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We present a high-throughput roll-to-roll (R2R) manufacturing process for foil-based polymethyl

methacrylate (PMMA) chips of excellent optical quality. These disposable, R2R hot embossed

microfluidic chips are used for the identification of the antibiotic resistance gene mecA in

Staphylococcus epidermidis. R2R hot embossing is an emerging manufacturing technology for polymer

microfluidic devices. It is based on continuous feeding of a thermoplastic foil through a pressurized area

between a heated embossing cylinder and a blank counter cylinder. Although mass fabrication of foil-

based microfluidic chips and their use for biological applications were foreseen already some years ago,

no such studies have been published previously.

Introduction

The advances in point-of-care (POC) diagnostic systems and lab-

on-a-chip applications over the past years have created a growing

market demand for suitable mass-production technologies.

Nowadays however, many diagnostic tests are still performed in

laboratory environments. Miniaturized solutions to shift the

analytical workload to inexpensive and disposable lab-on-a-chip

devices are needed.1,2 The development of robust low-cost diag-

nostic testing systems that can provide rapid sample-to-result

readouts would be more than desirable, particularly for near

patient testing or third-world countries with limited financial and

infrastructural resources.3

The use of thermoplastic films or foils as base material for

microfluidic devices has been investigated in detail.4–11 The main

advantages of foil-based chips are their disposability enabling

avoidance of expensive cleaning procedures and cross-contami-

nation,12 their relatively low material costs,5,13 as well as their

compatibility with high-volume production methods, such as

roll-to-roll (R2R) hot embossing, due to their availability as rolls

or sheets.

R2R hot embossing is an increasingly utilized thermoforming

process for microfluidic devices in which a rotating embossing

cylinder transfers its stamp features onto a continuous polymer

web. Compared to other micro-thermoforming methods such as

flat-bed hot embossing or injection moulding, R2R hot

embossing allows short cycle times due to the fast heat transfer

and relatively short contact time between embossing roller and

polymer film.4,6,14,15

Typical thermoplastic foil materials used for R2R hot

embossing are cyclic olefin copolymer (COC), cyclic olefin

polymer (COP), polycarbonate (PC), polypropylene (PP), poly-

styrene (PS), and polymethyl methacrylate (PMMA).16,17 R2R

embossing on biodegradable plastics such as cellulose acetate

(CA) has been demonstrated recently.11 For the gene detection

assay described in this article PMMA was chosen as the web

material due to its high transparency, low background fluores-

cence, good bio-compatibility, low glass transition temperature

(Tg ¼ 105 �C) and relatively low cost (less than 6 $US per square

metre).

Microfluidic PMMA chips have been previously applied in the

analysis of various biological compounds18 such as enzymatic

digests of DNAs,19–23 and some genetic analyses, including PCR

products of hepatitis C virus,24 hepatitis B and SARS viruses,25

humanD1S80 alleles,26 human fragile X (CGG)n alleles,
27 human

THO1 gene,28 M13mp18 from bacteriophage M13 (ref. 29) and

tobacco ACT gene.30 Separations of amino acids, peptides,

proteins and oligosaccharides have also been presented.18

However, a common feature of all previous analyses is that they

have been performed on PMMA chips produced by low-capacity

manufacturing techniques. The mass fabrication of PMMA-

based disposable microfluidic chips and their use for biological

applications were foreseen already a few years ago,18 however no
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such studies have been published yet. In this study, we introduce

a mass-manufacture technology for disposable PMMA micro-

fluidic chips and apply the chips for the determination of anti-

biotic resistance in bacteria.

