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ABSTRACT 
 

Conventional fabrication of microfluidic chip is a complicated and time, effort and 

material consuming process. Consequently, due to high expenses, it has poor applicability 

for performing mass biological analysis by microfluidics. In this study, we report several 

measures to make simple, low-cost and rapidly fabricated two-dimensional (2D) and 

three-dimensional (3D) microfluidic chips for biological analysis. We employed various 

easily accessible and polymerase chain reaction (PCR) compatibility verified materials in 

the process of design, patterning and bonding. Firstly, we established a simple method for 

evaluating the PCR compatibility of various common materials, as DNA and proteins are 

common components or targets in biological analysis. These materials employed in 

fabricating microfluidic chips, include silicon, several kinds of silicon oxide, glasses, 

plastics, wax, and adhesives. Two-temperature PCR was performed with these materials 

to determine their PCR-inhibitory effect. In most cases, the addition of bovine serum 

albumin (BSA) effectively improved the reaction yield. We also studied the individual 

PCR components from the standpoint of adsorption. Most of the materials did not inhibit 

the DNA, although they noticeably interacted with the polymerase. Our results provide an 

                                                        

 Author to whom correspondence should be addressed. Electronic mail: rimantas.kodzius@kaust.edu.sa and 

kodzius@gmail.com. 

No part of this digital document may be reproduced, stored in a retrieval system or transmitted commercially
 in any form or by any means.  The publisher has taken reasonable care in the preparation of this digital 
document, but makes no expressed  or implied warranty of any kind and assumes no responsibility for any 
errors or omissions. No liability is assumed for incidental or consequential damages in connection with or 
arising out of information contained herein. This digital document is sold with the clear understanding that 
the publisher is not engaged in  rendering legal, medical or any other professional services. 



Kang Xiao, Jinbo Wu and Rimantas Kodzius 152 

overview of materials that are PCR-friendly for fabricating microfluidic devices. The 

PCR reaction, without any additives, performed best with pyrex glass, and it performed 

worst with PMMA. Then, based on the results of the PCR-compatible screening test, we 

concentrated on fabricating microfluidic chips using easily accessible materials, such as 

paper and wax. We successfully shortened the whole fabrication process for complicated 

2D and 3D microfluidic chips from the usual several days into several minutes by using 

easily accessible materials and methods. We demonstrated that these types of chips have 

good bio-compatibility enabling their applications in many biological analyses such as 

PCR and DNA capillary electrophoresis. We also dramatically simplified the process of 

fabricating complicated 3D chips by using cyanoacrylate-based resin or adhesive wax as 

the bonding material to integrate chip materials such as paper, glass slides or other 

polymer films. With this process, a 3D microfluidic chip is achievable by vacuating and 

venting the chip. And the bio-compatibility and applicability of the paper-based 3D 

microfluidic chip was verified in the applications such as PCR, HeLa cell electroporation 

and the chemotaxis of E. coli. In all, our PCR-compatibility test provides good hints as to 

the selection of materials for microfluidic chips employed in biological analysis. Base on 

this, we succeeded in fabricating complicated microfluidic chips using easily accessible 

materials that may make it much more applicable than conventional methods.  

 

 

INTRODUCTION 
 

The fluids in the micro scale behave distinctly from those in the macro scale because 

many insignificant factors in the macro scale, such as surface tension, energy dissipation and 

fluidic resistance, become to be dominative in the micro scale system. In particular, 

microfluidics ensures high specificity of chemical and physical parameters, including 

concentration, pH, and temperature, which significantly improve reaction conditions and 

subsequently achieve high productivity in multiple step reactions. [1] In contrast with 

traditional mass volume approaches, microfluidics enables lower sample and energy 

consumption, allowing faster reactions for rapid detection. Therefore, microfluidics chips are 

widely employed in multidisciplinary research fields, including physics, chemistry, and 

biotechnology for the precise control and manipulation of fluids at sub-millimeter scale in 

lab-on-a-chip technology. [2] 

Despite the high diversity of microfluidic applications, because of the limitations of 

realized structures and features, the selection of materials turns out to be the major barrier to 

implement microfluidic chips into mainstream technology for research and detection. Initial 

microfluidic chips were fabricated in silicon based material which was directly derived from 

semiconductor fabrication techniques. As the demands for various biological and chemical 

applications keep increasing, many factors, such as optical characteristics for imaging 

techniques and bio-compatibility for biologic reactions, have been taken into consideration in 

chip fabrication. Therefore, many novel materials and processes have been utilized. 

