 

shown in Fig. 6, the resolution substantially increased by a range from 28 to 81% after the 20 bp DNA 

ladder passed through a 0.96 mm Dr under the 8825 lux excitation irradiance. Data analysis showed 

that (1) the distance between two adjacent peaks was extended by a range from 2 to 10% as DNAs 
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migrated forth. (2) The peak width was largely narrowed down by a range from 11 to 43% (data not 

shown here). This indicated that the trimming down of the peak width caused by photobleaching effect 

outpaced band broadening effect, resulting in an improvement of graphical resolution. We emphasize 

that this narrow down of the peak width was graphical because a part of the electrophoretic band was 

just unseen rather than vanished or removed from the capillary column. 

It is noted here that, while the peak area declined after the band traveled from the one end of the 

detection window to the other end. The calculated peak width would decrease under the electrophoretic 

conditions; it also would increase in other of our experiments (data not shown), which indicates that, in 

these cases, the band broadening was faster than the photobleaching narrowing33. These 

attention-arising results mean that the photobleaching of an electrophoretic band could perplex the 

calculation of the observed peak width and resolution. Appropriate measurement approaches are 

required for deep understanding of the peak width and resolution in the FL-CE analysis. 

 

 

 

 

 

 

Fig. 6 Changes of the resolution between the adjacent DNA fragments along with the progress of 

photobleaching. Experimental conditions were the same as Fig. 1. 

 

4. Conclusion 

This work shows that the photobleaching of fluorophores could influence the peak area, peak 

width, resolution, and R in CE analysis. Especially, the R, which is a widely used parameter for 

quantitative analysis, is altered by the inequivalent photobleaching of analytes. The proposed system 

provides a real-time detection manner so that the fluorescent intensities of analytes at equal time 

duration of illumination can be indexed. The IS-online fluorescence image method calculates the 

quantities of analytes from their R to the IS under the equivalent photobleaching process. Results show 

that the δ remained a low value (0.3-3.2%) even when the analytes underwent a long term of 

photobleaching. Thereby, the proposed method promises practical operations because efforts to 
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minimize the photodegradation of fluorophores could be liberated. Unlike the conventional single-point 

CE detection, there will be no restriction to the photostability of dyes, migration velocity, separation 

voltage, and exposure distance. Consequently, the newly developed method is applicable for analytes 

that can be labeled with certain fluorophore to DNAs, proteins, and saccharides. 
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Chapter II 

 

Controllable molecular sieving by copoly(poly(ethylene glycol) 

acrylate/poly(ethylene glycol) diacrylate) based hydrogels via 

capillary electrophoresis for DNA fragments 

 

Abstract 

This work proposes a controllable molecular sieving using the crosslinked copoly(poly(ethylene 

glycol) acrylate/poly(ethylene glycol) diacrylate) (copoly(PEGA/PEGDA)) hydrogels as the sieving 

matrix for DNAs in capillary electrophoresis (CE). Attempts were made to control the separation 

performance by using different gel components, including the initiator concentration (CAPS), total 

concentration (Ct) of monomers, the ratio (R) of PEGA to PEGDA, and the length of crosslinker (Lc). 

Results reveal that the molecular sieving effect in the copoly(PEGA/PEGDA) gel can be controlled by 

Ct, R, CAPS and Lc, especially the former two parameters. Higher Ct and lower R provided the smaller 

average pore size resulting better separation of small-size DNA fragments, while lower Ct and higher R 

allowed better separation of large-size DNA fragments. Moreover, by using a representing gel 

component, the repeated test showed a run-to-run precision of RSD < 0.9% (n = 10 tests), a 

column-to-column precision of RSD < 5.9% (n = 5 columns), and a day-to-day precision of RSD < 

5.2% (n = 25 tests in 5 days) for migration time. The results also reveal a rapid and high resolution 

separation for 20-140 bp DNA fragments using the copoly(PEGA/PEGDA) gel when tune to a lower R 

and lower Ct. When high Ct was requested, the copoly(PEGA/PEGDA) gel capillary was found to have 

better repeatability and higher resolution than the authentic poly(acrylamide) gels owing to the better 

volume stability upon polymerization. 
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1. Introduction 

Capillary gel/polymer electrophoresis (CGE/CPE) is an important separation technology for 

biomolecules and has a wide application in clinical chemistry,1, 2 forensic medicine,3 biopharmaceutical 

developments,4-6 pathology study,7 food safety,8, 9 etc. Because in CGE/CPE the band broadening is 

effectively suppressed by using a narrow capillary (< 300 μm inner diameter) for heat diffusion and a 

polymer matrix for anti-convection, and high voltage allowed the fast separation. CGE/CPE have 

advantages of high resolution, rapid analysis, cost effective, automatable, and integratable.10 In addition, 

current progress in CGE/CPE also pursues the microscale platform11 and even higher performance 

separation. Among them, there are the miniaturized instruments using microchip electrophoresis for the 

rapid and point-of-need detection,12, 13 and capillary electrophoresis (CE)-mass spectrometry for 

informative molecular analysis.14, 15 

The natural biomolecules have a wide size/structure distribution, therefore, it is required to 

optimize the CPE/CGE conditions to adapt for the target sizes. The sieving matrix plays a key role in 

controlling the separation performance of CPE/CGE. Commonly used sieving matrices are polymer 

networks formed by a polymer gel or solution, for example a crosslinked poly(acrylamide) (PA) gel, 

agarose gel, non-crosslinked PA solution, and poly(ethylene glycol) (PEG) solution. As revealed by the 

tons of previous studies, a practical separation of target molecules requires the polymer network to 

present a suitable pore size for an efficient size sieving16-19 and a lower viscosity for a facile 

hydrodynamic filling.20 The most commonly used method to tune the pore size is to adjust the polymer 

concentration. Higher polymer concentration affords a smaller pore size, and thus better separation for 

small molecules. However, high concentration of polymer solutions leads to difficulties to capillary 

filling due to increase of the viscosity. Polymer gels such as PA gel have low viscous precursor 

solutions, however, difficulties have to be conquered regarding to the volume shrinkage upon 

polymerization.21, 22 Consequently, the CPE/CGE sieving of small biomolecules faces technical 

difficulties for the lack of an applicability for the practical sieving matrix. Except for the pore size and 

facility in capillary filling, other properties are also taken into account when choosing a proper sieving 

matrix, including a stimuli responsive,23, 24 capillary-coating property25, and molecular interaction with 

analytes.26, 27 

There are considerable interests in developing sieving gels for an enhanced separation28-32 or a 

compact integration in a sophisticated structure.33, 34 Among the new sieving gels, another approach to 
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control the separation performance attracts attentions, which is to tune the length of network strand. Li 

et. al. tailored the network strand of the tetra-PEG hydrogel by changing the arm length of tetra-PEG 

monomers.28, 29 Our previous study proposed a PEG dimethacrylate (PEGDMA) gel for the separation 

of DNA and saccharides.31 The PEGDMA monomer served as both crosslinker as well as a tunable 

polymer strand. It was revealed that the length of the PEGDMA monomer was found to have an 

influence on the DNAs’ mobility. While the works about the tetra-PEG gel and the PEGDMA gel show 

the possibility to improve the separation performance without increasing the monomer concentration. 

The inconvenience is that tuning their network strand is cumbersome with the replacement of monomer 

with another length. In other words, a monomer with another molecular size has to be synthesized to 

tune the network strand. The authentic PA gels with higher crosslinker content are better at sieving 

small molecules. The average network strand between the two crosslinkers could be easily modified by 

tuning the content of crosslinker.35, 36 However, the aqueous insolubility of the crosslinker (methylene 

bis-acrylamide) limits the further enrichment of short PA strands. Thus in this work, a 

copoly(poly(ethylene glycol) acrylate/PEGDA hydrogel (copoly(PEGA/PEGDA)) hydrogel, is 

proposed as a new sieving material for a practical control of the CGE separation. 

The copoly(PEGA/PEGDA) hydrogel has a tunable crosslinked network with bottlebrush-like 

polymer strands  as illustrated in Fig. 1. The main chain polyacrylate is formed through the 

polymerization of the vinyl groups from the PEGDA and PEGA. The PEGDAs, of which both vinyl 

groups get polymerized, serve as the crosslinkers. The reacted PEGAs and the PEGDAs, of which only 

one vinyl group get polymerized, serve as the side chains.37, 38 The good water solubilities of both 

PEGDA and PEGA monomers allow to prepare the monomer ratio with a wide range, which afford a 

simple way to tune the length of network strand, i.e., the distance between the two adjacent 

crosslinking points (D). To clarify in this work, the D parameter is limited to the main chain strands 

which have two crosslinking points at both ends, rather than to the ones which have only one end 

immobilized on the polymer network, nor to the side chains. As the former type of polymer stand. The 

network structure can also be tuned by changing the total monomer concentration and the length of 

monomer as alternative approaches. With such tunable networks, the copoly(PEGA/PEGDA) hydrogel 

is expected to own a controllable separation performance. 

Previously, the proposed copoly(PEGA/PEGDA) gels were fabricated as functional materials,39, 40 

the beads for metal ions extraction,37, 38 etc. Our preliminary tests found that the copoly(PEGA/PEGDA) 
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gel showed less volume shrinkage upon polymerization comparing to the PA gel. As volume shrinkage 

may cause bubble formation in a capillary and lead to poor separation repeatability. The use of a 

volume stable gel promises a possibility of higher CE reproducibility. Interested by the aforementioned 

characters, this study synthesizes the copoly(PEGA/PEGDA) gels in a 75 μm capillary for the size 

sieving based CE analysis. The investigations here include the different routes for controlling the 

separation performance of the copoly(PEGA/PEGDA) gel. Generally, the network structure is tuned via 

the different compositions, including the initiator concentration (CAPS), total monomer concentration 

(Ct) (Scheme 1 (a)), monomer ratio (R) (Scheme 1 (b)), and length of crosslinker (Lc) (Scheme 1 (c)). A 

DNA ladder widely ranging from 20 to 1500 bp is employed as sample biomolecule. The 

reproducibility of the gel capillaries is also examined. Finally, a comparison evaluation is carried out 

between the authentic PA gel and the copoly(PEGA/PEGDA) gel. 

 

 

 

 

 

Fig. 1 Schematic diagram of the copoly(PEGA/PEGDA) synthesis and network structure. 

 

 

 

 

 

Scheme 1. Different routes to tune the copoly(PEGA/PEGDA) gel structure for controlling the 

separation performance. (a) Total monomer concentration (Ct), where Ct2 > Ct1. (b) PEGA/PEGDA ratio 

(R). At a fixed Ct (mol/v) and monomer length, when R2 > R1, there is D2 > D1. The average value D 

unavoidably has a distribution due to the inhomogeneity of the network, which is reflected by this 

illustration but not indicated by words. (c) Crosslinker length Lc. ξ is the average diameter of the pore 

bounded by the two adjacent crosslinkers and the main chain. Here the pores are also partially occupied 

by the side chains. As an approximation, we would like to consider it’s negligible since the side chain is 

one-end free and may redirection when an analyte molecule passes by. At a fixed Ct (w/v), when Lc2 > 

Lc1, there is ξ2 > ξ1. 
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2. Experimental 

2.1 Chemicals 

PEGDA monomers are named as “number”G’. The “numbers” are defined from the number of 

PEG units in each monomer. The PEGDA (MW= 508, 708, and 1108 for 9G’, 14G’, and 23G’, 

respectively) and PEGA (MW=468, number of PEGs is 9) were kindly donated from Shin-Nakamura 

Chemical (Wakayama, Japan), 3-(trimethoxysilyl)propylmethacrylate (γ-MAPS) was purchased from 

Tokyo Chemical Industry (Tokyo, Japan), ammonium peroxodisulfate (APS) and 

N,N,N’,N’-tetramethylethylenediamine (TEMED) from Wako Pure Chemical Industries (Osaka, Japan), 

40% (w/v) acrylamide/bis mixed (37.5:1) solution from Nacalai tesque (Kyoto Japan), TBE powder 

and DNA ladder from Takara (Shiga, Japan), and SYBR green II from Lonza (Rockland, ME, USA). 

The DNA sample mixture contains a 20 bp ladder from 20 to 200 bp, a 100 bp ladder from 200 to 1000 

bp and a 1500 bp fragments. Deionized water was obtained from a Milli-QDirect-Q 3UV system 

(Merck Millipore, Tokyo, Japan). The fused-silica capillary was purchased from Polymicro 

Technologies (Phoenix, AZ, USA). 

 

2.2 Preparation of gel capillaries.  

The inner wall of a capillary was coated with γ-MAPS following a previously described 

protocol.31 The copoly(PEGA/PEGDA) gels were synthesized with PEGDA and PEGA as monomers, 

APS as an initiator, TEMED as a catalyst, and 0.5xTBE as a buffer solution. First, a solution with 

prescribed components were mixed without the addition of TEMED and bubbled by N2 gas for 30 min. 