Staphylococcus epidermidis is the most frequently isolated

species from human epithelia. It readily forms biofilms i.e.

multicellular aggregates in which bacterial cells adhere to each

other and to a surface. Owing to its biofilm formation properties,

S. epidermidis represents the most common source of infections

on indwelling medical devices.31 It is a pathogen commonly

found in the blood cultures of sepsis patients.32 Although

S. epidermidis infections only rarely develop into life-threatening

diseases, their frequency, and the fact that they are extremely

difficult to treat, represents a serious expense for the public

health system.31 Treatment is complicated by the presence of

specific antibiotic resistance genes and the formation of biofilms

having intrinsic resistance to antibiotics and mechanisms of host

defence.31 Specific antibiotic resistance genes are widespread in

S. epidermidis. In many countries, 75–90% of all hospital isolates

of S. epidermidis are resistant to methicillin.31 Resistance to

methicillin is encoded on mobile genetic elements, namely the

staphylococcal cassette chromosome mec, which contains the

methicillin resistance mecA gene.31 In this study, we present

the determination of the presence of mecA gene in S. epidermidis

with the use of disposable mass manufactured PMMA micro-

fluidic chips. As a reference gene we use conserved regions of the

bacterial topoisomerase gene gyrB.32,33

Materials and methods

Roll-to-roll hot embossing on PMMA foil and chip assembly

Microfluidic capillary electrophoresis chips were fabricated by

roll-to-roll hot embossing on thermoplastic polymethyl meth-

acrylate (PMMA) foil (Plexiglas 99524, Evonik R€ohm, Ger-

many) with a web width of 200 mm and a thickness of 125 mm.

The microfluidic CE chip designs were drawn using commercial

CAD software (Rhino3D from McNeel, Spain) from which

a large area steel shim (200 mm� 400 mm) was fabricated by wet

etching. The shim backing was adjusted to a thickness of 110 mm

during the etching process to ensure mechanical flexibility for the

following laser welding step, during which the tool was closed

into a cylindrical sleeve. The relief feature height on the tool was

set to 80 mm for all chip features contained on the large-area

embossing sleeve. In total, four CE chip designs were placed

along the middle axis of the embossing sleeve to ensure that all

designs were embossed with the same nip pressure. A schematic

drawing of the chip design that gave best performance in the

antibiotic resistance analysis is displayed in Fig. 1. The separa-

tion channel is equipped with an injection cross offset of 100 mm

and tapered turns of 60 mm channel width adapted from Paegel

et al.34 to minimize turn-induced dispersion.

The roll-to-roll embossing setup used in our study consisted of

a pilot printing machine fitted with an embossing module

comprising the following main components: an unwinder unit for

continuous feeding of the polymer foil (also called web) (Fig. 2a),

the actual embossing unit comprising an embossing cylinder and

a counter pressure cylinder, both of which can be separately

temperature controlled by oil circulation pumps (Fig. 2b), and

a rewinder unit to roll up the embossed web (Fig. 2c). Earlier

embossing runs on our R2R pilot plant with 125 mm thick

PMMA foil have shown that an embossing parameter setting of

105 �C for the embossing cylinder surface, 85 �C for the counter

pressure cylinder surface, 10 bars of nip pressure and 0.5 mmin�1

web speed generate the best replication quality in terms of

channel depth, shape and surface roughness.

Several studies on R2R hot embossing have indicated the

importance of foil pre-heating as a crucial factor for high quality

channel profiles.6,10,12,15 In our setup, pre-heating was achieved by

establishing contact between the polymer web and the embossing

cylinder surface a few seconds before the web is fed into the

embossing nip by the web guide roller (Fig. 2d). The exact pre-

heating time was hence dependent on the positioning of the guide

roller and on the web feeding speed. In our case, the embossing

speed was set to 0.5 m min�1 which corresponds to 12 s of pre-

heating given the positioning of the guide roller (Fig. 3). In our

study, 100 mm of the PMMA web was R2R hot embossed with

the above listed process parameters and the resulting channel

profiles were characterised with optical interferometry (Wyko

NT3300, Veeco, USA) and stylus profilometry (Dektak 150,

Veeco, USA).

For the following capillary electrophoresis studies, individual

chips were cut out of the embossed web using an office guillotine

cutter and were cleaned with a nitrogen gun for the following

lidding step. Sealing of the microfluidic channels was achieved by

Fig. 1 Capillary electrophoresis chip design selected for the final mecA

analyses (all given dimensions in mm unless otherwise indicated).