Currently, various types of materials are used in fabricating microfluidic chips, such as 

metals, semiconductors, glasses, plastics and others. [3] 

Depending on the materials and desired structures for various applications, microfluidic 

chips can be fabricated in particular processes, such as photolithography; hot embossing, dry 

or wet etching, breaking and dicing, and thermal or anodic bonding. The most common step 

to fabricating microfluidic chips is photolithography, which removes designated parts of a 

thin film or the bulk of a substrate by using particular light irradiation, depending on the light-
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sensitive chemical photoresist applied, and subsequently converts a geometric pattern 

designed from the mask to the photoresist on the substrate. Then a series of chemical 

treatments are followed in order to either engrave the exposed pattern or deposit new 

materials in the desired pattern. A single iteration of photolithography contains several steps, 

including cleaning, preparation, photoresist application, exposure and developing, etching and 

photoresist removal, which is a time and effort consuming process, as well as requires a well-

equipped clean room. [4] Therefore, the whole fabrication of microfluidic chips is a complex 

and difficult process. Also, the requirements for solvent or thermal processing on materials 

during fabrication as well as the nature of selected materials may contradict the function of 

biologically active components, so the bio-compatibility of the materials utilized for bio-

microfluidic devices should be improved and validated to ensure the success of bio-reactions. 

In this publication, we demonstrated a simple method of evaluating the PCR-

compatibility of various common materials utilized in microfluidic chips, including silicon, 

several kinds of silicon oxide, glasses, plastics, wax and adhesives, because adsorption or 

inhibition of the activity of biomolecules (such as DNA and proteins) is one of the major 

causes for the failure of bio-reactions. Then we report several measures to make simple, low-

cost and rapidly fabricated two-dimensional (2D) and three-dimensional (3D) microfluidic 

chips for biological analysis by bio-compatibility verified materials. 

 

 

EVALUATION OF VARIOUS CHIP MATERIALS  

ON PCR COMPATIBILITY 
 

Polymerase chain reaction (PCR), invented by Dr. Kary B. Mullis in 1983, is an in vitro 

thermal cycling process for amplifying DNA from template samples, [5] which earned the 

inventor the Nobel Prize for chemistry in 1993 and now is a powerful approach widely 

used in a variety of biological research, diagnosis of diseases and crime investigations. For 

over a decade, PCR has been studied extensively in microfluidic chips due to of the demand 

for minimized sample and reagent amount, reducing the overall reaction cost as well as 

achieving the high efficiency in reaction time and productivity of PCR realized by different 

microdevices. The great achievement has been made in the mature processing of 

microdevices (such as selection of substrate materials, surface modification, structure of 

reaction vessel and manipulation of sample fluid), thermocycling control, detection 

of amplified nucleic acid products and integration with downstream functional microdevices. 

[6-9] In recent years, microfluidic PCR devices have been brought into real world 

applications, e.g., point-of-care diagnostic devices. 

Because of intensive studies and extensive applications of PCR in microfluidics, in this 

publication we evaluated the inhibitory affect of different microfluidic materials on PCR, which 

is one of the most frequently used enzymatic reactions in microfluidics. The PCR components 

include the DNA template, primers, DNA polymerase, dNTPs, a buffer, divalent ions 

(MgCl2), and KCl. Due to ionic and hydrogen bonding effects, polar molecules such as DNA 

and the polymerase can be dramatically adsorbed by certain chip materials, which results in 

the failure of PCR in micro scale studies. Therefore, the success of PCR in microfluidic chips 

significantly depends on the surface chemistry, in contrast with conventional PCR in test 

tubes. Many studies have been performed on the PCR compatibility of silicon, silicon dioxide 
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and other materials used in microfluidics. Shoffner et al. found that native silicon and silicon 

nitride (Si3N4) were inhibitors of PCR and the SiO2 surface gave comparable amplifications. 

[10] Potrich et al. analyzed the bio-compatibility of different silicon-based materials by 

atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS) and fluorescence 

microscopy. [11] Panaro et al. evaluated and identified several common plastics, plastic 

tubing, and disposable syringes which were compatible with the PCR reaction. [12] Prakash 

et al. systematically studied Taq polymerase adsorption on 13 kinds of materials in 

microfluidic devices. [13] However, a comprehensive and conclusive result is still missing 

from the above studies. 

