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Abstract 
In this study, a butyl methacrylate-co-ethylene dimethacrylate (BuMA-co-EDMA) monolith was 

synthesised using UV-initiated polymerization inside a glass microchip. Before fabrication of the 

organic polymer monolith inside the glass microchip, the inner walls were silanised with 3-

(trimethoxysilyl) propyl methacrylate (γ-MAPS). The result of this investigation confirms 

previous findings and contributes additional evidence that the silanisation step after pretreatment 

is an important procedure to covalently anchor the monolith to the inner walls. Evaluation of its 

performance was carried out by extraction of four standard proteins that were insulin, 

cytochrome C, myoglobin, and hemoglobin and the extraction recovery was in the range (79.1-

98.4 %). The run-to-run reproducibility of the extraction of the proteins on the same microchip is 

quite good with RSD values for peak area counts below 6 % (n=4), and the chip-to-chip 

reproducibility ranged from 4.2 to 7.1 % (n=3). 
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1. Introduction 
The recently invented monolithic materials are highly permeable to liquid flow and have high 

mass transport compared with the packed bed. Moreover, the monolithic stationary phase does 

not need frits, which can cause air bubbles to form and analytes to be adsorbed into the frits and 

remain trapped inside the capillary [1].  

 

The monolithic column can be defined as a single piece of a continuous rigid porous polymer 

that possess an interconnected skeletal structure and contains pores. Based on the size of the 

pores, they can be divided into three types; micropores (< 2 nm), mesopores (2-50 nm), and 

macropores or through-pores (> 50 nm). Each of these pores has a special benefit; micropores are 

the most important pores in terms of separation. However, in some cases, the molecules are too 

big to diffuse through these micropores; therefore, they will interact with mesopores. The main 

benefit of the macropores is to control the column permeability resulting in reducing the 

backpressure of the column [2]. For extraction, besides the macropores, the mesopores are the 

important pores since they can increase the surface area of the monolith, resulting in increased 

loadability of the monolith [3]. 
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Based on the nature of their construction materials, monoliths can be divided into polymer- and 

silica-based monoliths [4-6].An organic monolith is a single block of highly porous material that 

consists of polymer globules separated by numerous interconnected cavities (pores), and held 

together through extensive crosslinking [7]. The preparation of a polymer-based monolith is 

produced by a “moulding” process, which is relatively simple and straightforward compared 

with silica-based monoliths [8]. Before fabrication of the polymer-based monolith inside a 

capillary or a microchip, its inner walls are silanised in order to prevent the movement of the 

monolith during the procedure. Commonly, polymeric monoliths can be fabricated by using a 

wide range of monomers and crosslinking agents enabling the porous properties of the monolith 

to be controlled; for example, acrylate/methacrylate-, styrene-, and acrylamide-based stationary 

phases [9]. 
 

There are many advantages of organic polymer-based monoliths since they contain micropores, 

which can provide the desired surface area, and macropores, which can allow a high flow rate at 

moderate pressures. Moreover, these polymeric monolithic materials are fritless, and they are 

covalently bonded to the inner walls of the capillary or microchip [10]. Another advantages of 

polymer-based monoliths are they can be washed with caustic mobile phase, are stable over a 

wide range of pH values, and they are easy to prepare compared to silica-based monoliths 

because they are prepared in a single step by in-situ polymerisation. Moreover, the desired length 

and shape to be exposed to the light source can be controlled easily by using electrical masking 

tape or foil, and this will help the fabrication of the monolith inside a microchip [11]. 

 

The trend in clinical analysis toward microfluidic devices is due to the decrease in sample 

volume, reduction in analysis time, decreased reagent consumption, portability of the 

microfluidic device, and the ability to integrate multiple analytical processes onto a single 

microfluidic device. There has been a trend to use microfluidic devices in proteomics for tasks 

such as sample pretreatment, protein/peptide separation, immunoassays, chemical modification, 

digestion on chip, and interfacing of microfluidic devices with electrospray ionisation-mass 

spectrometry [12, 13].The aim of this study was to fabricate an organic polymer-based monolith 

inside a glass microchip and evaluate it as an SPE sorbent for protein extraction.  