Fig. 2 Schematic drawing of the roll-to-roll hot embossing process flow.

The thermoplastic polymer web is unrolled from an unwinder unit (a) and

continuously fed between a microstructured embossing cylinder and

counter pressure cylinder (b). The embossed polymer web is rolled onto

an unwinder unit (c). Web pre-heating is realized by contacting the plastic

foil with the heated embossing cylinder for about 12 seconds before

actual embossing takes place. This pre-heating time is dependent on the

web speed and the custom positioning of the guide roller (d).
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adding another 125 mm thick PMMA layer on top of the foil by

solvent bonding with an in-house developed protocol as follows:

fluid access ports of 1.3 mm diameter were drilled into the cover

lid layer prior to bonding. The mechanical flexibility of both foil

layers provided good conditions for bubble-free sealing by

gradually unrolling one layer on top of the other layer with the

aid of an electrically driven metal rod on a commercial control

coater machine (K Control Coater 202, R K Print-Coat Instru-

ments Ltd., UK). The features on both foil layers (channels and

drilled fluid ports) were easily aligned by eye and fixed onto the

flat control coater work surface using a piece of office tape with

the channel layer on top and a sheet of cleanroom paper below to

absorb excess solvent. The upper layer was then bent upwards

and 100 mL of bonding solvent mixture, containing ethanol and

ethyl acetate in a ratio of 78 : 22 (% v/v), was pipetted close to the

touching point of both foil layers. The metal rod was then

immediately driven over both foils at a speed of 14 cm s�1, at the

same time pressing the solvent liquid front over the entire chip

area. While the majority of excess solvent was absorbed by the

underlying cleanroom paper, the remaining solvent in the

channels was removed with a pipette tip connected to a simple

tap water driven suction hose. The bonded chips were then left

overnight for drying. Finally, the channels were briefly flushed

with deionized water to test for proper alignment of the fluid

access ports. The chips were stored at room temperature until

used in the capillary electrophoresis assays.

Optical quality measurements of the chips

The optical quality of three identical randomly chosen PMMA

chips was measured using a rotary capillary array electrophoresis

LIF scanner35 equipped with a 160 mM pinhole aperture on the

microscope. The emission in the channels filled with solutions of

0.05–10 nM fluorescein in 1� TTE (50 mM Tris, 50 mM TAPS,

1 mM Na2EDTA) pH 8.4 was measured. The measurements

were taken at arbitrary points between the sample and anode

wells. PMMA reservoirs were positioned around the cathode,

sample and waste hole positions; each reservoir held 30 mL of

solution. Solution flow was accomplished by application of

vacuum to the anode (outlet) position on the chip. No electric

field was applied.

Development of LIF detector setup

A custom confocal fluorescence detector was developed to

accommodate 250 mm thick, foil-based PMMA chips for anti-

biotic resistance assays. This four-colour fluorescence detection

method has been previously demonstrated for capillary electro-

phoretic studies utilizing an array of silica capillaries and four

separate photomultiplier tubes.36,37 In this study, the same

detection method was implemented with the commercially

available Hamamatsu photomultiplier (H9797TM-20UCB,

Hamamatsu Photonics Norden Ab, Solna, Sweden).