The TEMED was added and gently mixed via pipetting. Then, the precursor solution was filled into the 

capillary. Both ends of the capillary was sealed, keeping at room temperature for 24 h. The gel capillary 

was tested within 7 days after preparation. Before use, the gel capillary was checked with the assistance 

of a microscope under a 10x objective lens in case bubbles exist. One centimeter of each capillary end 

was cut off to remove the voids. The gel components were varied with different APS concentrations 

(CAPS), total monomer concentration (Ct), monomer ratio of PEGA/PEGDA (R), and length of 

crosslinker (Lc). A detailed list of composition was shown in Table 1-4. For a comparison study, the PA 

gel capillaries with different Ct were prepared following the compositions in Table 5.  
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Table 1 Compositions of copoly(PEGA/PEGDA) gels with different APS concentrations (CAPS). 

CAPS (% (w/v)) 20% APS (μL) 9G’ (% (v/v)) 0.5xTBE (mL) TEMED (μL) 

0.2 20 

10.7 2 1 

0.14 14 

0.10 10 

0.08 8 

0.02 2 

0.015 1.5 

0.0002 0.02 

 

Table 2 Compositions of copoly(PEGA/PEGDA) gels with different total monomer concentrations 

(Cts). The PEGA/PEGDA ratio R = 5/5 (mol/mol). 

Ct (% (w/v)) 9MG’(μL) 9G’ (μL) 0.5xTBE (mL) 20% APS (μL) TEMED (μL) 

2.1 18 20.1 

2 2 1 

6.0 54 60.4 

9.6 90 100.7 

13.0 126 141 

16.1 162 181.3 

 

Table 3 Compositions of copoly(PEGA/PEGDA) gels with different PEGA/PEGDA ratios (R 

(mol/mol)). The total monomer concentration was 64.9 mM. 

R (mol/mol) 9MG’ (μL) 9G’ (μL) 0.5xTBE (μL) 20% APS (μL) TEMED (μL) 

9.5/0.5 102.6 6.0 2005.8 

2 1 

8/2 86.4 24.2 2003.9 

7/3 75.6 36.3 2002.6 

6/4 64.8 48.3 2001.3 

5/5 54 60.4 2114.4 

4/6 43.2 72.5 1998.7 

3/7 32.4 84.6 1997.4 

2/8 21.6 96.7 1996.1 

1/9 10.8 108.8 1994.9 

0/10 0 120.8 1993.6 

 

Table 4 Compositions of copoly(PEGA/PEGDA) gels with different crosslinker lengths (Lc). The total 

monomer concentration was 6.0 (w/v). 

Lc Volume (μL) 9MG’ (μL) 0.5xTBE (mL) 20% APS (μL) TEMED (μL) 

9MG’ 

60.4 54.0 2 2 1 14MG’ 

23MG’ 
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Table 5 Compositions of PA gels with different total monomer concentrations (CtPAs).  

CtPA (% (w/v)) 

40% 

acrylamide/bis 

(μL) 

10xTBE (μL) Water (mL) 20% APS (μL) TEMED (μL) 

2 100 5 1.9 

2 1 
8 400 20 1.6 

14 700 35 1.3 

20 1000 50 1 

 

2.3 CE system and separation.  

The CE tests were carried out via a self-built CE instrument as described in the previous work.41 

The gel capillary was tailored to a 10 cm total length with a detection window at 6 cm from the 

injection end. The separation voltage was 200 V/cm if not specified. The 130 ng/µL double strand 

DNA sample was dyed with 10x SYBR green II. The sample injection was conducted under a 200 

V/cm voltage for 2 s. 

 

2.4 Evaluation of the volume shrinkage.  

The precursor solutions were prepared in glass tubes. Immediately after the precursor solution was 

degassed, put a volume of liquid paraffin (100-200 μL) onto the precursor solution for avoiding 

evaporation. Mark a line to indicate the interface between the precursor solution and the liquid paraffin. 

After the polymerization completed, the interface between the gel and liquid paraffin might move down 

to the mark owing to volume shrinkage. Take a picture for recording the distance between the mark and 

the gel-paraffin interface. This distance could be analyzed by an image analysis software such as image 

J. The longer this distance, the more volume shrinkage. 

 

2.5 Probing the unreacted vinyl groups in the gel 

Br2 was employed to probe the unreacted vinyl group in the gel bulks. After washed by THF for 

16 h, the sample gels were reacted with 1% (v/v) Br2 in CCl4 overnight. The reacted solutions were 

diluted by CCl4 into 10 folds and then implemented UV spectrum detection (UV-2450 Shimazu, Kyoto, 

Japan). The adsorption at 415 nm was taken as an indicator of the remaining amount of Br2 in the 

reacted solution. 
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3. Results and discussion 

3.1 Initiator concentration 

For optimizing the polymer reaction, the influence of initiator concentration (CAPS) on the 

separation performance of the PEGDA gel capillary is discussed. Here, we employed the gels consisted 

only of PEGDA to understand the effect of the remaining vinyl groups due to CAPS. The value of CAPS 

ranged from 0.002 to 0.2% (w/v), which expanded three orders of magnitude (Table 1). After obtaining 

the electropherogram by using the PEGDA gel capillaries, the separation range, mobility, and 

resolution of the 20-1500 bp DNA fragments were discussed. Here, the separation range was defined as 

the size range of DNA fragments that could be separated with an above-zero resolution. The mobility 

and resolution were calculated as in reference 42. The evaluation and comparison of these parameters 

are taken for a comparison among the copoly(PEGA/PEGDA) gels with different compositions. For an 

overall understanding of the copoly(PEGA/PEGDA) gel’s separation performance, a representative gel 

capillary will be compared with the traditional PA gel capillary at the end of this work. The 

repeatability of the gel capillary will be reported in an independent section titled Repeatability and 

Reusability, where a copoly(PEGA/PEGDA) gel columns with a typical composition was taken as 

demonstration. 

 

 

 

 

 

 

 

 

Fig. 2 (a) Electropherogram of the 20 bp DNA ladder under different CAPS on poly-PEGDA. The zero 

baselines were shifted for a comparative illustration, same operation Fig. 5 (a). Peaks and DNA sizes: a, 

20 bp; b, 40 bp, c, 60 bp; d, 80 bp; e, 100 bp; f, 120 bp; g, 140 bp; h, 160 bp; i, 180-500 bp. (b) 

Resolution between adjacent DNA fragments under different CAPS. 

 

The resulted electropherograms (Fig. 2 (a)) show that only the DNA fragments ranged from 20-80 

bp were distinguished at high CAPS=0.2%; along with the declination of CAPS, larger DNA fragments 
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(80-120 bp) could be resolved. Thus, it is found that the low CAPS of 0.02% led to an extension of 

separation range and an enhanced mobility difference. Meanwhile, the resolution diagram (Fig. 2 (b)) 

show that the DNA fragments were resolved with a higher resolution at low CAPS.  

To explain this result, the amount of unreacted vinyl groups in the gels was estimated by using Br2 

as a probe. The result in Fig. 3 showed that the absorbance of Br2 at 415 nm decreased under the lower 

CAPS after reaction with the gel samples, which indicates an increase of unreacted vinyl groups. This 

result suggested the presence of polymer strands with dangling PEGDA as side chains. We assumed 

that the dangling side chains tend to form long network strands and large pores. The presence of large 

pores in the network is consistent with the improved resolution for larger DNA fragments. As a 

summary, the separation range and the sieving resolution of the PEGDA gel capillary were improved 

by appropriately reducing CAPS. 

 

 

 

 

Fig. 3 The UV absorbance at 415 nm of the 1% Br2 solution and the Br2 solution reacted with the 

copoly(PEGA/PEGDA) gels fabricated with different CAPSs. 

 

3.2 The effect of total monomer concentration 

This section studies the effect of total monomer concentration (Ct), which was the total 

concentration of PEGA and PEGDA, on the separation performance. As preliminary tests, an additional 

PEGA monomer was employed with a PEGA/PEGDA molar ratio of 5/5. The range of Ct employed 

here was from 2 to 13% (w/v) (Table 2). Results are described in the electropherograms (Fig. 4 (a)) and 

the resolution plots (Fig. 4 (b)). Generally, the migration velocity of each DNA fragment got slower as 

Ct increasing. For small DNA fragments (20-100 bp), higher Ct provided the better sieving resolution. 

For the middle DNA fragments (100-800 bp), an optimum resolution was found at 6% Ct. For larger 

DNA fragments (800-1500 bp), the resolution was less influenced by Ct at 200 V/cm of the electric 

field strength. After adjusting the electric field to 100 V/cm, it was found an optimum sieving 

resolution at around 6-10% Ct (data not shown). Under either electric field strength, the medium Ct (6%) 
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of copoly(PEGA/PEGDA) gels showed the ability to separate a wide size range of DNAs. The previous 

studies also showed similar tendency between the polymer concentration and the sieving resolution.43, 

44 That was high concentration polymer solution could afford a high resolution for small DNAs; if a 

wide DNA size range is to be separated, a low concentration polymer solution was better. In brief, we 

confirmed the effectiveness of using Ct to control the separation performance of CGE. 

 

 

 

 

 

 

 

 

 

Fig. 4 (a) Electropherograms of the DNA ladder under different total monomer concentrations (Ct). 

Peaks and DNA sizes (bp): a, 20; b, 40, c, 60; d, 80; e, 100; f, 120; g, 140; h, 160; i, 180; j, 200; k, 300; 

l, 400; m, 500; n, 600; o, 700; p, 800; q, 900; r, 1000; s, 1500. (b) The resolution of the adjacent DNAs 

under different Ct.  

 

3.3 The effect of PEGA/PEGDA ratio  

The effect of molar ratio (R) of PEGA/PEGDA was investigated for controlling the separation 

performance of copoly(PEGA/PEGDA) gels. As is calculated in appendix Eq. (10) - (14) and illustrated 

in Scheme 1 (b), the average distance (D) between the two crosslinking sites, i.e., the length of the 

polymer strand, would be modified by the prescribed R. Although in reality a distribution of D might 

exist due to the inhomogeneity45 and incomplete reaction, an empirical study is presented. Here, the R 

ranged from 0/10 to 9.5/0.5 (mol/mol), and the total monomer concentration was fixed at 64.9 mM 

(Table 3). The electropherograms under different R (Fig. 5 (a)) showed that the separation range could 

be expanded from a range of 20-120 bp to 20-1500 bp as R increasing from 0/10 to 8/2. The resolution 

plots under different R showed that (Fig. 5 (b)), for small DNA fragments (20-140 bp), the optimum 

resolution was found at lower R of 2/8. The middle size of DNA fragments (200-700 bp) were finely 

separated when R was at higher around 5/5 to 8/2. For the large DNA fragments (700-1500 bp), the gels 
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with different R yielded a close resolution at 200 V/cm of the electric field strength. After adjusting the 

electric field strength to 100 V/cm, the 700-1500 bp DNA fragments were effectively separated with a 

range of R from 5/5 to 8/2 (data not shown). Fig. 5 illustrated that a wider separation range was 

obtained when R was ranged from 5/5 to 8/2.  

 

 

 

 

 

 

 

 

 

Fig. 5 (a) Electropherograms of the DNA ladder under different PEGA/PEGDA ratios (R). Peaks and 

DNA sizes were the same as in Fig. 4. (b) The resolution of the adjacent DNAs under different R. 

 

It is noteworthy that although resolution was strongly influenced, the analysis time (20-1500 bp) 

was prolonged by only a little (< 1 min) at the optimum R. Back to the previous section, a similar 

resolution for 20-100 bp DNA fragments was also achieved by increasing Ct to 13% (Fig. 4), while this 

was at the cost of much longer analysis time. In a crosslinked network, increasing either the crosslinker 

(characterized with low R) or the monomer density (Ct) could yield a small average pore size. Thus, 

both approaches leaded to the improvement of resolution for small DNA fragments. While the former 

one allows the use of less monomers and thus is able to affords a fast separation. On the other hand, 

with low R, the molecular sieving pores are more likely to be built up via the covalent bonded 

crosslinker; with high Ct, the pores are more likely to be build up via the entangled/non-covalent 

bonded polymer strands. It’s not difficult to suppose that the former approach provides a more stable 

structure and showed more efficient molecular sieving effect at the same cost of monomers. 

The change in the mobility plots is discussed for a better understanding about the influence of R. 

As shown in Fig. 6 (a), an enhancement of the mobility difference for small DNA fragments (20-120 bp) 

was observed as illustrated by the increasing slope of the mobility plots on decreasing R from 8/2 to 3/7. 
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This result indicates that the presence of shorter polymer strands contributed to an effective sieving of 

small molecules. However, even lower R at 2/8 and 0/10 did not yield a steeper mobility plot. This 

might because that the subscale inhomogeneity in the gel gained significance and leaded to a loss of 

sieving efficiency. On the other hand, when R increased from 0/10 to 8/2, an enhanced mobility 

difference for large DNA fragments (140-1500 bp) was observed. It indicates that the presence of 

longer polymer strands contributed to an effective sieving of large molecules. It is interesting to 

compare the plots when R equaled to 8/2, 5/5 and 0/10 (Fig. 6 (b)). The mobility plot from the R of 5/5 

gel sharply overlapped with parts from the other two. It seems that as long as the suitable polymer 

strands presented, the corresponding DNA fragments is more likely to receive an enhanced mobility 

difference. This inspires us in design the sieving matrix: by assembling the different structures in a 

single network may produce a versatile sieving matrix which is capable of a wide range separation. 