The adsorption of bio-active components can be intensively investigated by delicate 

protein–surface interaction measurements, in which bulky and expensive facilities are 

required, such as AFM, scanning or transmission electron microscopy (SEM or TEM), 

spectrophotometric protein concentration measurement, Fourier transform infrared 

spectroscopy (FTIR) or XPS. Moreover, a strict experimental environment is also required in 

some tests, e.g., SEM, TEM and XPS must be performed in vacuum.  

 These techniques are inconvenient for the evaluation on a large number of microfluidic 

materials; therefore we designed a relatively quick measurement simply based on PCR.  

In contrast with conventional three-step or temperature PCR, including denaturing, 

annealing and extension, we simplified PCR into two-temperature by merging annealing and 

extension steps, and achieved rapid amplifications of the male-specific sex determining 

region Y (SRY) gene marker by utilizing raw saliva in both conventional PCR and micro 

PCR devices. The optimized PCR contained the following components: 0.75 μM primers 

(Life Technologies Co., Carlsbad, CA), 3.5 mM MgCl2 (Kapa Biosystems, Cambridge, MA), 

0.2 mM dNTP (Takara Bio Inc., Otsu, Japan), 1× fast buffer I reaction buffer, up to 0.2 mM 

(0.008%) cresol red (Sigma-Aldrich, Co., St. Louis, MO), 1.2 M betaine (Sigma), 2×10
6
 

pEYFP-C1 template molecules, and 0.025 U∕μl SpeedStar HS DNA polymerase (Takara Bio 

Inc.). The optimized temperatures for denaturing and annealing for designed primer pair were 

71 °C and 91 °C respectively. [14] 

 

 

PCR SETTING AND MATERIAL SELECTION 
 

Some solutions for the surface passivation by passive or active coating that avoid the 

material inhibitory effects in enzymatic reactions have been reported. The additive BSA was 

also reported to compete with DNA polymerase for the adsorption by the chip surface to 

improve PCR productivity. [8,15] Also, adsorption of BSA by both hydrophilic and 

hydrophobic surfaces has been widely examined. [16] Therefore, we applied BSA into PCR 

components to assess the material inhibitory properties. Additionally, BSA also acts as a 

polymerase competitor in the inhibitor chelation, [17] facilitates the primer to bind to the 

template, and stabilizes DNA and polymerase. The reported ideal BSA concentration in PCR 

ranges from 0.5 to 1.0 μg/μl, somehow, BSA has been used in some reported microchips at 

the concentration of 2.5 μg/μl. In fact, we found that BSA at the concentration of 2 μg/μl had 

no inhibitory influence on PCR.  

In order to screen PCR-compatible microfluidic materials, we selected a wide range of 

materials, including polymethyl-methacrylate (PMMA) (cast acrylic sheets Clarex A from 
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Nitto Jushi Kogyo Co. Ltd.), polycarbonate (PC), polyvinyl chloride (PVC), polypropylene 

(PP, derived from a 200 μl PCR tube), polytetrafluoroethylene (PTFE), cured 

polydimethylsiloxane (PDMS), three kinds of wax with melting temperatures (Tm) of 56 °C 

(white wax: paraffin from Nacalai Tesque), 60 °C (yellow wax: shiftwax from Nikka Seiko) 

and 80 °C (black wax: wax W from Apiezon), silicon (raw silicon wafer), SiO2 of 560 nm 

thickness (carrier silicon wafer), quartz, pyrex glass, indium tin oxide (ITO) glass, soda-lime 

glass, cured SU-8 epoxy-based negative photoresist (SU-8), Norland Optical Adhesives 61 

(NOA61) and 68 (NOA68) exposed to UV light for 2 min, dry epoxy and acrylic glues, 

metallic iron tubes with the diameter of 0.9 mm and 12.9 mm in length, and mineral oil for 

molecular biology use (Sigma). Then these selected tiny material fragments or liquids were 

immersed into PCR reactions and incubated on ice for 30 min before reaction on 

thermocycler.  

After the reaction was completed, detection of PCR products was achieved by 4% 

agarose gel analysis containing SYBR Safe DNA stain (Life Technologies) and subsequent 

gel imaging. The relative amplified DNA amounts from different testing material-contained 

PCR mixture were quantified by measuring relative band intensity (RBI) from the gel images 

using ImageJ version 1.43 software (developed at the National Institutes of Health). 

In contrast to the control containing no testing materials, RBI values revealed which 

materials are PCR-inhibitory or PCR-friendly. High RBI values indicated successful PCR as 

DNA was amplified, and therefore the material was more PCR-compatible (less inhibitory).  