The photomultiplier tube includes a filter block to achieve four

colour channel separation. The PMMA chips used had one

significant benefit over glass (e.g. borosilicate) chips in terms of

setting up a fluorescence detection system: the thin nature of the

PMMA foil chips enabled the use of standard microscope

objectives even at 40� and 60� magnification. In contrast, the

use of standard objectives, having typical working distances of

0.3–0.6 mm, is problematic for glass-based microfluidics and

customized long working distance objectives are often needed.37

The fluorescence detection system and measurement set-up are

presented in Fig. 4. An argon laser (488 nm, LGN 7802, Laser

Graphics) was used for excitation with an effective power of 18

mW when hitting the chip surface. The laser light was steered

with mirrors M1–M3 and a dichroic mirror D1 (DMLP505, long

pass cutoff D1) (50% 505 nm, Thorlabs) to the microscope

objective O1 (04OAS016, 40�, NA 0.65, f¼ 4.6 mm, CVI Melles

Fig. 3 Detail of the roll-to-roll hot embossing unit in the pilot printing

plant. The PMMA web is guided over the heated embossing cylinder for

a few centimetres ahead of the embossing nip, resulting in a web pre-

heating time of 12 s at an embossing speed of 0.5 m min�1; the line of first

contact between the polymer web and the embossing cylinder is indicated

by the red arrows.

Fig. 4 Microfluidic analysis set-up comprising a laser-induced fluores-

cence detector and a disposable PMMA chip on a XYZ-table (table not

shown). L1–L4 are lenses, M1–M3 are mirrors, A1–A3 are apertures, D1

is a dichroic mirror, F1 is a filter and PMT is a photomultiplier tube.

Detector modified from Kheterpal et al.36
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Griot). A beam expander was used between mirrors M1 andM2.

The beam expansion was made with a plano convex lens L1 (f ¼
12.5 mm) and an achromatic doublet lens L2 (f ¼ 40 mm). After

expansion, the diameter of the laser beam was approximately

6 mm. The maximum beam diameter of the microscope objective

O1 was also 6 mm. A dichroic mirror D1 was used to reflect laser

light onto the objective O1. D1 also transmitted coupled fluo-

rescence light back to the detector. The optical axis of the

measurement system was aligned with tunable apertures A1 and

A2. The alignment apertures were between D1 and M3.

The fluorescence light collecting efficiency was maximized with

a high numerical aperture microscope objective O1. This resulted

in a short 0.47 mm working distance and small spot size. The

beam waist diameter 2u0 in air is defined using the following

equation:38

2u0 ¼
�
4l

p

��
F

D

�

The parameter values in the equation are: wavelength l ¼
488 nm, focal length F ¼ 4.6 mm and entering beam radius D ¼
6 mm. With these values the excitation spot size was 0.5 mm. The

real value of the spot size was slightly increased due to air–

PMMA and PMMA–buffer interfaces, although the diameter of

the spot was smaller than the channel diameters of the PMMA

chip (width 150 mm, height 40 mm).

The microscope objective O1 collected the fluorescence light

from the PMMA chip and collimated it to an achromatic lens L3

(AC254-040-A-ML, f ¼ 40 mm, Thorlabs). The magnification

factor from the detection point to aperture A3 (NT56-283,

Edmund Optics) was about 8.7 (¼L3 focal length/O1 focal length).

The diameter of the fixed pinhole aperture A3 was 100 mm. The

magnification factor and aperture A3 determined a confocal

detection spot diameter of 11.5 mm (¼A3 diameter/magnification

factor). The collected light spot was also smaller than the dimen-

sions of the PMMA chip channel. Thus, the channel wall surfaces

should not have influenced the fluorescence signal.

After aperture A3, the fluorescence light beam was collimated

by aspheric lens L4 (A230, f ¼ 4.51 mm, Thorlabs). The

remaining laser light was filtered out with a 505 nm long pass

filter (F1) (HQ505LP, Chroma Technology Corporation).

Finally, the collimated fluorescence light, with a beam diameter

of 1 mm, was guided to the photomultiplier (PMT). The pho-

tomultiplier had a filter block for four-colour fluorescence

measurement. Four dichroic filters divided the fluorescence light

into four separate channels (537DCLP, 570DCLP, 595DCLP,

Z488BPXR; Chroma). After dichroics, channels 1–3 had band-

pass filters of 520 � 12.5 nm, 550 � 10 nm and 580 � 12.5 nm

(D520/25m, D55020m, D580/25m; Chroma) whereas channel 4

had a 600 nm long pass filter (E600LP, Chroma). In the experi-

ment, only channel 1 was used for data collection.