Overall, as R affects the length of network strand and the structural homogeneity, it is found to be an 

efficient factor to control the separation speed and resolution of CGE. 

 

 

 

 

 

 

 

 

Fig. 6 The mobility plots under different R. (a) R ranged from 8/2 to 0/10. (b) R equaled to 8/2, 5/5 and 

0/10. 

 

In addition, it is indicated that R plays a role in modify the DNA fragments’ migration regimes 

since the mobility plots showed a significant variation in Fig. 6. Based on the sigmoidal curve of the 

double logarithmic mobility-size plot, we take preliminary hypothesis about the migration mechanisms 

for DNA fragments. It seems that when R was 8/2 the Ogston regime governed the migration behavior 

of 20-300 bp DNAs; the reptation regime governed the migration behavior of 300-1500 bp DNAs. 

When R was between 5/5 and 2/8, it seems there were Ogston regime for 20-180 bp DNAs, and 

reptation regime for 500-1500 bp DNAs. Here the plateau mobility plot between 200 and 400 bp DNA 
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fragments presumably corresponds to the situation when the radius of gyration of DNA is larger than 

the pore size (so that sieving is impossible), but at the same time the DNA is too stiff to effectively 

reptate through the separation matrix 44, 46. When R was 0/10, it seems there were Ogston regime for 

20-120 bp DNAs and reptation with orientation for the rest DNAs. The hypothesis takes pervious 

literatures 16-19 as references. And future works are necessary to investigate the related migration 

mechanisms. 

 

3.4 The effect of crosslinker length 

The copoly(PEGA/PEGDA) gels were synthesized with different length of PEGDA monomers 

(Lc), 9G’, 14G’ and 23G’. Among them, the total weight concentration (w/v) of PEGDA and PEGA 

were fixed (Table 4). The electropherograms (data not shown) obtained under different Lc showed that 

the separation range was not obviously affected by changing the crosslinker length. The migration 

mobility in the gel with 9G’ and 14 G’ (Fig. 7 (a)) of the DNA ladder got slower and the resolution (Fig. 

7 (b)) was slightly higher than in those with longer crosslinkers of 23G’. This result could be 

interpreted by the calculation in SI and the illustration in Scheme 1 (c): the distance between two 

crosslinking became longer (Eq. S5) with a longer crosslinker. Here, the pore size (ξ) of the gel 

structure was enlarged by using a longer crosslinker. In addition, it was induced that the number of 

these pores decreased with a longer Lc. Therefore, it was supposed that the DNA molecules would 

experience a less frequent interaction in the polymer network formed by longer Lc being less retarded. 

This might ascribe to the faster migration velocity of DNA molecules and reduced resolution. 

 

 

 

 

 

 

 

 

Fig. 7 (a) Mobility plots and (b) the resolution of the adjacent DNA fragments under different Lc. 
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3.5 Repeatability and reusability 

Repeated experiments were carried out to examine the run-to-run, day-to-day, and 

column-to-column repeatabilities and reusabilities of the copoly(PEGA/PEGDA) gel capillaries. The 

tested gel capillary contained 9% (w/v) of monomers with R of 5/5 (mol/mol). A single gel capillary 

was tested by 10 times to evaluate the run-to-run repeatability, and by a total 25 times (5 day  5 

time/day) to for the day-to-day repeatability. Five capillaries were tested for the column-to-column 

repeatability (5 column  5 time/column). The representing electropherograms were shown in Fig. 8. 

The resulted migration time and resolution of each run were calculated. As a summary of the results, 

Table 6 listed the relative standard deviations (RSDs) of the migration time and the standard deviation 

(SD) of resolution. The migration time in the copoly(PEGA/PEGDA) gel showed the good run-to-run 

precision (RSD < 0.9%) and column-to-column precision (RSD <5.9%). For the resolution, the 

repeatability of 20-100 bp DNA fragments was demonstrated with the run-to-run precision (RSD < 

6.1%) and the column-to-column precision (RSD < 14.6%). The column-to-column RSD for > 100 bp 

DNAs raised up to 37.3% because the resolution value of some DNA pairs are low, so that a small 

standard deviation (SD) could result with a large RSD to these DNA pairs. The reproducibility tests 

showed the possibility of a repeatable separation using copoly(PEGA/PEGDA) gel columns. 

The reusability was evaluated by comparing the CE results taken immediately after preparation to 

those taken after a one-month storage. Day-to-day tests were performed immediately after the gel 

capillary was prepared. Then the capillary was stored for one month in the 0.5x TBE buffer solution 

and retested.  The results in Fig. 8 (b) and table 6 show that the run-to-run precision for the migration 

time remained a good value (RSD< 4%) after the long-term storage, which was comparable to the 

newly made capillary (RSD< 5.2%). While the repeatability of resolution decreased along with the 

separation resolution, especially the large DNA fragments (> 500 bp) lost resolution dramatically (Fig. 

8). It is supposed that the gel degraded upon long-term storage and thus caused the decrease in 

resolution. In brief, a good repeatability of the copoly(PEGA/PEGDA) gel capillary was possible with 

the run-to-run and column-to-column use. The gel capillary can be reused for days with a certain 

decrease of sieving resolution. 
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Fig. 8 The electropherograms using (a) a single column for 10 successive runs, (b) a 38-days old 

column for 5 successive runs. Electric field strength 100 V/cm. 

 

Table 6 The relative standard deviations (RSD, %) of the migration time, resolution (20-1500 bp), and 

resolution (< 100 bp) under different tests. 

 Migration time Resolution (20-1500 bp) Resolution (< 100 bp) 

Run-to-run 0.7-0.9 2.5-9.9 2.5-6.1 

Column-to-column 4.1-5.9 10.4-37.3 10.4-14.6 

Day-to-day 3.5-5.2 10.1-50.2 10.1-21.3 

Run-to-run 

(38-days-old) 
1.6-4.0 - 16.3-27.3 

 

3.6 Comparison with a polyacrylamide gel 

A comparison study regarding to the molecular sieving properties was carried out between the 

copoly(PEGA/PEGDA) gel and a typical PA gel. Although the separation performance of a gel could be 

further improved by tuning the effective length of capillary, buffer composition, electric field strength, 

etc., the optimization of these parameters falls out the scope of the present work. As well as the same 

experimental conditions are applied, the resulted sieving resolution would be used as a comparison 

study. Here, the PA gels were fabricated with different concentrations (CtPA) ranging from 2 to 14%. 

Similar to the copoly(PEGA/PEGDA) gel, the PA gels also showed the possibility to separate all the 

DNA fragments in the 20-1500 bp ladder. As shown in Fig. 9 (a), the gels with CtPA ranged between 2 

and 8% may afford a good separation range. In addition, Fig. 9 (b) demonstrated the CtPA’s influences 

on the sieving resolution. The difference between the PA gel and copoly(PEGA/PEGDA) gel is found 

out that the copoly(PEGA/PEGDA) gels provided an improved resolution for small DNA fragments 

(Fig. 10 (a)) by increasing the monomer concentration. However, in the PA gels, the resolution of small 
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DNA fragments decreased in higher monomer concentration (Fig. 10 (b)). We assumed that this result 

was due to the volume stability upon polymerization20. As in Fig. 10 (c), the PA gels were much shrunk 

at higher monomer concentration. When shrinkage occurs in the capillary, bubbles are apt to form after 

the gelation process or during the run, which may break the electrical circuit and worsen the separation 

resolution. As a result, the bubble formation was observed under the microscope after the initial run (< 

40 min) in the PA gel capillary (14% CtPA). In contrast, no obvious volume shrinkage was observed in 

copoly(PEGA/PEGDA) gels with various Cts (a typical example in Fig. 10 (d). In fact, the bubbles 

were not observed in the copoly(PEGA/PEGDA) gel capillary (13% Ct) until an 8 h successive usage. 

These results indicate that the copoly(PEGA/PEGDA) gels in a capillary are more stable than the PA 

gels against the electric force. Here, we ascribe this stability to the volume stability. It is concluded that 

the copoly(PEGA/PEGDA) gel capillary is able to provide a comparable separation performance for 

large DNA fragments and a higher resolution for small DNA fragments compared with the PA gel 

capillaries. 

 

 

 

 

 

 

 

 

 

 

Fig. 9 (a) The electropherogram of the DNA ladder under different acrylamide concentrations (CtPA). 

From top to bottom: 2%, 8% and 14%. Peaks and DNA sizes (bp): same with Fig. 4. (b) The resolution 

of the adjacent DNAs under different CtPA. The experiments were carried out under the 100 V/cm 

separation voltage. 
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Fig. 10 Resolution of DNA fragments obtained from (a) PA gels with different CtPA and (b) 

copoly(PEGA/PEGDA) gels with different Ct (R = 5/5). Evaluating the volume shrinkage of (c) PA gels 

with different CtPA and (d) the copoly(PEGA/PEGDA) gel with Ct = 20%. Yellow line: the interface 

between the gel synthetic system and the liquid paraffin before polymerization, red line: after 

polymerization. The distance between the yellow and red line were calculated as 0, 1.03 and 1.22 mm, 

i.e. 0%, 3.2% and 3.8% of the precursor volume when CtPA equaled to 8%, 14% and 20%. Indicating 

the volume shrinkage got severe in concentrated PA gel. In contrast, the distance between the yellow 

and red line were negligible in even the 20% copoly(PEGA/PEGDA) gel, as well as the 

copoly(PEGA/PEGDA) gels with Ct < 20% (picture not shown). 

 

4. Conclusion 

We synthesized the copoly(PEGA/PEGDA) gels in the 75 μm i.d. capillary for a controllable CGE 

separation performances. Results proved that the separation range and resolution were influenced by 

CAPS, Ct, R, and Lc. Among these factors, Ct and R showed the significant impact on the separation 

performance. Worthy to note is that tuning R could effectively improve the separation resolution of 

small DNAs with shorter analysis time. Furthermore, the proposed gel capillary showed the good 

run-to-run and column-to-column repeatability owing to a good gel volume stability. After a long-term 

storage (1 month), the separation of small DNA fragments was still effective. Comparing with typical 

PA gel capillaries, the copoly(PEGA/PEGDA) gel capillary showed a comparable separation 

performance for large DNA fragments and a better resolution for small DNA fragments. The 

copoly(PEGA/PEGDA) gels described in this work were demonstrated to be a superior candidate as a 

sieving matrix for CGE. By choosing a proper composition, the copoly(PEGA/PEGDA) based CGE 

can afford a low pre-gel solution viscosity, avoid inefficiencies created by volume shrinkages, and 
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allow for a wide separation range or high separation resolution of a target range. The method of tuning 

the network strand could be further applied for the development of new sieving materials. 
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Appendix  

 

Calculation of the network structure of the copoly(PEGA/PEGDA) gel 

Parameters: 

np: the number of EG units present in the monomer molecule (1) 

npc: the number of EG units present in the bi-vinyl group monomer (the crosslinker)  

nps: the number of EG units present in the mono-vinyl group monomer (the sidechain) 

m: the mass of monomer (g) 

mc: the mass of bi-vinyl group monomer in the precursor solution 

ms: the mass of mono-vinyl group monomer in the precursor solution 

M: the molecular weight of the described unit (1) 

Mc: the molecular weight of the crosslinker monomer 

Ms: the molecular weight of the side chain monomer 

Ma: the molecular weight of a EG unit 

Mac: the molecular weight of the PEG chain on the bi-vinyl group monomer 

Mas: the molecular weight of the PEG chain on the mono-vinyl group monomer 

Mbc: the summary molecular weight of unit b1 and b2 

Mbs: the summary molecular weight of unit b1 and b3 

Mb1: the molecular weight of unit b1 

Mb2: the molecular weight of unit b2 

Mb3: the molecular weight of unit b3 

n: the molar mass of the monomer (mol) 

nc: the molar mass of the crosslinker in the precursor solution 

ns: the molar mass of the sidechain in the precursor solution 

L: the length of the described unit (nm) 

Lmain: the summary length of the total main chains 

lmain: the main chain length contributed by one single vinyl group 

Lmainc: the summary of main chain length contributed by the crosslinker 

Lmains: the summary of main chain length contributed by the sidechain 

Lc: the length of crosslinker 
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Ls: the length of side chain 

La: the length of a EG unit (Fig. A1) 

Lac: the length of the PEG chain on the bi-vinyl group monomer 

Las: the length of the PEG chain on the mono-vinyl group monomer 

Lbc: the summary length of the unit b1 and b2 

Lbs: the summary length of the unit b1 and b3 

Lb1: the length of the unit b1 as described by the Fig. A1 

Lb2: the length of the unit b2 as described by the Fig. A1 

Lb3: the length of the unit b3 as described by the Fig. A1 

D: the distance between the two crosslinking points (nm) 

 

Table A1 The definition, equation and calculation of the size of the gel components and structure. 