 

2. Experimental 

2.1. Chemicals and materials  
Acetone, trifluoroacetic acid (TFA),and ammonium acetate bufferwere purchased from Fisher 

Scientific (Loughborough, UK), sodium hydroxide solution (NaOH), hydrochloric acid solution 

(HCl), glacial acetic acid, 1-propanol, acetonitrileand ethanol were purchased from Scientific 

Laboratory Supplies (Nottingham, UK).Butyl methacrylate 99 % (BuMA), ethylene 

dimethacrylate 98 % (EDMA),2,2-dimethoxy-2-phenyl acetophenone 99 % (DMPA), and 3-

(trimethoxysilyl) propyl methacrylate(γ-MAPS)were purchased from Sigma-Aldrich (Poole, 

UK).The ethylenetetrafluoroethylene (ETFE) tubing (1/16” x 0.17 mm i.d.)  was purchased from 

Thames Restek Ltd. (Saunderton, UK). Double Bubble Mix and Fix epoxy resin from 

Bondmaster limited (London, UK).Microtight adapters were purchased from Kinesis (Cambs, 

UK). 
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2.2. Instrumentation 
Asonicator from UltrawaveSonicator U 300HD (Cardiff, UK). UV lamp from Spectronic 

Analytical Instruments (Leeds, UK).pH meter from Fisherman hydrus 300, Thermo Orion 

(Beverly, MA, USA). Syringe pump from Bioanalytical System Inc., (West Lafayette, USA). A 

scanning electron microscope (SEM) Cambridge S360 from Cambridge Instruments (Cambridge, 

UK).HPLC analysis was carried out using a Perkin Elmer LC200 series binary pump, a 

Symmetry C8 column, 4.6 mm × 250 mm packed with silica particles (size 5 µm) from Thermo 

Fisher Scientific (Loughborough, UK), and a Perkin Elmer 785A UV/Visible Detector from 

Perkin Elmer (California, USA). 

 

 

2.3. Fabrication of the organic monolith inside a glass microchip 
A glass microchip was fabricated using standard photolithography technology followed by wet 

etching and thermal bonding [14]. Figure 1 shows a schematic diagram and a photograph of the 

glass microchip filled with blue food dye to facilitate visualisation. The glass microchip 

consisted of two plates and the thickness of both plates was 1 mm. The dimensions of the glass 

microchip were 32 mm length and width. All etching was on the upper surface of the base plate 

of the chip to a depth of 100 µm. The microchip consists of an inlet microchannel that connects 

to the extraction chamber and three outlet microchannels. The top and etched bottom plates were 

thermally bonded at 575 °C for 3 hours to produce the complete microfluidic device. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 Schematic diagram (a) and photograph (b) of the glass microchip that was filled with 

blue food dye and used for fabrication of the polymer-based monolith. The dimensions of 

the glass microchip were 32 mm length and width. The top plate contains 1.5 mm (A-E) 

access holes for attachment of ETFE tubing. All etching was into the upper surface of the 

base plate of the chip to a depth of 100 µm. 

 

 

The microchip had five access holes (1.5 mm) in the top plate produced using a diamond tipped 

drill. The ethylenetetrafluoroethylene (ETFE) tubing (1/16” x 0.17 mm i.d.)was fixed into the 

access holes using Double Bubble Mix and Fix epoxy resin. The ETFE tubing was connected to 

the inlet hole (A) for injection of the reagents and samples. The outlet hole was one of the access 
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holes (B, C, or D) and the rest of the holes were blocked with epoxy resin. The extraction 

chamber contained an access hole (E) in the centre of the chamber to facilitate injection of the 

polymerisation mixture into the protein extraction chamber. A microtight adapter was utilised to 

connect the ETFE tubing to a 1 mL disposable plastic syringe, which was connected to the 

syringe pump to control the flow rates. 

 

2.4. Fabrication of organic monolith in-situ glass microchip 
Before fabrication of the organic polymer-based monolith inside the microchip, the inner walls 

of the microchipwere activated as previously reported [15, 16]. Firstly, the microchip was 

washedwith acetone, followed by washing with deionised water. Then, it was washed with 0.2 M 

sodium hydroxide solution (NaOH) for 1 hour at a flow rate of 2 µL min
-1

 using a syringe pump, 

followed by washing with deionised water. To neutralise and remove alkali metal ions, the 

microchipwas washed with 0.2 M hydrochloric acid solution (HCl), which was pumped through 

the microchipfor 1 hour at a flow rate of 2 µL min
-1

, followed by washing with deionised water, 

and finally the microchipwas rinsed with ethanol. 