The PMMA microfluidic chip was connected to an XYZ table

with a clamp mounting. PDMS reservoirs supporting platinum

electrodes were squeezed onto the fluidic connections. LabView

(National Instruments Corporation, Austin, USA) based control

software was developed for data acquisition and gain control of

the photomultiplier tube. A measurement frequency of about 1

Hz and a photomultiplier control voltage of 0–5 V were used.

Sample preparation

DNA from Staphylococcus epidermidis bacteria was extracted as

described by Tissari et al.32 Briefly, two different clinical S. epi-

dermidis strains (Huslab, Helsinki, Finland), mecA positive and

negative, were cultured at 37 �C on blood agar plates overnight.

Colonies were collected and added directly to the lysis buffer for

DNA extraction, which was conducted using an automated

nucleic acid extraction instrument Nuclisens� easyMAG�
(bioM�erieux, France) according to the manufacturer’s protocol

(Generic 2.0.1). The elution volume was 55 mL. mecA and gyrB

genes were amplified by multiplex PCR. The specific primers for

mecA were 50-AATACAATCGCACATACATTAATA-30

(mecAF) and 50-TTACTCATGCCATACATAAATGGATA

GACG-30 (mecAR)33 and for gyrB 50-ACCTTGTTTA-TAG-

GCTTGATGATA-30 (gyrBR) and 50-ATGTAAACA-ACA

CAG-ATAATTATGG-30 (gyrBF). The PCR was performed

with a HotStarTaq PCR kit (Qiagen) according to the manu-

facturer’s instructions. 62 ng of mecA positive or 54 ng of mecA

negative DNA was applied in each individual PCR reaction

except the negative control. The PCR protocol included activa-

tion for 15 min at 95 �C, 36 cycles of denaturation (45 s at 95 �C)/
annealing (45 s at 52 �C)/extension (45 s at 72 �C), and final

extension of 10 min at 72 �C. The PCR products were screened by

flat-bed agarose gel electrophoresis (7.5 V cm�1 for 45 min over

1.5% agarose (SeaKem) in 1� TAE (0.4 M Tris, 0.2 M NaAc, 10

mM EDTA) pH 8.0) before microfluidic analyses. The DNA was

stained with roughly 1 : 10 000 (v/v) diluted EtBr or SYBR�
Safe (Invitrogen) and detected by a Bio-Rad GelDoc instrument

equipped with a UV transilluminator (302 nm) and a CCD

camera. A 1 kb DNA size ladder (GeneRuler, Fermentas) was

used as a reference. Customized DNA fragments of 100, 250 and

600 bp (Fermentas) were used as a size ladder in agarose gel

electrophoresis as well as in the following microfluidic analyses.

Microfluidic analysis of antibiotic resistance gene mecA on

PMMA chips

The separation matrix, consisting of 2.5% (w/v) hydroxyethyl

cellulose (HEC; Mw 250 000, Sigma Aldrich) dissolved in the

running buffer (1� TBE (0.5 M Tris, boric acid, 25 mM EDTA)

pH 8.3), was loaded onto the PMMA chips with helium at 150 psi

(10.3 bar) using an in-house built high-pressure gel loader

working on the same principle as described by Scherer et al.39 No

pre-treatment of the channels was applied. The microfluidic

chip was immobilized on the measurement set-up as shown in

Fig. 4. A reference channel, having the same depth and width as

the separation channel, was filled with 10 mM fluorescein and

used to focus the laser beam in the channel. Subsequently, the

chip was horizontally moved to focus the beam in the middle of

the separation channel. The running buffer contained 1 : 10 000

(v/v) diluted SYBR� Safe (Invitrogen) to stain the DNA frag-

ments. The PCR samples were diluted 1 : 40 (v/v) in deionized

water for microfluidic analyses. Sample injection was performed

at 110 V cm�1 for 15 s. After injection, the sample was evacuated

from the well; the well was flushed and finally filled with the

running buffer. Separation of the DNA fragments was per-

formed at 215 V cm�1, and the fragments were detected by

fluorescence on LIF detector channel 1 (520 � 12.5 nm).
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Results and discussion

Channel characteristics and bonding quality

Profilometer scans from the R2R embossed microfluidic channel

trenches revealed that a total of 58% of the original 80 mm

stamp relief height had transferred to the polymer film. The

resulting channels had an average depth of 46 � 2 mm, which

was determined from nine measurement points within each

CE chip.