 

Parameter Structure Equation Value (nm) 

La  

 

 

 

 

 

 

Fig. A1 Illustration of the parameters 

regarding to the molecular structure of 

PEGDA (top) and PEGA (bottom). 

- 0.366 

Lac =npc La          (1) 0.366npc 

Las =nps La          (2) 0.366nps 

Lbc =Lb1+Lb2        (3) 0.477 

Lbs =Lb1+Lb3        (4) 0.369 

Lc 

Fig. A2 Illustration of the parameters 

regarding to the molecular structure of 

copoly(PEGA/PEGDA) gel. 

=Lac+Lbc 

=npc La+ Lbc      (5) 
0.366npc+0.477 

Ls 
=Las+ Lbs 

=nps La+ Lbs      (6) 
0.366nps+0.369 

lmain - 0.225 

Lmain 
= lmain NA (2nc+ns)    

(7) 
0.225NA (2nc+ns) 

Lmainc - = 2lmain NAnc     (8) 0.45NAnc 

Lmains - = lmain NAns      (9) 0.225NAns 
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With a prescribed amount of monomers mc and ms, and the volume of the precursor solution, the 

size of the network structure could be estimated. As the molecular weight M of each unit Ma, Mb1, Mb2, 

Mb3, Mac, Mas, Mc and Ms is the known parameter. Also, the spatial dimension L of the molecular unit La, 

Lb1, Lb2, Lac, Lbc and Lbs can be calculated as the Table A1 in virtue of the open access calculator.1 Here 

the spatial dimension were calculated as the monomer molecule is at the planar zigzag conformation. 

Table A1 showed the dependence of monomer length on the np and the dependence of main chain 

length on the molar mass of each monomer. 

Suppose all the vinyl groups got polymerized, the average distance between the two crosslinking 

point can be calculated via dividing the total length of the main chain by the number of crosslinkers. 

𝐷 =
𝐿𝑚𝑎𝑖𝑛

2𝑁𝐴 𝑛𝑐
=

𝐿𝑎(𝑛𝑐+𝑛𝑠)

2𝑁𝐴 𝑛𝑐
=

𝐿𝑎

2𝑁𝐴
(1 +

𝑛𝑠

𝑛𝑐
)                            (10) 

Where the NA is the Avogadro's constant, the Eq. (10) is divided by 2 because one crosslinker attached 

two crosslinking points on the main chain. As R is defined as R= ns/nc, substitute to Eq. 10. We get 

𝐷 =
𝐿𝑎

2𝑁𝐴
(1 + 𝑅)                                      (11) 

As the ns and nc can be calculated by Eq. (12) and (13). Substitute them into Eq. (10), the Eq. (14) is 

obtained 

𝑛𝑐 = 𝑚𝑐(𝑀𝑏𝑐 + 𝑛𝑝𝑐𝑀𝑎)                                   (12) 

𝑛𝑠 = 𝑚𝑠(𝑀𝑏𝑐 + 𝑛𝑝𝑠𝑀𝑎)                                   (13) 

𝐷 =
𝐿𝑎

2𝑁𝐴
(1 +

𝑚𝑠

𝑚𝑐

𝑀𝑏𝑐+𝑛𝑝𝑐𝑀𝑎

𝑀𝑏𝑠+𝑛𝑝𝑠𝑀𝑎
)                                 (14) 

In Eq. (14), when the monomer concentration (ms and mc) and length of side chian (nps) are fixed, 

the only variable is npc. It can be induced that the D increases along with the increasing of the npc. Also, 

Eq. (5) induced that the Lc increases with npc. As shown in Scheme 1 (C), because both the Lc and the 

D increase, the pore size ξ is enlarged when using a longer crosslinker. 

 

  



Chapter II 

50 

 

References 

(1) Blesa, S.; Olivares, M. D.; Alic, A. S.; Serrano, A.; Lendinez, V.; González-Albert, V.; 

Olivares, L.; Martínez-Hervás, S.; Juanes, J. M.; Marín, P.; Real, J. T.; Navarro, B.; 

García-García, A. B.; Chaves, F. J.; Ivorra, C., Easy one-step amplification and labeling 

procedure for copy number variation detection. Clin. Chem. 2020, 66, 463-473. 

(2) da Cunha, M. J. M.; da Conceicao, I.; Abrantes, I. M. D.; Santos, M., Assessment of the use of 

high-performance capillary gel electrophoresis to differentiate isolates of Globodera spp. 

Nematology 2006, 8, 139-146. 

(3) Mayes, C.; Seashols-Williams, S.; Hughes-Stamm, S., A capillary electrophoresis method for 

identifying forensically relevant body fluids using miRNAs. Legal Medicine 2018, 30, 1-4. 

(4) Demelenne, A.; Napp, A.; Bouillenne, F.; Crommen, J.; Servais, A. C.; Fillet, M., Insulin 

aggregation assessment by capillary gel electrophoresis without sodium dodecyl sulfate: 

Comparison with size-exclusion chromatography. Talanta 2019, 199, 457-463. 

(5) Kubota, K.; Kobayashi, N.; Yabuta, M.; Ohara, M.; Naito, T.; Kubo, T.; Otsuka, K., 

Identification and characterization of a thermally cleaved fragment of monoclonal antibody-A 

detected by sodium dodecyl sulfate-capillary gel electrophoresis. J. Pharm. Biomed. Anal. 

2017, 140, 98-104. 

(6) Deeb, S. E.; Wätzig, H.; El-Hady, D. A., Capillary electrophoresis to investigate 

biopharmaceuticals and pharmaceutically-relevant binding properties. TrAC, Trends Anal. 

Chem. 2013, 48, 112-131. 

(7) Woo, N.; Kim, S.-K.; Sun, Y.; Kang, S. H., Enhanced capillary electrophoretic screening of 

Alzheimer based on direct apolipoprotein E genotyping and one-step multiplex PCR. J. 

Chromatogr. B 2018, 1072, 290-299. 

(8) Carli, K. T.; Unal, C. B.; Caner, V.; Eyigor, A., Detection of salmonellae in chicken feces by a 

combination of tetrathionate broth enrichment, capillary PCR, and capillary gel 

electrophoresis. J. Clin. Microbiol. 2001, 39, 1871-1876. 

(9) Vergara-Barberan, M.; Mompo-Rosello, O.; Jesus Lerma-Garcia, M.; Manuel 

Herrero-Martinez, J.; Francisco Simo-Alfonso, E., Enzyme-assisted extraction of proteins 

from Citrus fruits and prediction of their cultivar using protein profiles obtained by capillary 

gel electrophoresis. Food Control 2017, 72, 14-19. 

(10) Linhardt, R. J.; Toida, T., Tech.Sight. Capillary electrophoresis. Ultra-high resolution 

separation comes of age. Science 2002, 298, 1441-1442. 

(11) Smith, M. T.; Zhang, S.; Adams, T.; DiPaolo, B.; Dally, J., Establishment and validation of a 

microfluidic capillary gel electrophoresis platform method for purity analysis of therapeutic 

monoclonal antibodies. Electrophoresis 2017, 38, 1353-1365. 

(12) Haab, B. B.; Mathies, R. A., Single-molecule detection of DNA separations in microfabricated 

capillary electrophoresis chips employing focused molecular streams. Anal. Chem. 1999, 71, 

5137-5145. 

(13) Luo, F.; Li, Z.; Dai, G.; Lu, Y.; He, P.; Wang, Q., Ultrasensitive biosensing pathogenic bacteria 

by combining aptamer-induced catalysed hairpin assembly circle amplification with microchip 

electrophoresis. Sensors and Actuators B: Chemical 2020, 306, 127577. 

(14) Olivares, J. A.; Nguyen, N. T.; Yonker, C. R.; Smith, R. D., ONLINE 

MASS-SPECTROMETRIC DETECTION FOR CAPILLARY ZONE ELECTROPHORESIS. 



Chapter II 

51 

 

Anal. Chem. 1987, 59, 1230-1232. 

(15) Lu, J. J.; Zhu, Z. F.; Wang, W.; Liu, S. R., Coupling Sodium Dodecyl Sulfate-Capillary 

Polyacrylamide Gel Electrophoresis with Matrix-Assisted Laser Desorption Ionization 

Time-of-Flight Mass Spectrometry via a Poly(tetrafluoroethylene) Membrane. Anal. Chem. 

2011, 83, 1784-1790. 

(16) Rodbard, D.; Chrambach, A., Unified theory for gel electrophoresis and gel filtration. Proc 

Natl Acad Sci U S A 1970, 65, 970-977. 

(17) Grossman, P. D.; Soane, D. S., Experimental and theoretical studies of DNA separations by 

capillary electrophoresis in entangled polymer solutions. Biopolymers 1991, 31, 1221-1228. 

(18) Viovy, J.-L.; Duke, T., DNA electrophoresis in polymer solutions: Ogston sieving, reptation 

and constraint release. Electrophoresis 1993, 14, 322-329. 

(19) Rousseau, J.; Drouin, G.; Slater, G. W., Entropic Trapping of DNA During Gel Electrophoresis: 

Effect of Field Intensity and Gel Concentration. Phys. Rev. Lett. 1997, 79, 1945-1948. 

(20) Chung, M.; Kim, D.; Herr, A. E., Polymer sieving matrices in microanalytical electrophoresis. 

The Analyst 2014, 139, 5635-5654. 

(21) Dolnik, V.; Cobb, K. A.; Novotny, M., Preparation of polyacrylamide gel-filled capillaries for 

capillary electrophoresis. J. Microcolumn Sep. 1991, 3, 155-159. 

(22) Baba, Y.; Matsuura, T.; Wakamoto, K.; Morita, Y.; Nishitsu, Y.; Tsuhako, M., Preparation of 

polyacrylamide gel filled capillaries for ultrahigh resolution of polynucleotides by capillary 

gel electrophoresis. Anal. Chem. 1992, 64, 1221-1225. 

(23) Sudor, J.; Barbier, V.; Thirot, S.; Godfrin, D.; Hourdet, D.; Millequant, M.; Blanchard, J.; 

Viovy, J.-L., New block-copolymer thermoassociating matrices for DNA sequencing: Effect of 

molecular structure on rheology and resolution. Electrophoresis 2001, 22, 720-728. 

(24) Wan, F.; He, W.; Zhang, J.; Chu, B., Reduced matrix viscosity in DNA sequencing by CE and 

microchip electrophoresis using a novel thermo-responsive copolymer. Electrophoresis 2009, 

30, 2488-2498. 

(25) Dolník, V., Wall coating for capillary electrophoresis on microchips. Electrophoresis 2004, 25, 

3589-3601. 

(26) Awada, C.; Sato, T.; Takao, T., Affinity-Trap Polyacrylamide Gel Electrophoresis: A Novel 

Method of Capturing Specific Proteins by Electro-Transfer. Anal. Chem. 2010, 82, 755-761. 

(27) Kinoshita, E.; Kinoshita-Kikuta, E.; Koike, T., The Cutting Edge of Affinity Electrophoresis 

Technology. Proteomes 2015, 3, 42-55. 

(28) Li, X.; Khairulina, K.; Chung, U. I.; Sakai, T., Migration behavior of rodlike dsDNA under 

electric field in homogeneous polymer networks. Macromolecules 2013, 46, 8657-8663. 

(29) Li, X.; Khairulina, K.; Chung, U.; Sakai, T., Electrophoretic Mobility of Double-Stranded 

DNA in Polymer Solutions and Gels with Tuned Structures. Macromolecules 2014, 47, 

3582-3586. 

(30) Takuya Kubo; Mami Oketani; Yuichi Tominaga; Toyohiro Naito; Otsuka, K., Tunable 

Molecular Sieving in Gel Electrophoresis Using a Poly(ethylene glycol)-Based Hydrogel 

Chromatography 2014, 35, 81-86. 

(31) Kubo, T.; Nishimura, N.; Furuta, H.; Kubota, K.; Naito, T.; Otsuka, K., Tunable separations 

based on a molecular size effect for biomolecules by poly(ethylene glycol) gel-based capillary 

electrophoresis. J. Chromatogr. A 2017, 1523, 107-113. 

(32) Zarei, M., Application of nanocomposite polymer hydrogels for ultra-sensitive fluorescence 



Chapter II 

52 

 

detection of proteins in gel electrophoresis. Trac-Trends in Analytical Chemistry 2017, 93, 

7-22. 

(33) Yang, S.; Liu, J.; Lee, C. S.; DeVoe, D. L., Microfluidic 2-D PAGE using multifunctional in 

situ polyacrylamide gels and discontinuous buffers. Lab on a chip 2009, 9, 592-599. 

(34) Pan, Q.; Yamauchi, K. A.; Herr, A. E., Controlling Dispersion during Single-Cell 

Polyacrylamide-Gel Electrophoresis in Open Microfluidic Devices. Anal. Chem. 2018, 90, 

13419-13426. 

(35) Shibayama, M.; Ikkai, F.; Shiwa, Y.; Rabin, Y., Effect of degree of cross-linking on spatial 

inhomogeneity in charged gels. I. Theoretical predictions and light scattering study. The 

Journal of Chemical Physics 1997, 107, 5227-5235. 