 

The inner walls of the microchip were silanised with 3-(trimethoxysilyl) propyl methacrylate (γ-

MAPS) [16]. The surface silanisation was achieved by washing the microchip with a solution 

consisting of 20 % (v/v) γ-MAPS in 95 % ethanol adjusted to pH 5 with glacial acetic acid using 

a pH meter. The solution was injected inside the microchipusing the syringe pump at a flow rate 

of 2 µL min
-1

 for 1 hour. After surface-vinylisation of the microchip, it was rinsed with acetone, 

dried under a stream of nitrogen gas and left overnight. After 24 hours, the tube was ready for the 

polymerisation reaction. 

 

Photoinitiated free radical polymerisation was utilised for the preparation of the polymer-based 

monolith within the microchip at room temperature under UV irradiation. The polymer-based 

monolith was prepared as described by Frechetet al.[17] with some modifications. The 

polymerisation mixture consisted of a monovinyl monomer, butyl methacrylate(BuMA), a 

crosslinker, ethylene dimethacrylate (EDMA), the free radical photoinitiator, 2,2-dimethoxy-2-

phenyl acetophenone (DMPA), and the porogenic solvent system, which was a binary mixture of 

methanol and1-propanol (50:50). Table 1 shows the main components of the polymerisation 

mixture used for the preparation of the polymer-based monolith. 

 

Table 1: The composition of the polymerisation mixture used for the preparation of the 

polymer-based monolith. 

Type Chemical Weight (g) 

Monomer Butyl methacrylate (BuMA) 1.422 

Crosslinker Ethylene dimethacrylate  (EDMA) 0.96 

Porogenic solvent system Methanol and 1-propanol(50:50) 3.6 

Photoinitiator 2,2-dimethoxy-2-phenyl acetophenone(DMPA) 0.024 
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After preparation of the polymerisation mixture, it was injected through the access hole (E).The 

surface of the microchipwas then covered with electrical tape, except for the extraction chamber. 

The exposure time was 20 min and the distance between the UV lamp (365 nm at room 

temperature) and the glass microchip filled with the polymerisation mixture was 5 cm. After 

formation of the white monolithic material inside the glass microchip, the microchip was washed 

with methanol for 12 hours at a flow rate of 2 µL min
-1 

to remove unreacted materials.  

 

2.5. Characterisation of fabrication materials 
The morphology of the monolith was characterised by scanning electron microscopy (SEM). 

Images were obtained using an accelerating voltage of 20 kV and a probe current of 100 pA in 

high vacuum mode using a Cambridge S360 scanning electron microscope. The samples were 

coated with a thin layer of gold platinum (thickness around 2 nm) using a SEMPREP 2 sputter 

coater from Nanotechnology Ltd. (Sandy, UK).  

 

2.6. Extraction of proteins 
The performance of the microfluidic device containing the polymer-based monolith was studied. 

The four standard proteins (insulin, cytochrome C, myoglobin, and hemoglobin) were dissolved 

in 10 mM ammonium acetate buffer solution (pH 9.3) and used in the extraction trials. The 

polymer-based monolith inside the microchip was activated with 100 µL ACN, and was 

equilibrated with 100 µL 10 mM ammonium acetate buffer solution (pH 9.3). The protein 

sample (800 µL) was applied to the monolithic microchip. After extraction, the microchip was 

washed with 50 µL 10 mM ammonium acetate buffer solution (pH 9.3).The elution of the 

proteins from the glass microchip was achieved using 150 µL 20 % ACN (0.1 % TFA) that was 

injected into the microchip and the eluent was collected into the Eppendorf tube and analysed 

using HPLC-UV detection. The purpose of using HPLC-UV detection was to study the peak area 

obtained for the preconcentrated proteins and compare them with the peak areas of the non-

processed protein standard solutions to calculate the extraction recovery (ER) that was calculated 

as given by Furunoet al. [18]  using the following equation:  

 

𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦  % =
𝐼𝑒𝑙𝑢𝑡𝑒
𝐼𝑡𝑜𝑡𝑎𝑙

× 100             

 

 

Where 𝐼𝑒𝑙𝑢𝑡𝑒 is the amount eluted form the sorbent, and 𝐼𝑡𝑜𝑡𝑎𝑙  is the amount of protein introduced 

to the sorbent. 