 

 

PCR RESULTS AND DISCUSSION 
 

As shown in Table I, the PCR-friendly materials, exhibiting similar BRI values to that of 

the control in the PCR outcome, are PP, PTFE, PDMS, wax (Tm 80 °C), SiO2 quartz, pyrex 

and soda-lime glasses, NOA68, and mineral oil. The addition of BSA did not improve PCR 

productivity of these PCR-friendly materials. In contrast, PMMA, waxes, ITO glass, SU-8, 

NOA61, epoxy and acrylic glues showed complete inhibitory effects on PCR outcome, since 

they gave extremely low RBI values (RBI < 1.9 × 10
2
), indicating almost no amplified DNA. 

Some other partial PCR-inhibitory materials, including PC, PVC, silicon, SiO2 coated silicon 

and metal tubes, showed a lower RBI value (RBI < 8.4 × 10
2
) than that of the control. 

However, the addition of BSA in PCR mixture resulted in significant strong gel band signals 

(RBI > 1.4 × 10
3
) for PMMA, PC, PVC, wax (Tm 56 °C), silicon, SiO2 coated silicon, ITO 

glass, acrylic glues, NOA61, and the metal tubes. However, the PCR-inhibitory effects of wax 

(Tm 60 °C), SU-8 and the epoxy glue could not be rescued by the additive BSA. The failure of 

PCR has most likely resulted from the inhibition or adsorption of PCR components by the 

added PCR-inhibitory materials. Compared with other components with smaller molecular 

weight and less biological activity, the key components of the PCR mixture, DNA and the 

polymerase, are more prone to inhibition. Therefore, we next determined which key 

component, DNA or the polymerase (or even both), was adsorbed or inhibited by those 

additive PCR-inhibitory materials (as shown in Figure 1). Briefly, two different kinds of PCR 

mixtures were prepared with either the absence of template DNA or the polymerase. After 

distribution into tubes containing material fragments and incubation on ice for 30 min, the 

PCR mixtures were removed from the material into the new tubes. Then either the SpeedStar 
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polymerase or template DNA was added to the PCR mixture lacking the polymerase or 

template DNA respectively. Finally, PCR was performed and the outcome was examined as 

described above.  

 

Table I. PCR inhibition through material interaction with template DNA or the 

polymerase correspondingly. The measured RBI is indicated 

 

Material RBI, interaction with DNA RBI, interaction with polymerase 

PMMA 4.6 ×10
3
 3.4 × 10

2
 

PC 4.0 × 10
3
 1.5 × 10

3
 

PVC 5.4 × 10
3
 9.1 × 10

2
 

PP 4.1 × 10
3
 1.7 × 10

3
 

PTFE 3.5 × 10
3
 1.6 × 10

3
 

PDMS 4.5 × 10
3
 1.7 × 10

3
 

Wax (Tm 56 °C) 3.7 × 10
3
 3.2 × 10

2
 

Wax (Tm 60 °C) 9.2 × 10
2
 1.0 × 10

2
 

Wax (Tm 80 °C) 4.3 × 10
3
 9.2 × 10

2
 

Silicon 3.4 × 10
3
 4.3 × 10

2
 

SiO2 5600 Å 3.8 × 10
3
 1.5 × 10

3
 

SiO2 quartz 3.7 × 10
3
 1.1 × 10

3
 

Pyrex glass 3.3 × 10
3
 2.0 × 10

3
 

ITO glass 4.2 × 10
3
 1.8 × 10

2
 

Soda-lime glass 4.3 × 10
3
 1.7 × 10

3
 

SU8 4.1 × 10
3
 1.0 × 10

2
 

NOA61 1.5 × 10
3
 8.1 × 10

1
 

NOA68 3.9 × 10
3
 3.9 × 10

3
 

Epoxy glue 4.2 × 10
3
 8.0 × 10

1
 

Acrylic glue 9.4 × 10
2
 8.4 × 10

1
 

Metal tubes 3.0 × 10
3
 1.5 × 10

2
 

Mineral oil 7.6 × 10
2
 3.4 × 10

1
 

No additives 9.8 × 10
2
 2.0 × 10

2
 

 

The RBI value showed that the wax (Tm 60 °C) exhibited complete adsorption effect on 

template DNA (RBI = 9.2 × 10
1
), NOA61, mineral oil and acrylic glue materials significant 

adsorption occurred (RBI < 1.5 × 10
3
), but the other examined materials did not noticeably 

adsorb the template DNA (RBI > 3.0 × 10
3
). This is consistent with the literature report that 