(36) Stellwagen, N. C., DNA mobility anomalies are determined primarily by polyacrylamide gel 

concentration, not gel pore size. Electrophoresis 1997, 18, 34-44. 

(37) Kinoshita, T.; Ishigaki, Y.; Nakano, K.; Yamaguchi, K.; Akita, S.; Nii, S.; Kawaizumi, F., 

Application of acrylate gel having poly(ethylene glycol) side chains to recovery of gold from 

hydrochloric acid solutions. Sep. Purif. Technol. 2006, 49, 253-257. 

(38) Ishigaki, Y.; Kinoshita, T.; Nakano, K.; Yamaguchi, K.; Shibata, N.; Aoi, K.; Nii, S.; Akita, S., 

Autonomous Stepwise Process for Adsorption, Reduction, and Desorption of Chromium Ions 

by Using Hydrogel Beads Having Poly(ethylene glycol) Chains. J. Chem. Eng. Jpn. 2012, 45, 

148-153. 

(39) He, H.; Averick, S.; Mandal, P.; Ding, H.; Li, S.; Gelb, J.; Kotwal, N.; Merkle, A.; Litster, S.; 

Matyjaszewski, K., Multifunctional Hydrogels with Reversible 3D Ordered Macroporous 

Structures. Advanced Science 2015, 2, 1500069. 

(40) Pelras, T.; Mahon, C. S.; Nonappa; Ikkala, O.; Groeschel, A. H.; Muellner, M., Polymer 

Nanowires with Highly Precise Internal Morphology and Topography. J. Am. Chem. Soc. 2018, 

140, 12736-12740. 

(41) Liu, C.; Yamaguchi, Y.; Sekine, S.; Ni, Y.; Dou, X., Precise and simultaneous enumeration of 

multiplex pathogens using multiplex polymer chain reaction coupled with a novel quantitative 

capillary electrophoresis. Sensors and Actuators B: Chemical 2018, 258, 263-269. 

(42) Liu, C.; Yamaguchi, Y.; Zhu, X.; Li, Z.; Ni, Y.; Dou, X., Analysis of small interfering RNA by 

capillary electrophoresis in hydroxyethylcellulose solutions. Electrophoresis 2015, 36, 

1651-1657. 

(43) Heller, C., Separation of double-stranded and single-stranded DNA in polymer solutions: I. 

Mobility and separation mechanism. Electrophoresis 1999, 20, 1962-1976. 

(44) Heller, C., Separation of double-stranded and single-stranded DNA in polymer solutions: II. 

Separation, peak width and resolution. Electrophoresis 1999, 20, 1978-1986. 

(45) Shibayama, M.; Norisuye, T.; Nomura, S., Cross-link Density Dependence of Spatial 

Inhomogeneities and Dynamic Fluctuations of Poly(N-isopropylacrylamide) Gels. 

Macromolecules 1996, 29, 8746-8750. 

(46) Heller, C., Finding a universal low viscosity polymer for DNA separation (II). Electrophoresis 

1998, 19, 3114-27. 

 

 



Chapter III 

53 

 

Chapter III 

 

Copoly(poly(ethylene glycol) diacrylate/poly(ethylene glycol) acrylate) 

based molecularly imprinted polymer for the specific adsorption and 

selective electrophoretic separation of native cytochrome c 

 

 

Abstract 

Protein imprinted hydrogel, which is a form of molecularly imprinted polymers (MIPs) using target 

protein as a template, is an important material for enzyme-linked immunosorbent assay, drug delivery 

materials, sensors, separation materials, etc. In order to obtain a high protein recognition performance, 

we still have to optimize the compositions of the hydrogel. This work focuses on the 

copoly(poly(ethylene glycol) diacrylates/poly(ethylene glycol) acrylate), in short 

(copoly(PEGDA/PEGA), based MIP hydrogels targeting the selective recognition of cytochrome c. The 

presented MIP hydrogels employ a water soluble PEGDA as a crosslinker, PEGA as a side chain, and 

sodium allylsulfonate as a functional monomer. The fabricated MIP hydrogels and non-imprinted 

polymer (NIP) hydrogels were treated as the adsorbents for protein adsorption. Factors including the 

ratio of the template to functional monomer, ionic strength in the adsorption test, crosslinker length and 

crosslinker ratio of PEGDA/PEGA were investigated for a highly specific recognition. Results showed 

that a higher template ratio to the functional monomer, shorter crosslinker, and an additional of NaCl (20 

mM) in the adsorption solvent provided a higher imprinting effect. A lower crosslinker ratio of no less 

than 6/4 offered a faster template removing; at the same time, the imprinting effect still remained at a 

quite high level. As an application, the cytochrome c imprinted copoly(PEGDA/PEGA) hydrogel was 

hybridized with a polyacrylamide gel and applied to the selective separation of native cytochrome c via 

slab gel electrophoresis. 
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1. Introduction 

Molecularly imprinting technology (MIT) is a facile, economic, and robust approach to the 

construction of molecular affinity structures for a specified molecule1, 2. Generally, the MIT involves a 

copolymerization of several types of crosslinkers and functional monomers under the presence of 

template molecules. The resulting molecularly imprinted polymer (MIP) bears the structural information 

of the template molecule, including shape, size, and surface distribution pattern of functional groups, 

exhibiting as a counterpart to the target. When target molecules present, the MIP possesses a specific 

affinity to the target molecule, and may possess recognizable adsorption3, structural reformation4, 5, or 

electrochemical characters6-8. In addition, the MIT is recognized as a powerful technology for being able 

to offer artificial affinity MIPs for theoretically any molecules9. So far, the MIP has evolved as sensors10-

12, drug delivery materials13-15, sorbent16-18, separation materials19, 20, etc., by the specific recognition of 

a variety of molecules. 

The MIP has become an important tool in the field of protein recognition because the natural-source 

antibodies or receptors for protein sensing are sometimes scarce, unstable or difficult to extract. However, 

to fabricate a protein imprinted MIP, untypical techniques are required due to the large size, structural 

complexity, and low conformational stability of proteins21. One issue is that, in a MIP material, there is 

supposed to be a densely crosslinked network for conservation of the memorized structural information. 

Meanwhile, there should be enough room, such as pores in a porous material or pores in a polymer 

network, to facilitate the removal and rebinding of the protein macromolecule1. Additionally, water-

soluble proteins need to be imprinted and rebind in conditions close to their natural environment in order 

to guarantee conformational integrity.2 Initially, the major MIT methods employed organic porogens. 

Thus, when we employ an aqueous environment for an MIP, we must also consider the functional 

monomers and crosslinkers22, 23, to guarantee the effectiveness of polymerization and molecule-

functional monomer interaction. Among the successful MIT methods for protein imprinting, including 

the surface imprinting, epitope-mediated imprinting24-26, and nanoparticle imprinting, the protein 

imprinted hydrogel has merits such as genuine aqueous environment, easy preparation, stimulus 

repressiveness, permeability, elasticity, etc. Protein imprinted hydrogels employ minimal steps in 

preparation by simple mixing the templates and monomers before polymerization. The resulting solid 

can adsorb a large amount of water and has promising application prospects for its potential in smart 

materials27 and wearable soft materials28-30.  
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As is discussed above, to achieve a balanced imprinting performance and molecular up-and-take 

efficiency, the fabrication of protein imprinted hydrogel requires an optimization of the polymer network 

structure based on the compositions of the hydrogel. The copoly(poly(ethylene glycol) 

diacrylate/poly(ethylene glycol) acrylate) (copoly(PEGDA/PEGA)) hydrogel is one type of crosslinked 

polymer networks with PEGDA as a crosslinker and PEGA as side chains, which offers lots of 

opportunities in obtaining a high imprinting performance. Depending on the unit number (n) of PEG, a 

variety of commercially available PEGDA and PEGA monomers can be used, thereby provide a flexible 

way to tune the length of network strands31, 32. The length of network strands also relies on the crosslinker 

ratio. When n is equal to or more than 9, the PEGDA becomes water soluble, thus allows a wide range 

of crosslinking ratio of PEGDA/PEGA up to 10/0. As one type of PEG based materials, the 

copoly(PEGDA/PEGA) hydrogel is suitable for biomolecule-imprinting and environmental-friendly 

applications owing to their features such as low toxicity and bio-compatibility. On the other hand, there 

are prosperous studies using PEG based materials, including PEG materials with ideally controllable 

structure33, enhanced mechanical properties34, 35, and responsiveness to narrow temperature zone, pH36-

40, and ionic strength41, etc. Thus, it is worthy to study the PEG based MIPs to promote the diversity of 

MIP materials. Previously, the PEG based hydrogels has found applications for the carbonhydrates, 

proteins, and small molecules, by showing specific adsorption36, retention/affinity effect for separation19, 

fluorescent response42, swelling-deswelling 43 behavior to the targets. 

In this work, we carry out a fundamental study with the copoly(PEGDA/PEGA) hydrogel31, 44 for 

the fabrication of a protein imprinted MIP hydrogel. PEGDAs with different lengths (n = 9, 14, 23) were 

employed as crosslinkers, PEGA with n = 9 was employed as side chain. Cytochrome c was employed 

as a model template and sodium allylsulfonate was employed as a functional monomer in order to form 

ionic interaction with proteins. The obtained MIP hydrogels were used as adsorbent for the specific 

adsorption of cytochrome c and also applied to slab gel electrophoresis (SGE) for the selective separation 

of native proteins. A few factors, including the functional monomer-template ratio, crosslinker length, 

crosslinker ratio of PEGDA/PEGA, and NaCl concentration in the adsorption test (to adjust the ionic 

strength of protein rebinding condition), were investigated for a high level of specific molecular 

adsorption. The limit of detection (LOD) and selectivity against non-target proteins were also evaluated 

in this study. So far, it is urgent to find new approaches to separate native proteins with high resolution. 

For SGE , this work develops a method to make an MIP and non-imprinted polymer (NIP)-acrylamide 

hybrid slab gel for native protein separation. 
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2. Experimental 

2.1 Chemicals 

Tris-HCl powder was purchased from Takara (Shiga, Japan). Trypsin from bovine pancreas and 

cytochrome c from equine heart was purchased from Sigma-Aldrich (St. Louis, USA). Sodium chloride, 

ammonium peroxodisulfate (APS), N,N,N’,N’-tetramethylethylenediamine (TEMED), and coomassie 

brilliant blue (CBB) solution (quick CBB plus) were purchased from Wako Pure Chemical Industries 

(Osaka, Japan). PEGDA (namely 9G’, 14G’, and 23G’ when n equaled to 9, 14 and 23, respectively) and 

PEGA (namely AM-90G, n = 9) were donated from Shin-Nakamura Chemical (Wakayama, Japan). The 

40% acrylamide/bis solution and sodium chloride (NaCl) were from Nacalai Tesque (Kyoto, Japan). And 

sodium allylsulfonate (SA) were from Tokyo Chemical Industry (Tokyo, Japan). 

 

Table 1 Compositions of MIP gels with different template-functional monomer ratios. 

14G’ (μL) 
Cytochrome c 

(mM) 
10% SA (μL) 

1 mM tris-HCl 

(mL) 

20% (w/w) 

APS (μL) 
TEMED (μL) 

214.3 

(111 mM) 

0.03 

29.5 

(6.8 mM) 
3 6 1 

0.3 

0.425 

0.68 

1.5 

The SA and APS was dissolved into water before use. 

 

2.2 Fabricating MIP gels 

The compositions of MIP hydorgels were listed in Table 1-3. For reference, NIP hydrogels were 

also fabricated without adding the protein template to the precursor solution. The prescribed 

compositions (except for TEMED) were added into one glass bottle and mixed by several repeats of 

pipetting. The mixture solution was degassed by performing 20 min Ar bubbling and then 10 min vacuum 

under 0.1 MPa. Immediately after degas, the prescribed amount of TEMED was well mixed into the 

mixture. The mixture solution was quickly transferred into a slab gel mold and kept still for 24 h to 

complete the polymerization. The resulted gel was peeled off and cut into disks with 7 mm diameter. The 

gel was 1 mm thickness thus one piece of gel disk had an initial volume around 38.5 μL. 
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Table 2 Compositions of MIP gels with different crosslinker lengths. 

Crosslinker 
Crosslinker 

volume (μL) 

Cytochrome c 

(mM) 

10% SA 

(μL) 

1 mM tris-

HCl (mL) 

20% (w/w) 

APS (μL) 

TEMED 

(μL) 

9G’ 

214.3 0.297 
29.5  

(6.8 mM) 
3 6 1 14G’ 

23G’ 

 

Table 3 Compositions of MIP gels with different crosslinker ratios (mass ratio). 