 

3. Result and discussions 

3.1. Pretreatment of the microchip 
In this study, a butyl methacrylate-co-ethylene dimethacrylate (BuMA-co-EDMA) monolith was 

synthesised using UV-initiated polymerization inside a glass microchip. The reason for choosing 

this type of monolithic material is because the preparation of an organic polymer-based monolith 

is fast and simple. In addition, they are stable over a wide range of pH values, and can be washed 

without damage with caustic mobile phase [19]. 
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The first step in the creation of the organic polymer-based monolithic stationary phases inside 

the microchip was the pretreatment of the microchip, which was carried out in order to clean and 

activate the inner wall surface of the microchip. This was performed by washing the microchip 

with acetone to clean out any organic materials and then it was rinsed with water to flush out any 

acetone remaining. Treatment with a basic solution such as potassium hydroxide solution (KOH) 

or sodium hydroxide solution (NaOH) can hydrolysesiloxane bridge and form silanol groups [20, 

21]. In this work, 0.2 M NaOH solution was used to activate the surface of the microchip. This 

was followed by washing the microchipwith deionised water to remove any remaining basic 

solution. Finally, the microchip was washed with 0.2 M hydrochloric acid solution (HCl) to 

neutralise and remove alkali metal ions.  

The silanisation of the surface of the microchipwas based on static coating using a silanising 

agent 3-(trimethoxysilyl) propyl methacrylate (γ-MAPS), which is a bifunctional agent and has 

the ability to covalently anchor trimethoxysilane functional groups of the silanising agent to 

some of the silanol (Si-OH) groups in the microchip. Subsequently, the methacrylate groups of 

the silanising agent will participate in the polymerisation reaction causing the porous continuous 

beds to be bound covalently to the inner wall of the microchip [22]. In order to study the effect of 

the silanisation step on the fabrication of the polymer-based monolith, two microchips were 

filled with the monolithic materials; one of the microchipswas silanised with γ-MAPS while the 

other microchipwas not silanised. After formation of the monolith inside the microchips, the 

appearance of the monolith was observed using scanning electron microscopy (SEM). The SEM 

micrograph in Figure 2 (A) shows that part of the monolith does not anchor to the inner walls of 

the microchipand this can affect the work of the monolith by resulting in the removal of the 

monolith from the tube, particularly under hydrodynamic flow conditions. Figure 2 (B) shows 

the covalent binding of the monolith to the inner walls of the microchip, and the boundary 

between the monolithic polymer and the inner wall of the microchipappears smooth without any 

disconnection.  

 

 

 

 

 

 

 

 

 

 

 

Fig.2 SEM images showing a part of the cross-section of the microchip: (A) without 

silanisation, and (B) with silanisation.  
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3.2. Fabrication of poly (BuMA-co-EDMA) monolith 
The polymerisation mixture consisted of the monovinyl (BuMA) and divinyl monomer (EDMA) 

in the presence of porogenic solvents and a free radical initiator (DMPA). Although use of long 

alkyl chain non-polar methacrylate monomers to prepare the methacrylate-based monolith can 

increase the hydrophobicity of the continuous bed, increasing the interaction between the bed 

and the protein during the extraction compared with the short alkyl chain monomer (BuMA), it is 

reported that they have limited solubility [23]. Therefore, BuMA was chosen as a monomer in 

this study.  
 

After placing the microchip filled with the polymerisation mixture under the UV lamp, the 

polymer started to form and precipitated. If the appearance of the polymer-based monolith was 

satisfactory (bright white material), then the monolithic microchipwas washed. The solvents, 

which formed the porogenic system, the unreacted monomeric materials, and soluble oligomers 

remaining in the pores were flushed away from the microchipusing a syringe pump 

(hydrodynamic approach) at a flow rate of 2 µL min
-1 

for 12 hours in order to prevent further 

polymerisation reaction, since the monomer and the crosslinker have the affinity to continue the 

polymerisation reaction [24].  

3.3. Protein extraction using the microchip-based polymer monolith  
The ultimate motivation for using the microchip-based monolith is to decrease the amount of the 

protein samples required and to reduce the amount of solvents used leading to reduced waste. In 

addition, using a microfluidic device can speed the analysis. Therefore, it was decided to 

fabricate the organic polymer monolith inside a glass microchip in order to use it for protein 

extraction.  

 

After fabrication of the monolithic bed inside the extraction chamber of the glass microchip, its 

performance was tested. The standard proteins investigated were insulin, cytochrome C, 

myoglobin, and hemoglobin. The monolith bed inside the microchip was activated with 100 µL 

ACN, and was equilibrated with 100 µL 10 mM ammonium acetate buffer solution (pH 9.3). The 

protein sample (800 µL) was applied to the monolithic microchip. After extraction, the 

microchip was washed with 50 µL 10 mM ammonium acetate buffer solution (pH 9.3).The 

elution of the proteins from the glass microchip was achieved using 150 µL 20 % ACN (0.1 % 

TFA). 
 