DNA is not expected to bind to hydrophobic surfaces due to its poly-anionic feature. In 
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contrast to DNA, we observed more significant effects of polymerase adsorption on the PCR 

efficiency. The following materials did not have strong effects (RBI > 1.1 × 10
3
) on 

polymerase: PC, PP, PTFE, PDMS, silicon with a layer of 560 nm SiO2, SiO2 quartz, pyrex, 

and soda-lime glass. Slight polymerase inhibition (RBI < 9.2 × 10
2
) was observed with 

PMMA, PVC, waxes (Tm 56 °C and 80 °C), silicon, and NOA68. A very strong or near total 

inhibition (RBI < 1.8 × 10
2
) was observed with wax (Tm 60 °C), ITO glass, SU-8, NOA61, 

metal tubes, mineral oil, epoxy, and the acrylic glues. 

 

 

Figure 1. The PCR compatibility assay. Both the total reaction inhibition experiment and DNA or 

polymerase adsorption experiments are described. The PCR is performed using bench thermocycler, 

and subsequent imaging is done on agarose gel. The control experiment was done running PCR without 

including any of the material (“no additives” part). ). Reprinted with permission from [46]. Copyright 

2012, Elsevier. 

 

MATERIAL INHIBITION EFFECT 
 

As summarized in Table I and II, we totally examined nine major categories of materials 

commonly used in microfluidic devices or PCR applications, i.e., silicon-based materials, 

oxide, photoresist, photopolymer, metals, mineral oil, plastics, wax and glue. These materials 

are in either solid or liquid form, resulting in varied shapes and total surface areas, which 

range from 3.5 × 10
1
 to 1.8 × 10

2
 mm

2
. And the surface-area-to-volume ratio (SAVR) of these 

materials, which may dramatically influence reaction outcomes in microfluidic devices, may 

not be at the same comparable level. Therefore, the materials listed in Table I should be 

compared with caution and more delicate and precise sample preparation measures should be 
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employed in future work to maintain the similar SAVR of each material. The PCR-

compatibility of silicon-based microdevices has been examined by many researchers. Our 

finding is consistent with the literature that bare silicon (RBI = 2.2 × 10
2
) has stronger 

inhibitory effect than SiO2 (RBI = 4.4 × 10
2
). And we clarified that this inhibitory effect was 

exerted on the polymerase but not the template DNA and could be rescued by additive BSA. 

Interestingly, quartz, which is crystalline form of SiO2 and has been used in microfluidics for 

single cell analysis, lipoprotein assay, cell separation, cell counting and biosensor, [18-22] did 

not show any inhibitory effect on DNA or the polymerase. The reason is not clear and needs 

further investigation. 

 

Table II. Summary on PCR inhibitory effect of various microfluidic materials according 

to the calculated RBI in Table I 

 

Category Material  Inhibition  BSA rescue 

  DNA Polymerase  

 

Silicon 

Silicon Insignificant Slight Yes 

SiO2 Insignificant Insignificant Yes 

Quartz Insignificant Insignificant No 

 

Oxide glass 

Pyrex Insignificant Insignificant No 

Soda-lime Insignificant Insignificant No 

ITO Insignificant Very strong Yes 

Photoresist SU8 Insignificant Very strong No 

Photopolymer NOA61 Significant Very strong Yes 

 NOA68 Insignificant Slight No 

Metal Metal tube Insignificant Very strong Yes 

Mineral oil Mineral oil Significant Very strong No 

 

 

Plastics 

PP Insignificant Insignificant No 

PTFE Insignificant Insignificant No 

PDMS Insignificant Insignificant No 

PMMA Insignificant Slight Yes 

PC Insignificant Insignificant Yes 

PVC Insignificant Slight Yes 

 

Wax 

Wax (Tm 56°C) Insignificant Slight Yes 

Wax (Tm 60°C) Very strong Very strong No 

Wax (Tm 80°C) Insignificant Slight No 

 

Glue 

Acrylic glue Significant Very strong Yes 

Epoxy Insignificant Very strong No 
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We also examined three kinds of oxide, i.e., pyrex, soda-lime, and ITO, which have been 

popular for glass microfluidic devices in cell culture, separation and real-time cellular 

imaging systems. [33-36]
 
The ITO glass (RBI = 9.1 × 10

1
) exhibited the strong inhibitory 

effect on the PCR outcome that could be rescued by the additive BSA.  