Crosslinker 

ratio 
23G’ (mg) 

AM-90G 

(μL) 

Cytochrom 

c (mM) 

10% SA 

(μL) 

1 mM tris-

HCl (mL) 

TEMED/20

% APS (μL) 

8/2 
188.6  

(55.2 mM) 

42.9  

(22.2 mM) 

0.297 
29.5  

(6.8 mM) 
3 1/6 6/4 

141.4  

(41.1 mM) 

85.7  

(44.4 mM) 

4/6 
94.3  

(27.6 mM) 

128.6  

(66.7 mM) 

 

2.3 Template removing 

To remove the templates from the MIP gels, the gel pieces were immersed into 1 M NaCl which 

volumes more than 50 times of the gel’s volume. The washing solution with gels was kept at 40 oC 

temperature and refreshed every 24 h for total 6 times. At last, the gels were conditioned in a buffer 

solution for another 24 h under 40 oC then followed by the adsorption test. The buffer solution was 

employed in the final step wash because the identical compositions of a buffer solution was used to 

prepare protein samples in the adsorption test. As a control reference, the NIP gels were washed with the 

same manner. 

 

2.4 Adsorption test 

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

solution to make an adsorption solution. The buffer solution contained protein, pH 7.4 tris-HCl (1 mM 

otherwise indicated) and different concentrations of NaCl. Protein concentration was 0.018 mM 

otherwise indicated. To test the protein adsorption ability, the gels were put into the adsorption solution 

and kept shaking for 24 h. The supernatant of the adsorption solvent was examined under a UV 

spectrometer to detect the concentration of remaining proteins. Each test was conducted with three 
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repeats. In this study, although the removing of template required a 7-day-long washing and was more 

efficient at 40 oC, the adsorption of protein into the gel would be completed within one day. For the 

detection of lysozyme, trypsin, and BSA the UV absorbance at 280 nm was examined; for cytochrome c 

the UV absorbance at 411 nm was examined. The adsorption amount and imprinting factor (IF) were 

calculated as following: 

 

2.5 Slab gel electrophoresis 

The MIP and NIP gels were cut into pieces with 1 mm  1 mm  5 mm size. The gel pieces were 

placed next to the comb, between the glass plates mold, aiming at forming a gel barrier at the bottom of 

sample wells. The 8% acrylamide precursor solution (Table 4) was poured into the glass slide mold. After 

removing the bubbles and 10 h polymerization, the resulted hybrid gel was applied to the SGE test. The 

running buffer was 10 mM tris-HCl. The separation voltage was 100 V. To visualize the electrophoretic 

bands of proteins, the hybrid gel was first washed with distilled water for 15 min, stained with a CBB 

solution for 30 min, and washed with distilled water for 30 min. 

 

Table 4 Compositions of the 8% acrylamide gel. 

40% acrylamide/bis (mL) 1 M tris-HCl (μL) H2O (mL) TEMED/20% APS (μL) 

2 10 8 2/20 

 

3. Results and discussion 

3.1 Template removal 

The importance of a proper template removing process cannot be emphasized more because the 

remaining templates may occupy the MIP sites to block the target molecule to access, or leak to the 

circumstance to interfere with the molecular recognition performance. As previously reported, for an 

Imprinting factor =                                                      (2) 
Adsorption amount of MIP gel 

Adsorption amount of NIP gel 

Adsorption amount = (protein concentration before adsorption – protein concentration after 

adsorption) × volume of adsorption solution                 (1) 
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ionic gel, the mass density of the MIP network and the ionic strength of the washing solution influences 

the template removing efficiency. The mass density of the MIP structure is supposed to be low enough 

to allow a fast macromolecule elution, also should be high enough to offer an operable mechanical 

strength. The ions in the washing solution will induce a shrinkage of the ionic gel, and consequently 

reduce the pore size of the polymer network. Thus, it is suggested to balance the composition of the 

washing solution until the ionic strength is strong enough for the template elution, as well as moderate 

enough to keep the ionic gel from severe shrinkage. Based on our previous study, this work employed 

the mass density of 64.9 mg/mL, and 1 M NaCl as washing solution36, 41.  

Through unsystematic experiments we found that the temperature also affected the elution 

efficiency of templates. To specify, we achieved an efficient template removal by elevating the 

temperature to 40 oC. Our result showed that the gels eluted under 40 oC showed a higher IF than those 

eluted under room temperature (data not shown). As indicated in Fig. 1 (a), after the MIP gels was eluted 

with 1 M NaCl under 40 oC for two days, its color-fade was more significant comparing to the one eluted 

under room temperature. Here we note that the color-fade was not a thermal-induced color change, as a 

cytochrome c solution did not fade under 40 oC for up to 3 days. We would like to ascribe the fast color-

fade of the MIP gel to the faster dissociation of cytochrome c from the functional monomer under a high 

temperature, because a dissociation reaction is an endothermic process. As a result, Fig. 1 (b) and (c) 

show typical gels after template removing and after cytochrome c rebinding, respectively. It can be seen 

that after removing the template, the MIP gel swelled more significantly than the NIP gel due to the loss 

of templates to confine the ionic repelling force. After cytochrome c rebinding, the MIP and NIP gels 

returned to close sizes. 

 

 

 

Fig. 1 (a) The pictures of MIP gel before wash (left), after a 2 day wash by 1 M NaCl under room 

temperature (middle) and after a 2 day wash by 1 M NaCl under 40 oC (right). (b) The picture of MIP 

(left) and NIP (right) gels after template removal. Circles indicating the size of gels are used to guide the 

eye. (c) The picture of MIP (left) and NIP (right) gels after cytochrome c adsorption. 

 

 

(a) (b) (c)
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3.2 Ratio of template to functional monomer and ionic strength in the adsorption solvent 

The ratio of the template to functional monomer and the ionic strength in the adsorption solvent 

were studied for their effects on the IFs. The MIP gels were prepared with different ratio (Table 1), and 

put into adsorption tests with different NaCl concentrations. The adsorption amount of the MIPand NIP 

gels was examined and the IF was calculated. Results showed that a higher ratio of the template to 

functional monomer would improve the adsorption amount (Fig. 2 (a)) and thus the IF (Fig. 2 (b)). 

However, the increase of the adsorption amount was gentle when the template concentration was higher 

than 0.3 mM. In addition, during the template removal process, we noticed that a higher template 

concentration required longer washing time. Thus, we chose the template concentration of 0.3 mM for 

following study. 

To modify the ionic strength, different concentrations of NaCl from 0 to 50 mM were added into 

the adsorption solvent. From Fig. 2 (a) it was observed that the adsorption amount decreased along with 

the increase of the NaCl concentration, which proved that the presence of NaCl competed with the ionic 

interaction between protein-functional monomer. As a result, the IF changed upon the change of the NaCl 

concentration (Fig. 2 (b)), and an optimum IF was found under the presence of 20 mM NaCl. 

 

 

 

 

 

 

 

Fig. 2 (a) The adsorption amount of MIP and NIP gels tested under different NaCl concentrations. Each 

bar also indicated the adsorption amount in a gel fabricated with one template concentration. (b) The 

imprinting factor (IF) of the MIP gels fabricated with different template concentrations. Each bar also 

indicated the IF tested under a different NaCl concentration. 

 

3.3 Crosslinker length 

The effect of the crosslinker length on the adsorption ability was investigated in this section. The 

crosslinkers employed here was 9G’ (n = 9), 14G’ (n = 14), and 23G’ (n = 23) and the crosslinker ratio 
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of PEGDA/PEGA was fixed to 10/0 (Table 2). Fig. 3 (a) illustrated the ideal structure of PEGDA gels, 

given the same mass density, when using a shorter crosslinker, the side chain length decreases, and the 

main chain length increases31. Thus, this structural difference might have an impact on the molecular 

recognition character of the MIP gel.  

Adsorption test was carried out with the three types of PEGDA gels under 20 mM NaCl, 0.5 mM 

tris-HCl, and results were shown in Fig. 3 (b). It was observed that when the length of the crosslinker 

decreased, the MIP gels’ adsorption ability to cytochrome c increased by a large margin; while the NIP 

gels’ adsorption ability varied at a slightly difference. As a result, we found that the MIP gels fabricated 

by shorter crosslinker 9G’ showed the highest specificity among the three types of gels. This result is 

consistent with the previous result that the shorter crosslinker provided a more rigid polymer structure 

thus the MIP sites would be more robust. 

 

 

 

 

 

 

 

 

 

 

Fig. 3 (a) An illustration of the polymer network when the crosslinker length changed. Here, n1 < n2, i.e., 

the left illustration represents the shorter crosslinker polymer network, the right one represents the longer 

crosslinker polymer network. (b) The adsorption amount and imprinting factor (IF) of the gels fabricated 

with different crosslinkers. 

 

3.4 Crosslinker ratio 

The effect of the crosslinker ratio of PEGDA/PEGA on the molecular recognition performance was 

investigated in this section. The crosslinker ratio was changed ranging from 10/0 to 4/6, with 23G’ 

(PEGDA, n = 23) served as the crosslinker and the AM-90G (PEGA, n = 9) as the polymer chain (Table 

3). As illustrated in Fig. 4 (a), given a fixed mass density, the lower crosslinker ratio brought the longer 
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polymer length between two crosslinking point, as well as the larger pore size of the polymer network. 

Thus, using a less crosslinked gel might facilitate the molecular elution and uptake. As a typical evidence, 

after a 3-day 1 M NaCl washing, the less crosslinked gel exhibited a lighter color (Fig. 4 (b)). This 

indicated that the lower crosslinker ratio, the more efficient elution of cytochrome c. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 (a) A illustration of the polymer network when the crosslinker ratio changed. Here, R1 > R2, i.e., 

the left illustration represents the dense crosslinker polymer network, the right one represents the light 

crosslinker polymer network. (b) Picture of gels washed by 1 M NaCl for 3-days. The crosslinker ratio 

was indicated by the number above the gel. (c) The adsorption amount and imprinting factor (IF) of the 

gels fabricated with different crosslinker ratios of PEGDA/PEGA. 

 

After completing the template removal, each MIP and NIP gels was immersed into a  solution (500 

μL) containing 0.03 mM cytochrom c, 20 mM NaCl, and 1 mM tris-HCl for the adsorption test. From 

the result of the adsorption test, we found that when the crosslinker ratio increased, the NIP gels showed 

no significant variation in the adsorption ability, while the MIP gels exhibited a higher adsorption to 

cytochrome c. This suggested that the crosslinker ratio influenced the adsorption ability of the MIP gels, 

because a larger population of rigid MIP cavities might form with the higher crosslinker ratio. By 

examining the IF, it was found that a quite specific recognition to cytochrome c (IF > 1.5) still can be 

obtained when the crosslinker was higher than 6/4. In brief, by using the crosslinker ratio 6/4, a faster 

elution would be obtained while maintain the specificity (IF > 1.5) of the molecular recognition.  
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3.5 Limit of detection 

As an adsorbent material, the LOD is also a parameter of interest. As was demonstrated by this work, 

the adsorption performance of an ionic gel may be controlled by the ionic strength of adsorption solution. 

When the NaCl concentration increased, the adsorption of an ionic gel to protein decreased, and vice 

versa. We can take advantage of this character to optimize the specificity, i.e., the IF of the ionic gel36. 

As another application, it is possible to modify the LOD of the gel by adjusting the ionic strength. 

Here, the LOD was defined to a concentration beyond which the IF fell below 1.5. The gel volume 

for this test was set as 115.4 μL, the adsorption solution volume was 500 μL. Here we examine the lower 

LOD under the presence of 20 mM NaCl. This is because the gel showed a higher specificity to target 

protein with low abundance, although it was apt to saturate under a high concentration. As is shown in 

Fig. 5, when testing the lower LOD, we found a linear relation between the sample concentration and 

adsorption amount in both MIP and NIP gels. The data were fitted into fitting lines of Eqs. (3) and (4), 

and the lower LOD was calculated as following: 

AMIP(c) = 419.5c+0.1208                               (3) 

ANIP(c) = 106.6c+0.1027                               (4) 

F(c) = AMIP(c)/ANIP(c)                                  (5) 

where c was the sample concentration, AMIP(c) and ANIP(c) were the adsorption amounts of the MIP and 

NIP gels at the sample concentration c, respectively. Eq. (3) was the fitting line of the sample 

concentration-adsorption amount in the MIP, and Eq. (4) was that in the NIP. When Eq. (5) = 1.5, we 

obtained the c = 1.4 μM (18 ng/μL), i.e., the value of lower LOD. The higher LOD was obtained without 

 

 

 

 

 

 

 

 

Fig. 5 The adsorption amount of the MIP and NIP gels obtained with different sample concentrations. A 

linear relationship was found in both MIP and NIP gels. 
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the presence of NaCl concentration in the adsorption solution. This is because the gel was able to take 

up a large amount of protein without being saturated under a circumstance with low ionic strength 

(Section 3.2). Results show that the MIP gels exhibited IF >1.5 under cytochrome c concentration up to 

100 μM (1.2 mg/μL). 

 

3.6 Selectivity 

The selectivity of the cytochrome c imprinted hydrogel was tested with non-target proteins of 

lysozyme, trypsin and BSA. As shown in Table 5, cytochrome c, lysozyme, and trypsin have similar 

isoelectric point (pI) and carry positive charge under pH 7.4 (the working pH in this work), where they 

may show affinity to the sulfonate functional monomer. BSA has pI of 4.7, thus carry negative charge 

under pH 7.4. The MIP gel with compositions shown in Table 2 (14G’) was employed here. Each 

adsorption solution had a volume of 500 μL and contained 0.03 mM sample protein and 1 mM tris-HCl.  