The repeatability of the embossing depth between chips was

determined by comparing the profilometric data from five

consecutively embossed CE chips. The variation between channel

depths was shown to be less than 3%, which is a characteristic

benefit of roll-to-roll processes. An optical profilometer inspec-

tion of the embossing cylinder surface after 300 embossing cycles

(which equals about 120 m of embossed web) did not reveal any

sign of plastic deposition on the relief features.

With an embossing speed of 0.5 m min�1, an output of

approximately 300 microfluidic devices per hour can be achieved.

While this number may not seem very high in terms of high-

volume manufacturing, it must be taken into account that the

maximum achievable embossing speed is strongly dependent on

a variety of parameters, most importantly the complexity and

pattern density of the microfluidic design, the thickness and Tg of

the thermoplastic foil, and the anticipated embossing depth.

Other embossing trials with 125 mm thick COC foil and 80 mm

high stamp features, which are not reported here, have revealed

that the lower Tg of this thermoplastic foil (Tg ¼ 78 �C)
compared to PMMA (Tg ¼ 105 �C) allows an increase in web

speed of up to 6 m min�1 with similar good embossing results.

Ultimately, the choice of web material has to be tailored for each

individual embossing job and is dependent on factors such as the

required number of chips, desired optical quality, and the

thermal chemical and mechanical properties of the polymer

material.

One of the aims in terms of chip quality was to generate

microfluidic channels with low surface roughness for optical

readout. The surface roughness Ra of both the channel bottom

and the area proximal to the upper channel edges was determined

from 50 mm � 50 mm patches from five channel samples. At both

locations the surface roughness was shown to be below Ra ¼
20 nm, with a few exceptions where small scratches or debris had

contaminated the stamp and were transferred onto the plastic

web. The following gene detection experiments showed that the

channel quality fulfilled the geometrical and optical requirements

for the chosen assay environment.

Another critical aspect for the chip quality was the bonding

strength between the channel and lid layers. The separation gel

was loaded with a pressure loader at 10.3 bars (pressure loading

accuracy �0.5 bar) and thus required tight bonding between the

two PMMA interfaces. Fig. 5 shows a SEM cross-section from

a bonded CE chip. During solvent bonding, the uppermost layers

of the polymer surfaces in contact with the solvent mixture were

softened and built a strong cohesive bond with their counterpart.

The image shows the seamless blending of the channel top edges

with the coverlid. A comparison of the channel depth before and

after bonding revealed that the solvent bonding method used

caused a reduction in channel height of less than 7%.

Optical quality of the chips

The optical quality of three arbitrarily chosen PMMA chips was

investigated. The chips were constantly filled with solutions of

0.05–10 nM fluorescein and the fluorescence was measured. The

linear correlation between fluorescein concentration and

collected emission was obtained with r2 ¼ 0.998–0.999. The LOD

for PMMA chips was extrapolated to be 20 pM on average

(S/N ¼ 3, no electrophoretic concentration applied). The high

linearity and low LOD indicate that the chips were of excellent

optical quality.

Detection of mecA gene in Staphylococcus epidermidis

The PCR products, i.e. amplified fragments of mecA and gyrB

sequences, were screened by flat bed gel electrophoresis (Fig. 6)

before microfluidic analysis. The anticipated products (212 bp of

mecA and 491 bp of gyrB) stained with SYBR� Safe were

Fig. 5 Cross-section of a solvent-bonded microfluidic foil chip. The

SEMmicrograph highlights the seamless transition between both 125 mm

thick PMMA layers.