This inhibitory effect was demonstrated to affect the polymerase but not the template 

DNA. In contrast, both pyrex and soda-lime glasses (RBI = 3.3 × 10
3
 and 2.8 × 10

3
, 

respectively) did not inhibit either DNA or the polymerase to affect PCR outcome, which is 

consistent with literature report. [11]  

SU-8, as a photoresist, and NOA 61 and NOA68, as the liquid photopolymers, have been 

commonly used in photolithography. SU-8 (RBI < 8.2 × 10
1
) was found to strongly inhibit the 

polymerase but not DNA, leading to poor amplification, and the PCR outcome could not be 

improved by the additive BSA. This result is consistent with previous reports. [23] NOA61 

and NOV68 are different in physical features and usage. NOA68 has a higher viscosity 

(22,000 CPS) than NOA61 (300 CPS). NOA61 serves as an adhesive for glass and metal, 

while NOA68 is used to adhere to the plastic. 

Our results suggest that NOA68 (RBI = 2.9 × 10
3
) is much more PCR-friendly than 

NOA61 (RBI = 1.9 × 10
2
) and the inhibitory effect of NOA61 on both DNA and the 

polymerase could be rescued by the additive BSA.  

Acrylic glue and epoxy glue have been used for chip bonding. We found that both acrylic 

glue (RBI=6.0 × 10
1
) and epoxy glue (RBI= 9.1 × 10

1
) were PCR-inhibitory. Acrylic glue 

could inhibit both DNA and the polymerase significantly while epoxy glue appeared to inhibit 

the polymerase but not DNA. However, acrylic glue turned out to be more PCR-friendly with 

the additive BSA (RBI=5.9 × 10
2
), whereas the PCR with the epoxy glue still failed in the 

presence of BSA (RBI = 1.1 × 10
2
). Therefore, acrylic glue will be recommended for use in 

PCR-compatible microdevices instead of epoxy glue. 

The stainless metal tubes are used as physically stable connections between tubing and 

microfluidic devices. Usually the metal tubes are beyond the contact with the reaction vessel 

of PCR microfluidic chips, so little attention has been paid to their influence on PCR. Our 

results showed that the metal tubes reduced the PCR yield through polymerase inhibition 

rather than template DNA, which is consistent with Panaro's work. [12] Other metals such as 

platinum and gold have also been reported to inhibit PCR and the suggested solution to this 

inhibition was the application of EDTA with the equal amount of Mg
2+

. [24-26] The mineral 

oil purchased from Sigma-Aldrich is free of DNase, RNase and Protease and suitable for 

molecular biology usage. Due to lower density and higher boiling temperature than water and 

inertness, this kind of mineral oil has been used to overlay PCR mixture to maintain the 

constant concentration of components by preventing water evaporation, depending on the 

model of thermocycler. We found that this mineral oil indeed had little influence on PCR 

yield compared with control, which confirms the PCR-compability of this commercial 

mineral oil. 

The bio-compatibility of several plastics has been evaluated by several research groups. 

Panaro et al. found that native acrylic, Kel-F
® 

(chlorotrifluoroethylene), polysulfone and 

PTFE Teflon
® 

did not inhibit PCR, whereas native Delrin
®
 and poly(etheretherketone) 

(PEEK) reduced PCR yield significantly. [12] Midwoud et al. assessed several plastic 

microfluidic materials as alternatives for PDMS devices, including PMMA, polystyrene (PS), 

PC, and cyclic olefin copolymer (COC). They found that only UV-ozone-treated PC and 

COC devices satisfied bio-compatibility on cell culture and adsorption of hydrophobic drugs 
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and their metabolites. [27] The six different plastics we examined in this publication have 

widely been applied in the fabrication of conventional tools and microfluidic chips. [24,28-

31] We found that all plastic materials showed unnoticeable or slight PCR inhibitory effect 

and only PMMA and PVC slightly inhibit the polymerase but not DNA. PP, PTFE, and 

PDMS had the least inhibitory effect on PCR and the additive BSA could rescue the PCR 

inhibitory effect of PMMA, PC, and PVC. Our results suggested that these plastic materials 

can be used for PCR-compatible microfluidic devices with the additive BSA. Waxes are a 

class of non-homogeneous chemical compounds that are malleable near ambient 

temperatures. All waxes are water-resistant and composed of various substances, including 

long-chain carbons (from 12 to 38 carbon atoms), hydrocarbons, ketones, alcohols, aldehydes, 