 

Table 5 Molecular weight and isoelectric point of proteins. 

Protein Molecular weight (kDa) Isoelectric point, pI 

Cytochrome c 12.3 10.2 

Lysozyme 14.4 10.8 

Trypsin 23.8 10.6 

BSA 66.0 4.7 

 

At first, 20 mM NaCl was added into the adsorption solution, and the result was shown in Fig. 6 (a). 

Comparing with cytochrome c, it was found that the adsorption amount of the MIP and NIP gels was 

much lower when it came to BSA, which is a molecule with the positive charge. This indicated that the 

ionic repelling force occurred to resist the adsorption of BSA. The MIP gel also showed lower adsorption 

to trypsin which is a larger molecule with close pI. This indicated that small cavities formed in the MIP 

gels and the cavities could block large molecules to access the specific sites. The MIP and NIP gels 

showed higher adsorption ability to lysozyme. This may because that the lysozyme has similar molecular 

size and pI with cytochrome c, consequently it could access the cytochrome c imprinted cavities easily. 

On the other hand, the NIP gel showed a higher adsorption to lysozyme too, which suggested that 

compared to cytochrome c, lysozyme inherently had easier access to the sulfonate group under the 

presented conditions. 
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Then, we employed no NaCl in the adsorption solution for an enhanced ionic interaction to proteins. 

As shown in Fig. 6 (b), the adsorption amount of lysozyme became lower than the target cytochrome c. 

The increased adsorption to cytochrome c indicated that the cytochrome c imprinted cavities remembered 

the surface pattern of the ionic sites on cytochrome c, thereby suppressed the unspecific adsorption to 

lysozyme. While, the IF to lysozyme was still high. As a brief conclusion, it was demonstrated that the 

cytochrome c imprinted PEGDA hydrogel showed a high selectivity to cytochrome c amongst trypsin 

and BSA (larger molecules even with close pI); while, it is difficult to distinguish cytochrome c from 

lysozyme (small molecules with close pI) under the present conditions. 

 

 

 

 

 

 

 

 

Fig. 6 The adsorption amount and imprinting factor (IF) of different proteins tested under (a) 20 mM 

NaCl with 1 mM tris-HCl, and (b) 0 mM NaCl with 1 mM tris-HCl. Cytochrome c was indicated as cyto 

c for short. 

 

3.7 Selective electrophoretic separation 

A MIP/NIP-acrylamide hybrid slab gels were prepared by embedding a small piece of the MIP or 

NIP gels at the bottom of sample well, i.e., at the top of separation lane. So that before the sample enter 

the zone of the acrylamide gel, it should pass through the MIP or NIP gels. For reference, the hybrid slab 

gel also contained lanes without any MIP nor NIP, for short, the none lane. By measuring the migration 

of cytochrome c in the different lanes, we evaluate the affinity of the MIP and NIP gels to cytochrome c. 

The sample loading had a high amount of 20 μg so that the inherent color of cytochrome c is strong 

enough for the visualization of the electrophoretic band. The examined parameter was the migration 

distance (DMIP, DNIP and Dnone in each lane). During electrophoresis, the sample wells were first filled 

with 1 mM tris-HCl for 10 min and then gently supplied with 10 mM tris-HCl.  
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Because the native cytochrome c carries the positive charge at pH 7.4, it migrates with a direction 

from the anode to cathode. Fig. 7 (a) showed the picture of cytochrome c in the MIP, NIP, and none lanes 

at 10 min, respectively. It can be seen that with 1 mM tris-HCl, the MIP lane trapped cytochrome c in the 

MIP gel, the NIP lane allowed cytochrome c to pass through the NIP gel but showed a certain retention 

effect compared with the none lane. Fig. 7 (b) showed the picture of cytochrome c after 10 mM tris-HCl 

was supplied to the sample wells, this result demonstrated that using 10 mM tris-HCl as a background 

buffer solution, cytochrome c would be eluted from the MIP gel and continued to migrate in the 

acrylamide gel zone. By this method, we realized an online preconcentration of cytochrome c using the 

MIP hydrogel.  

SGE was also conducted with non-target proteins of lysozyme and trypsin (sample loading: 50 ng). 

After 40 min electrophoresis (the sample wells were filled with 1 mM tris-HCl for 20 min and then 

supplied with 10 mM tris-HCl for another 20 min), the slab gel was stained by CBB to visualize the 

native protein bands. The result in Fig. 8 showed that among the none lanes Dnone of cytochrome c was 

longest and Dnone of trypsin was shortest. This result is consistent with the fact that cytochrome c has the 

smallest molecular weight and trypsin has the largest molecular weight among the three proteins (Table 

5), which indicated that a size sieving effect occurred in the acrylamide gel. In the MIP and NIP lanes, 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 The image of the hybrid slab gel after (a) 10 min electrophoresis with the sample well filled with 

1 mM tris-HCl and (b) an additional 30 min electrophoresis with the sample well supplied with 10 mM 

tris-HCl. (c) The relative migration distance (D) of proteins in the MIP and NIP lanes, and the value of 

DNIP/ DMIP. Cytochrome c was indicated as cyto c for short. 
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the migration distances still were longest with cytochrome c and shortest with trypsin. While, when we 

devided DNIP by DMIP of each protein (Fig. 7 (c)), the data revealed a fact that the MIP gel retarded 

cytochrome c by a more significant content than it did to lysozyme and trypsin. As the identical protein 

would migrate with the same velocity in the acrylamide gel zone, we ascribe the difference between DNIP 

and DMIP to the retention effect from the MIP and NIP gels. In other words, the higher DNIP/DMIP 

evidenced a stronger affinity force to cytochrome c in the MIP gel. Comparing the results in Fig. 7 (b) to 

in Fig. 6, we found a selectivity to cytochrome c amongst lysozyme and trypsin via the electrophoretic 

approach. 

 

 

 

 

 

Fig. 8 The picture of the hybrid hydrogel after CBB stain. Lane 1, 4 and 7: MIP lanes; lane 2, 5 and 8: 

NIP lanes; lane 3, 6 and 9: none lanes. Sample loading: Lane 1-3: cytochrome c; lane 4-6: lysozyme; lane 

7-8: trypsin. The blue strip at the top of the MIP and NIP lanes were the MIP and NIP gels, respectively, 

because the copoly(PEGDA/PEGA) would be stained to blue by CBB. Arrows indicate the position of 

protein bands: red arrow, protein in the MIP lanes; yellow arrow, protein in the NIP lanes; black arrow, 

protein in the none lanes. Some bands showed a smiling shape possibly caused the act of buffer exchange. 

 

4. Conclusion  

This work involves a fundamental study about the copoly(PEGDA/PEGA) based MIP hydrogel. 

Cytochrome c was employed as a model template and sodium allylsulfonate was employed as an ionic 

functional monomer. The effect of experimental factors, including the ratio of the template to functional 

monomer, NaCl concentration in the adsorption solution (to adjust the ionic strength), crosslinker length 

and crosslinker ratio toward the imprinting effect, was investigated. Results showed that a higher 

imprinting effect would be obtained when using a higher ratio of the template to functional monomer, 20 

mM NaCl with 1 mM tris-HCl as the adsorption solution, and a shorter crosslinker length. A lower 

crosslinker ratio facilitated the template removal; it was found that when using PEGDA/PEGA higher 

than 6/4, the imprinting factor still remained a relatively high value. When using 115.4 μL MIP hydrogels, 

as little as 17 ng/μL cytochrome c would be recognized. When employing the presented MIP hydrogel 

1 2 3 4 5 6 7 8 9
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as an adsorbent, it showed a high selectivity amongst trypsin and BSA; but apt to adsorb small protein 

like lysozyme. When employing the presented MIP hydrogel for the electrophoretic separation, it 

exhibited the ability to distinguish cytochrome c from lysozyme and a high selectivity. This study showed 

the possibility to use the copoly(PEGDA/PEGA) hydrogel as the MIP materials. The presented 

cytochrome c imprinted MIP material would be applied for the specific adsorption and selective 

electrophoretic separation of native cytochrome c. 
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Chapter IV 

 

Fabrication of protein recognition structures by grafting molecularly 

imprinted polymer on a crosslinked hydrogel 

 

 

 

Abstract 

Protein imprinted polymer is one type of molecularly imprinted polymers (MIPs) for protein 

recognition. Despite the several successful methods to synthesize MIPs, the fabrication of MIPs for 

proteins is challenging due to the difficulty in balancing the specificity and product yield efficiency.  In 

an attempt to find new approaches, we study to fabricate MIPs via grafting MIP structures on a hydrogel 

network. A two-step synthesis is involved: a hydrogel network was synthesized via a free radical 

polymerization, forming an artificial scaffold in the 1st step. In the 2nd step, MIP structures grow from 

the inimer, around the templates, via the atom transfer radical polymerization. The hydrogel obtained 

from the 1st step reaction was designed with low monomer density, aiming at a faster molecule diffusion 

and thus higher molecular recognition efficiency. The MIP structure obtained from the 2nd step reaction 

provided a specific recognition with target molecules. Both MIP and non-imprinted polymer (NIP) gels 

were regarded as adsorbents and put into a solution containing the target molecule for the adsorption test. 

As a result, the newly developed MIP gels offered a higher adsorption ability to the target molecule than 

the NIP gels when using either trypsin or cytochrome c as a template.  
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1. Introduction 

Protein imprinted polymer is one type of molecularly imprinted polymers (MIPs) for protein 

recognition. The MIP capable of protein recognition may serve as a substitute of antibody or receptor but 

also has merits of robust structure, facile preparation, stable for long-term storage, etc. Generally, there 

are three major approaches to fabricate MIP structures for protein recognition: fabricate MIP structures 

in a gel bulk1, 2, on a solid phase3, 4 or fabricate MIP nanoparticles5-7 in a solution. Regarding to the bulk 

form of MIP, the gel bulks usually present with a rigid network, which has too small pore size to allow a 

fast diffusion of biomolecules, as the MIP structure requires a high crosslinking degree to form rigid MIP 

sites. This impedes the up and take interaction between targets and MIP sites, and affects the elution 

efficiency of analyte molecule removal.8 By synthesizing MIP structures on a solid phase, it is possible 

to realize a quick mass transfer for target molecules. The solid phase may be a capillary surface9, silica 

spheres10, 11, nanoparticles12, graphene13, 14, etc. Here, one disadvantage of the solid phase synthesis is the 

limited number of MIP site due to the small surface area of the supporting solid phase. The technology 

for MIP nanoparticles involves a polymerization reaction in a large volume of solution. Initially, this 

technology requires tremendous dialysis steps for collecting the nanoparticle products, it suffers from 

low imprinting efficiency as a number of unspecific products present. A new strategy was proposed to 

solve these problems by using a magnet-particle as a core15. The highly specific MIP structures, which 

attached on the magnet-particle could be easily collected by a simple magnet control. The products’ 

imprinting specificity was guaranteed, as only the MIP particles attached to the magnet-particle would 

be selected. 

The postsynthesis modification method has attracts considerable interests for its ability to introduce 

new functionalities to a primary framework16. The primary framework is infiltrated with monomers, 

which can graft on as side chains, thereby gets functionalized. Depending on the compositions of the side 

chain, the primary framework can be altered to functional materials with hydrophobic, fluorescent, 

conducting, or temperature responsive properties17. Inspired by the postmodification approach, the 

present work proposes a method to synthesis MIP structures in a primary gel, in other words, to graft 

MIP structures on a polymer network. The present method involves a two-step reaction. The 1st step 

synthesizes a hydrogel network to provide a scaffold (1st gel). In addition, the 1st gel is copolymerized 

with inimer for the next step of synthesis. In the 2nd step, MIP structures grow from the inimer, which 

are immobilized on the scaffold (2nd gel). The large pore size of the 1st gel obtained from the 1st step 
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allows a faster molecule diffusion. Meanwhile, the MIP structure reaching from the scaffold polymer 

provides a specific recognition with target molecules.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. (a) An illustration of the proposed method to synthesize MIP structures via an 

postmodification of a primary network. (b) An illustration of the two-step reaction via a radical reaction 

(1st step) and ab ATRP reaction (2nd step). 

 

As shown in Scheme 1, in the 1st step, poly(ethylene glycol diacrylate) (PEGDA), 2-(2-

bromoisobutyryloxy)ethyl methacrylate (BIEM), sodium allylsulfonate (SA), and 2,2′-azobis(2-

methylpropionitrile) (AIBN) were employed as a crosslinker, inimer (for the 2nd step polymerization), 

functional monomer, and initiator (for the 1st step polymerization), respectively. In the 2nd step, MIP 

structures grow from the inimers, around the templates, via the atom transfer radical polymerization 

(ATRP) approach. PEGDA was employed as a monomer for the structural backbone, copper(I) 

chloride/bipyridine was employed as a catalyst, trypsin or cytochrome c was employed as a template in 

the aqueous environment. This work finds out reaction conditions for the 2nd reaction. The 

postmodification was confirmed by examining the physical chemical properties on the resulting gel 
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including the optical transmittance and the thermal response. The success of grafting MIP on the primary 

gel was demonstrated via the higher adsorption to the target molecules. 