Fig. 6 Agarose gel analysis of S. epidermidis after PCR amplification of

mecA and gyrB genes. Lane 1: commercial 1 kb DNA size ladder, lane 2:

negative control (no template), lane 3: PCR products of mecA positive S.

epidermidis (both mecA and gyrB detected), lane 4: PCR products of

mecA negative S. epidermidis (only gyrB detected), lane 5: customized size

ladder with 100, 250 and 600 bp DNA fragments, lane 6: as lane 2, lane 7:

as lane 3 and lane 8: as lane 4. Running conditions: 7.5 V cm�1 for 45 min

over 1.5% agarose in 1� TAE, pH 8.0 containing 1 : 10 000 (v/v) diluted

EtBr.
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identified on the agarose gel with the use of a standard UV

transilluminator. The lowest amount of DNA (customized

fragment of 600 bp) that could be detected on agarose gel was

2.7 ng (data not shown). Approximately 30 min was required to

determine the lengths of the separated strands (at 7.5 V cm�1).

Analysis ofmecA and gyrB amplicons on a disposable PMMA

chip is shown in Fig. 7. Microfluidic analysis of these PCR

products was faster and more sensitive than flat bed electro-

phoresis. Separation was completed in just over 7 min. As

mentioned above, on agarose gels, the lowest detectable

concentration was 0.4 ng mL�1 of 600 bp fragment (2.7

ng injected on the gel) whereas on the microfluidic setup we were

able to detect a concentration of 0.1 ng mL�1 of the 600 bp

fragment (S/N ¼ 6.1) after a 15 s injection from just a few

microlitres of sample. The repeatability of the migration times

was good, considering that all measurements were done on

separate chips (obtained from the same R2R batch). Absolute

intra-day RSD varied between 1.9 and 2.8% (n ¼ 8) and absolute

inter-day RSD between 4.0 and 5.0% (n ¼ 16), whereas

normalized (corrected against the 250 bp DNA strand) values

varied between 0.2 and 1.3% and between 0.2 and 1.2%,

respectively. This good repeatability of the migration times

indicates that the electroosmotic flow, attenuated with hydrox-

yethyl cellulose, was highly consistent between separate chips

and analyses. No surface modification steps of the PMMA

channels were needed; in fact the fabricated microfluidic chips

could be directly used after a short rinse with water. Further-

more, the separation channel could be filled with the separation

matrix in less than a minute with use of a high pressure loader.

The simple and fast preparation of the chips for the analyses is

a major benefit from the disposability point of view.

Conclusions

In this paper we have demonstrated the use of continuous roll-to-

roll hot embossing in high-throughput manufacturing of

disposable thermoplastic foil-based chips. The microfluidic chips

served as a platform in a sensitive CE assay to detect an antibiotic

resistance indicator mecA gene in S. epidermidis.

Microfluidic CE chips were imprinted into a continuous

PMMAweb with an embossing speed of 0.5 mmin�1, resulting in

an output of approximately 300 microfluidic chips per hour. Due

to careful optimization of the R2R manufacturing process and

a high degree of automation, the chip quality was highly

repeatable and less operator dependent than in piece-by-piece

manufacturing techniques for microfluidics. The developed

solvent bonding protocol proved suitable for sustaining the

separation gel loading pressure, and for the resulting optical chip

quality. Another advantage of the R2R embossing setup was the

large available stamp surface area on the cylindrical embossing

tool. With a size of roughly 180 mm � 400 mm, multiple stamp

copies could be used in the same embossing run, which was a true

asset for fast testing of different microfluidic chip designs.

We conclude that R2R hot embossing is a suitable and reliable

technology for fast, continuous and low-cost production of

microfluidic devices. We demonstrated the use of mass-manu-

factured microfluidic chips in a genetic analysis and believe that

this type of chip could also serve other biological assays.
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