sterol esters, alkanoic acids, terpenes, and monoesters. The melting point of waxes can be as 

low as 45 °C so wax can influence PCR yield by its chemical components as well as some by-

products generated at high temperature. As recently wax has been utilized in the fast 

fabrication of simple microfluidic devices, [32-40] we tested three available kinds of waxes 

with different melting points. We found that wax (Tm 80 °C) exhibited good PCR-

compatibility even without the additive BSA. Also, the PCR-compatibility of wax (Tm 56 °C) 

could be significantly enhanced by the additive BSA (RBI = 1.5 × 10
3
). Both wax (Tm 80 °C) 

and wax (Tm 56 °C) slightly inhibit polymerase rather than template DNA. Wax (Tm 60 °C), 

however, completely inhibited the reaction despite the additive BSA (RBI = 1.9 × 10
2
). Wax 

(Tm 60 °C) showed very strong inhibition on both DNA template and the polymerase; the 

PCR could be rescued by doubling the polymerase concentration as reported in Gong et al. 

[32] In summary, we introduced a simple method to access the PCR-compatibility of various 

microfluidic materials, which can be easily performed in common molecular biology 

laboratories and which enables us to compare among a much wider range of materials than 

previous studies. Our study has provided a comprehensive insight into the selection of PCR-

friendly microfluidic materials. Furthermore, other biological studies can also benefit from 

our strategy, such as cell growth inhibition study, [41] high-throughput screening and 

transcriptome analysis. In addition, based on our compatibility test results of the waxes and 

glues, we are able to introduce novel materials and fabrication methods for microfluidics, 

such as mask-free and paper-based two-dimensional (2D) and three-dimensional (3D) chips. 

 

 

MASK-FREE AND PAPER BASED MICROFLUIDIC  

DEVICE FOR BIOLOGICAL ANALYSIS 
 

Soft-lithography, using a soft polymer such as PDMS to imprint and transfer the structure 

on a well patterned mold, is the most popular and successful microfluidic fabrication method. 

However, the whole fabrication process is very time-consuming, requiring several hours or 

even days to deal with mask making and photolithography. Also, it is difficult to construct 

complex 3D structures by multilayer bonding. Therefore, in order to improve the fabrication 

efficiency and develop new applications, many rapid and inexpensive fabrication methods 

have been introduced. One of these methods is paper-based microfluidics.  

As it is widely available, low-cost and compatible with many chemical and biological 

applications, paper-based microfluidics has provided a novel system for microfluidic 

manipulation ever since 2007. [14,32] Currently, paper-based microfluidic systems have shed 
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new light on disease diagnosis and environmental monitoring for those areas especially 

lacking equipment and professionals. A variety of 2D and 3D microfluidic devices have been 

reported regarding the fabrication techniques or/and applications. For instance, Delaney et al. 

succeeded in combining paper microfluidics with electrochemiluminescent (ECL) detection 

which can be recorded by a mobile phone camera instead of a traditional photodetector. [42] 

Ho et al. successfully detected drugs at nanomolar concentrations by coupling a surface 

acoustic wave atomization and ionization device with a paper-based sample delivery system 

and mass spectrometer. [43] Dungchai et al. firstly demonstrated the electrochemical 

determination of glucose, lactate, and uric acid in biological samples using oxidase enzyme 

reactions by paper-based microfluidic devices. [44] Dungchai et al. also reported a rapid 

fabrication method for paper-based microfluidics using wax screen-printing. [45] 

In this publication, we report a one-step gas-sacrificing glue bonding method to fabricate 

microfluidic systems for biological analysis. In this process, instead of tedious soft-

lithography, a CO2 laser system (Versa Laser System, model VR3.50, Universal Laser 

Systems, Ltd., Scottsdale, AZ) was used to cut through paper to form intricate patterns and 

configured channels. The cyanoacrylate-based resin (Aron Alpha Co.,West Jefferson, OH) is 

a rapid-polymerizing liquid glue in medical use which is compatible for various kinds of 

material surface and offers excellent bonding strength. By bonded with cyanoacrylate-based 

resin, the laser-cut paper sheets were sandwiched between hydrophilic glass slides or 

hydrophobic polymer-based plates to form a multilayer structure. The whole process could be 

finished within 1 hour and the cost of materials was less than 1 US Dollar. With this simple, 

rapid and low-cost method, not only intricate hydrophilic or hydrophobic channels can be 

easily fabricated, but 3D structures have also been realized by one-step bonding of multiple 

layers (as shown in Figure 2). [14] 

 

 

Figure 2. (a) Schematic picture of three-dimensional chip. Differently colored channels intersected and 

overlapped with each other without connecting. (b) Top-view of three-dimensional acrylic resin 

microfluidic chip. Each channel was filled with one color of fluid, corresponding to (a). (c) Bottom 

view of three-dimensional acrylic resin microfluidic chip. Reprinted with permission from [14]. 