 

All solutions were injected using the hydrodynamic method using a syringe pump attached to the 

microfluidic device by ETFE tubing. The flow rate of the solutions was set at 10 µL min
-1

; 

however, the fabricated polymer-based microchip showed somewhat disappointing results. Its 

main drawback was the high resistance of the monolith to the solutions. The high flow resistance 

of the monolith was confirmed by the leaking of reagents from the holes and the experiment 

could not be completed. It is known that a large surface area is not accompanied by good 

permeability and large pore size of the monolith, resulting in an increase in the backpressure, 

which appears a significant disadvantage of the organic polymer monolith. In addition, the 

backpressure was generated due to using smaller dimensions of the channel on the glass 

Therefore, it was decided to optimse the flow rate of the solutions in order to find the optimum 

flow rate that does not cause leaking of the reagents from the holes or damage to the monolith 

inside the glass microchip. Different flow rates were investigated and it was found that the 

optimum flow rate that could be used without causing mechanical breakage of the monolith or 
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the connecting tubes was 3.5 µL min
-1

. This was then selected to inject all reagents and sample 

solutions inside the fabricated glass microchip. 

 

Figure 3(A) shows a photograph of the set-up of the microfluidic device and control apparatus 

for hydrodynamic pumping to perform the protein extraction. Since the UV light was used to 

fabricate the organic monolith, precise control over the location of the monolith within the 

extraction chamber was possible. Figure 3 (B) and (C) show the appearance of the polymer-

based monolith inside the extraction chamber of the glass microchip before and during loading 

cytochrome C. The colour of the monolithic bed inside the extraction chamber was changed from 

white to red, which confirmed that cytochrome C was retained on the surface of the monolith. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 (A) Photograph showing the set-up of the solid phase organic polymer microchip, (B) 

the glass microchip during activation step, and (C) during loading cytochrome C (60 µM) 
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showing change in the colour of the monolithic bed inside the extraction chamber due to 

the binding of cytochrome C. The flow rate was 3.5 µL min
-1

 for all reagents and protein 

sample solution. 

 

The extraction recoveries of the standard proteins (insulin, cytochrome C, myoglobin, and 

hemoglobin) using the microchip-based polymer monolith were calculated (Figure 4), ranged 

between 79.1 and 98.4%. Good extraction capability was achieved and the microchip-based 

polymer monolith is applicable to the preconcentration of proteins  

 

Fig. 4The extraction recovery of the standard proteins purified with organic monolith 

fabricated inside the glass microchip.  

 

3.4. Reproducibility and stability of the fabricated device 
In order to guarantee consistent extraction performance, the long-term stability and 

reproducibility of the performance of the monolithic microchip in the extraction of proteins were 

checked. The run-to-run reproducibility of the extraction of the proteins on the same microchip 

was investigated for extraction of the four standard proteins (insulin, cytochrome C, myoglobin, 

and hemoglobin). Between two analyses, the microchip was washed with the eluting solution and 

then with the washing solution in order to avoid any memory effect. In addition, to check the 

batch-to-batch reproducibility, extraction of the four standard proteins was investigated using 

three different fabricated microchips containing the organic polymer monolith. The data shown 

in Table 2 show good reproducibility was achieved with intra-chip (run-to-run) and inter-chip 

(chip-to-chip) RSDs in the ranges of 3.4-5.6 % (n=4) and 4.2-7.1 % (n=3), respectively.  
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Table 2 RSD’s of the extraction recoveries showing the intra-chip (run-to-run) and inter-

chip (chip-to-chip) reproducibility of the fabricated organic polymer microchip. 
 

 

 

4. Conclusions 
The organic polymer monolith that was a butyl methacrylate-co-ethylene dimethacrylate 

(BuMA-co-EDMA) monolith was fabricated inside the microchip using 

photoinitiatedpolymerisation. It was found that fabrication of the organic monolithic materials 

inside a glass microchip was simple, fast, and the location of the monolith was defined inside the 

extraction chamber since the reaction is UV-initiated polymerisation. In addition, this study has 

found that the polymeric-based microchip was able to preconcentrate four standard proteins 

(insulin, cytochrome C, myoglobin, and hemoglobin) and their extraction recoveries were in 

range (79.1-98.4 %). 
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