 

2. Experimental  

2.1 Chemicals 

Tris-HCl powder was purchased from Takara (Shiga, Japan). Trypsin from bovine pancreas, 

cytochrome c from equine heart, bipyridine (bpy), and 2-(2-Bromoisobutyryloxy)ethyl methacrylate 

(BIEM) were purchased from Sigma-Aldrich (St. Louis, USA). 2,2’-Azobisisobutyronitrile (AIBN) and 

copper (I) chloride (CuCl) were purchased from Wako Pure Chemical Industries (Osaka, Japan). The 

PEGDA (namely 9G’ and 23G’ when n equaled to 9 and 23, respectively) were donated from Shin-

Nakamura Chemical (Wakayama, Japan). Sodium chloride (NaCl) was from Nacalai Tesque (Kyoto, 

Japan). Sodium allylsufonate (SA) was from Tokyo Chemical Industry (Tokyo, Japan). 

 

2.2 Synthesis of the primary gel (1st reaction) 

The primary gel was fabricated by mixing the prescribed compositions in a glass beaker. The 

mixture was bubbled with Ar for 30 min and then transferred into a glass slide model (1 mm thickness). 

The glass slide model was then kept at 60 oC for 48 h to complete the polymerization. The resulted gel 

was peeled off from the glass slide and then cut into disks with 7 mm diameter. The gel disks were washed 

by 50% dimethylformamide (DMF) in H2O for 12 h and 1 mM tris-HCl for another 12 h. 

 

2.3 Synthesis of the MIP hydrogel (2nd reaction) and template removing 

The fabrication of MIP structures was conducted by mixing 1 mL of prescribed solution with 3 

pieces of primary gel disks. In detail, the protein, monomer, solvent and gel disks were first placed into 

a sealed glass tube and bubbled by Ar for 2 h. The catalyst of CuCl and bpy were dissolved in DMF (28 

μL) before use and transferred into the tube followed by another 6 h of Ar bubbling. As a control reference, 

the NIP gels were fabricated without the use of protein. 

To remove the templates from the MIP gels, the gel pieces were immersed into 1 M NaCl which 

volumes more than 50 times of the gel’s volume. The washing solution with gels was kept at 40 oC 

temperature and refreshed every 24 h for total 6 times. At last, the gels were conditioned in a buffer 
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solution for another 24 h under 40 oC then followed by the adsorption test. The buffer solution was 

employed in the final step wash because the identical composition of the buffer solution was used to 

prepare protein samples in the adsorption test. As a control reference, the NIP gels were washed with the 

same manner. 

 

2.4 Adsorption test 

The protein, cytochrome c or trypsin, was dissolved into a buffer solution to make an adsorption 

solution. The protein concentration was 0.018 mM, the buffer solution contained 20 mM NaCl and 1 mM 

tris-HCl (pH7.4)2, otherwise indicated. To test the protein adsorption ability, the gels were put into the 

adsorption solution and kept shaking for 24 h. The supernatant of the adsorption solvent was examined 

under a UV-Vis spectrometer to detect the concentration of remaining proteins. Each test was conducted 

with three repeats. In this study, although the removing of template required a 7-day-long washing and 

was more efficient at 40 oC, the adsorption of protein into the gel would be completed within one day. 

For the detection of trypsin, the UV absorbance at 280 nm was measured; for cytochrome c  at 411 nm. 

The adsorption amount and imprinting factor (IF) were calculated as following: 

 

3. Results and discussion 

3.1 Confirmation of the effectiveness of the 2nd reaction 

The physical characterization of the gel was changed after the 2nd step reaction. As shown in Fig. 

1 (a), the decreased gel’s optical transmittance at 608 nm of the 2nd gel was found compared to the 1st 

gel. Also, different 9G’ monomer concentrations, including 10% and 20% (vol/vol), were used to prepare 

the 2nd gels (compositions of gels were listed in Table 1 and 2). As the concentration of 9G’ monomer 

increased from 10% to 20%, the gel became more obscure (Fig. 1 (b)). This indicated that it was possible 

to control the thickness of the 2nd gel by adjusting the monomer concentration. 

Imprinting factor =                                                      (2) 
Adsorption amount of MIP gel 

Adsorption amount of NIP gel 

Adsorption amount = (protein concentration before adsorption – protein concentration after 

adsorption) × volume of adsorption solution                 (1) 
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 The PEG polymer is a thermal responsive component. For example, the 9G’ oligo, which was used 

in the 2nd step reaction, was reported to have a lower critical solution temperature (LCST) around 90 

oC18. Thus, when the temperature was elevated from 25 to 63.5 oC, the gel generally got immiscible and 

showed a decreased optical transmittance. From Fig. 1 (b), it was found that the transmittance of the 2nd 

gels decreased more significantly than the 1st gel, which evidenced the success of the 2nd reaction. 

 

Table 1 Compositions of the 1st gel. 

 

Table 2 Compositions of the 2nd gel. 

9G’ (μL) CuCl (mg) Bpy (mg) H2O (mL) 

200 (216 mM) 
1.8 (9.1 mM) 59.1 (189.2 mM) 

1.8 

400 (432 mM) 1.6 

 

 

 

 

 

 

 

 

 

Fig. 1 (a) Picture of a 1st gel (left), 2nd gel with MIP (middle) and 2nd gel with NIP (right). The picture 

of MIP and NIP gels were taken after template removal. (b) The optical transmittance of the 1st gel and 

2nd gels with NIP at 25 oC and 63.5 oC, respectively. The 2nd gels were synthesized under 10% and 20% 

(vol/vol) 9G’ monomer. 

 

3.2 Specific recognition to cytochrome c 

As the thickness of the grafted polymer may affect the size of MIP cavities, the crosslinker 

concentration in the 2nd reaction was adjusted for optimizing the protein recognition performance. Three 
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MIP gels were prepared with 9G’ concentration at 10, 20 and 30% (vol/vol), respectively (Table 3 and 

4). Adsorption tests were conducted and results showed that when increasing the monomer concentration 

from 10 to 30%, the adsorption amount of both MIP and NIP gels decreased. At the same time, the IF 

increased from 0.9 to 1.9. This suggested that the unspecific adsorption was restricted when a high 

monomer concentration was employed.  

 

Table 3 Compositions of the 1st gel. 

23G’ (mg) BIEM (μL) DMSO (mL) 10% SA (μL) AIBN (mg) 

406 

(58.1 mM) 

32.5 

(23.2 mM) 
6.5 

209.6 

(22.2 mM) 
10.1 

 

Table 4 Compositions of the 2nd gel with MIP. The 2nd gel with NIP was prepared without the 

presence of cytochrome c. 

Cytochrome c 9G’ (μL) CuCl (mg) Bpy (mg) H2O (mL) 

0.3 mM 

300 (216 mM) 

2.7 (9.1 mM) 88.65 (189.2 mM) 

2.7 

600 (432 mM) 2.4 

900 (648 mM) 2.1 

 

 

 

 

 

 

 

Fig. 2 The Adsorption amount and imprinting factor (IF) of the MIP gels and NIP gels prepared with 

different monomer concentrations. The template was cytochrome c. 

 

Comparing the adsorption amount of the 1st to 2nd gels which was prepared under 30% (vol/vol) 

of 9G’, it was found that the NIP gel exhibited a lower adsorption than the 1st gel, while the MIP gel 

exhibited a higher adsorption than the 1st gel (Fig. 3 (a)). This result suggests that the 2nd reaction 

successfully led to a modification of the 1st gel. To specify, in the NIP gel, when enough polymers were 

grafted on the main strand of the 1st gel, they might shield the main strand of the 1st gel, forming a rigid 

barrier to keep the large protein from accessing the functional monomer (SA). In the MIP gel, the grafted 
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polymers formed cavities to allow a specific rebinding of the target molecule to the functional monomer. 

For a better illustration, Fig. (b) and (c) plotted possible structures of the MIP  and NIP gels. 

 

 

 

 

 

 

Fig. 3 (a) The adsorption amount of the 1st and its 2nd gels with MIP and NIP. (b) A possible MIP sites 

indicated by the molecular formula of the 2nd gel. (c) Illustrations of a possible MIP and NIP gels. 

 

3.3 Specific adsorption to trypsin 

To show the effectiveness of the postmodification approach in preparing MIP gel, trypsin was 

employed as a template and the specific recognition was realized. In detail, the 1st and 2nd gels were 

prepared with compositions shown in Tables 5 and 6. Adsorption test was carried out with a sample 

solution containing 0.03 mM trypsin and 1 mM HCl (to protect trypsin from degradation). As evidenced 

by the result in Fig. 4, a higher adsorption in the MIP gel than in the NIP gel was achieved, which 

evidenced a specific recognition to the target protein of trypsin. 

 

Table 5 Compositions of the 1st gel. 

23G' (μL) 10% SA (μL) BIEM (μL) DMSO (mL) AIBN (mg) 

240  

(58.1 mM) 

128  

(22.2 mM) 

20  

(23.2 mM) 
4 6 

 

Table 6 Compositions of the 2nd gel with MIP. The 2nd gel with NIP was prepared without the 

presence of trypsin. 

Trypsin 14G’ (μL) CuCl (mg) Bpy (mg) 1 mM HCl (mL) 

1 mM 
150  

(216 mM) 

0.03  

(2.25 mM) 

1.05  

(4.5 mM) 
1.5 
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Fig. 4 The adsorption amount and imprinting factor (IF) of the MIP gels and NIP gels prepared with 

trypsin as template. 

 

4. Conclusion 

This work proposed an approach to prepare the MIP hydrogel via a postmodification of a primary 

gel network. The primary gel was prepared by the copolymerization of a crosslinker, inimer, and 

functional monomer. Here, the crosslinker was employed to form the main crosslinked polymer structure 

of the primary network; the inimer was employed for the initiation of the postmodification reaction; the 

functional monomer was employed to anchor templates on the polymer strands of the primary network, 

so that MIP sites may form during the postmodification reaction. The post modification required to 

infiltrate the primary gel with a monomer and a template. Here, the monomer was employed to form 

structural grafts via the ATRP reaction. With the presence of templates, the grafts may leave cavities as 

molecularly imprinted sites. This work demonstrated the effectiveness in MIP fabrication using 

cytochrome c and trypsin as templates. The results showed that the monomer concentration in the 

postmodification affected the imprinting efficiency. 
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General conclusion 

 

The electrophoretic technology is advancing with improved separation performance, more 

integrative form, and more compatible manner with upward and downward analysis. With these aims, 

this thesis reports several fundamental studies about electrophoretic analyses as following: 

Chapter I targets at an accurate quantitative analysis via an online fluorescent detection-based CE 

system. The analytes’ inequivalent photobleaching was detected with the assistance of an online image 

detection system. To avoid the interference of analytes’ inequivalent photobleaching with quantitative 

determination, this work plotted an image process method for tracing the real-time fluorescent intensity 

of analytes. The proposed method allowed to collect the analytes’ fluorescent intensities at equivalent 

photo exposure duration, thus the inequivalent photobleaching was avoided and the accuracy of 

quantitative analysis would be improved. As a result, this work improved the relative error to 0.3-3.2% 

and a more practical operation because the efforts to restrict the photobleaching were exempted. 

Chapter II attempts to develop a fast and high resolution CE protocol by using a new size sieving 

matrix, which is a copoly(PEGDA/PEGA) hydrogel with a tunable network structure. The size sieving 

performance was evaluated with a standard DNA ladder. Results showed that the copoly(PEGDA/PEGA) 

hydrogel was able to provide comparable separation resolution with the authentic PA hydrogel. In 

addition, the results demonstrated that both fast and high resolution could be obtained in a 

copoly(PEGDA/PEGA) gel with the low polymer concentration and high crosslinker ratio. The 

copoly(PEGDA/PEGA) gel showed a high repeatability in CE separation, owing to the merit of less 

volume shrinkage upon polymerization. 

Chapter III focuses on the development of MIP hydrogels for the specific recognition of target 

proteins, and then the MIP hydrogels were used in SGE to offer an affinity to target protein. The 

copoly(PEGDA/PEGA) hydrogel was employed as a new MIP material and the gel compositions were 

adjusted for improving the specificity of molecular recognition to cytochrome c. Shorter crosslinker and 

crosslinker ratio of no less than 6/4 were demonstrated to provide high septicity. A hybrid slab gel was 

developed containing MIP gel zone for the selective retardation of target protein and PA gel zone for the 

size sieving separation, with which a selective electrophoretic separation of cytochrome c was realized. 

Chapter IV proposes a new method to fabricate MIP structures, which is the grafting of MIP 
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structure on a crosslinked network. A reaction system was reported to be successful to realize the 

postmodification of a hydrogel. A controllable MIP grafting method was demonstrated by using 

cytochrome c as template and different concentrations of PEGDA as monomer. Although further progress 

is still demanded, the present result has shown a specific molecular recognition when using cytochrome 

c and trypsin as templates.  
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