Copyright 2010, AIP Biomicrofluidics. 

We then evaluated the PCR-compatibility of materials (A4 print paper, filter paper, and 

cyanoacrylate-based resin) employed in the chip fabrication by the method described above. 

The results showed that resin impregnated paper could avoid the PCR-inhibitory effect of 

pure paper. Thus this 2D and 3D microfluidic chips were bio-compatible with the enzymatic 

reactions. Protein detection and DNA capillary electrophoresis have also been carried out and 
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both of them showed positive results. Overall, with the direct laser cutting and one-step gas-

sacrificing techniques, the whole fabrication process for complicated 2D and 3D microfluidic 

devices has successfully been shortened into several minutes, making it a potential alternative 

of PDMS microfluidic chips for biological analysis. 

 

 

EASILY ACHIEVED WAX-BONDING 3D  

MICROFLUIDIC CHIPS 
 

We also fabricated another simple, low-cost and detachable microfluidic chip by bonding 

paper, glass slides or other polymer films with adhesive wax (Nikka Seiko (Skywax Series, 

Japan)). We firstly used the scalpel or the same CO2 laser system as described above to cut 

through the paper or film to form patterns and then sandwich the paper or film between glass 

sheets or polymer membranes. Then, the paper or film absorbed the hot melt adhesive wax 

and the cooled wax-paper or wax-film was sandwiched between two glass slides. With this 

process, 3D microfluidic chip is achievable by vacuating and venting the chip in a hot-water 

bath. 

 

 
 

 

Figure 3. (a) The flow chart to show the fabricating process of a wax-paper-based microfluidic device 

with imbedded electrodes. (b) The phase contrast and fluorescent images of HeLa cells after EP in the 

chip described in (a). The cell viability and the EP efficiency were obtained from cell morphology in 

phase contrast images and the percentage of Rhodamin-Dextran positive HeLa cells respectively. 

Reprinted with permission from [32]. Copyright 2010, RSC Publishing. 
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By SEM scanning the surface morphology, we found that the bonding strength of wax 

chips could be sustained and wax-film gave a smoother surface than wax-paper. Also, chips 

based on the transparent film enabled the optical analysis that was not possible with the 

paper-based chips. 

As shown in Figure 3, we fabricated a 5-layer 3D metal electrodes incorporated chip by 

multilayer wax bonding and then applied it for the electroporation (EP) of HeLa cells (ATCC, 

Manassas, VA). No liquid leakage could be seen in the channel even after repetitive use, 

suggesting that the wax bonding provided a stable sealed compartment. Also, no cells were 

trapped under microscope observation in wax-based chip, suggesting the excellent cell-

compatibility of wax. The HeLa cells were suspended in the poration medium containing 

dextran, rhodamine B isothiocyanate, and 70S (Sigma), serving as fluorescent EP marker. The 

electrodes were connected to a radio-frequency (RF)-oscillating electric pulse generator (Bio-

Rad Labs). After applying different voltages, the cells were analyzed under bright and 

fluorescent field. The mean viability of HeLa cells after electroporation is 84.25 ± 8.63%, 

accompanying with the EP efficiency 52.91 ± 2.68%, which is as good as the conventional EP 

method. The wax-bonded electrodes can also be applied to other electro-dynamic processes, 

e.g., electrophoresis and electro-detection. Moreover, the 5-layer 3D device offers good 

optical transparency and low background fluorescence, which allows optical studies on cell 

culture and drug screening. [32] 

 

 

CONCLUSION 
 

In this publication, by using a simple and rapid PCR based approach, we assessed 

extensively nine common categories of materials used in microfluidic devices. Our approach 

established the simple and applicable concept for the further screening of mass amounts of 

prospective microfluidic materials.  

Moreover, our conclusions can serve as a good guidance for the selections of materials 

for the fabrication of microfluidic devices. [46] We also demonstrated two examples of 

utilizing the simple, low-cost and bio-compatible materials and fabrication methods in 

microfluidic devices, which may help researchers to develop more applicable microdevices 

for rapid on-site diagnosis, monitoring and quality control. 
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