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Abstract A novel method for fabricating nano- or sub-

micro-fluidic PMMA chips using photoresist-free UV-

lithography and UV-assisted low-temperature bonding was

developed. The nano- or submicro-channels were fabri-

cated by exposing the PMMA substrate to the UV-light

through a mask for a certain time. The PMMA substrate

with channels and another flat PMMA cover sheet were

pretreated with the UV-light for 2 h before they were

brought together in running water. The bonding was carried

out under a pressure of (1.19 ± 0.12) 9 105 Pa and at a

temperature of 45�C for 35 min. The chips bonded in this

way could bear a tensile of 6.71 ± 2.50 MPa, and the

deformation of the bonded channel was about 13%. A

hybrid micro- and nano-fluidic PMMA chip fabricated with

the developed method was demonstrated for the test of the

electrokinetically driven ion enrichment and ion depletion.

Keywords Fabrication of nano-fluidic chips � PMMA �
Photoresist-free UV-lithography � UV-assisted

low-temperature bonding

1 Introduction

Nanofluidic chips have become expanding attractive for the

applications in the chemical and biochemical analysis due

to the unique properties of the nanochannels. The special

character of nanofluidics arises from the fact that the

channel dimension is comparable to the thickness of

electric double layer (EDL) and the size of biomolecules

such as DNAs and proteins. Consequently, any changes in

the channel dimension or the thickness of EDL can sig-

nificantly affect mass transport of charged species inside

the nanochannels. Thus, various nanofluidic devices have

been developed for fluid manipulation, analyte concentra-

tion, and separation (Abgrall and Nguyen 2008; Kovarik

and Jacobson 2009; Gardeniers 2009; Kim et al. 2010;

Napoli et al. 2010). For example, proteins can be enriched

up to million folds via the electrokinetic concentration

polarization occurred on nanofluidic filters (Wang et al.

2005; Wu and Steckl 2009; Kim et al. 2006). DNAs can be

stretched when they are transported through nano-scale

conduits (Yang et al. 2007; Krishnan et al. 2007). Fur-

thermore, without using a gel matrix, DNAs can be sepa-

rated with a nanofluidic device containing entropic traps

(Han and Craighead 2000; Cabodi et al. 2002) or with

nanocapillaries (Wang et al. 2008).

One critical issue in nanofluidics is the fabrication of

nanofluidic devices with simple, reliable, and cost-effective

strategies. Usually, fabrication of nanofluidic devices

involves two key steps, preparation of nanostructures on a

substrate and sealing of the nanostructure on the substrate

with a cover sheet. As to the fabrication of nanochannels,

many dry etching techniques, such as reactive ion etching

(Mao and Han 2005), electrobeam lithography (Yasin et al.

2001), focused-ion beam lithography (Cannon et al. 2004),

proton beam writing (Mahabadi et al. 2006), interfero-

metric lithography (O’Brien et al. 2003), and scanning

probe lithography (Ginger et al. 2004), have been reported

to produce the nanostructures on various substrates. These

techniques enable precise fabrication of 1-D, 2-D, and even

3-D nanostructures. However, they are cost-expensive and

difficult to scale-up for mass production. In many cases,

fluidic chips with 1-D nanofluidic channels, which keep
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channel depth in nanometer range (1–100 nm) while have

the width in the micrometer scale and the length at a

millimeter or centimeter level, are needed. Under these

circumstances, simple alternatives for such nanolithogra-

phy-based techniques would be practical to fabricate

‘‘shallow’’ rather than ‘‘narrow’’ channels. One of such

alternatives is the UV-lithography and wet etching tech-

nique for fabrication of nanostructures on glass substrate

(Mao and Han 2005; He et al. 2008). Several reviews have

been recently published on the fabrication of nanofluidic

devices (Mijatovic et al. 2005; Perry and Kandlikar 2006;

He and Chen 2008; Gates et al. 2005).

Compared with silicon, quartz, and glass, polymeric

materials offer substantially lower material costs and chip-

manufacturing costs as well. Thus, polymer substrates

represent an attractive alternative for an eventual marketing

of micro- and nano-fluidic devices. Apart from the afore-

mentioned dry etching techniques that can be used to

directly prepare nanostructure on thermoplastic polymer

sheets, molding and embossing techniques are the mostly

widely adopted methods to prepare nanostructures on

polymer substrates. With these techniques, molds with

nanometer relief are inevitably prepared with complicated

technology. Recently, Chantiwas et al. (2010) developed a

simple method to prepare nanofluidic structure on poly-

methyl methacrylate (PMMA) sheets via thermo-emboss-

ing the substrates with an optical mask serving as a mold.

The optical mask consisted of a sodalime glass plate with a

thin Cr layer (*100 nm, defined the nanoslit depth) that

was patterned using standard UV-lithography and wet

etching. Mechanical stretching (Sivanesan et al. 2005) and

electrical breakdown (Lee et al. 2007; Yu et al. 2008) have

also been reported to prepare nanochannels or nanogaps on

polymer substrates. Using these two techniques, however,

the inner diameter of the nanochannels can hardly be

accurately controlled.

Bonding of the nanochannels is also challenging due to

the problem of nanochannel collapse. For polymer micro-

fluidic devices, thermo-bonding is most widely used to

bond the substrate with channel structures and a flat cover

sheet. It is based on the fusion of the intimately contacted

polymer surfaces under the conditions of a high pressure

and at a temperature higher than or close to the polymer’s

glass transition Tg (Tsao and DeVoe 2009). When this

technique is applied to seal nanochannels, it will lead to

nanostructure collapse. Thus, novel strategies of bonding

polymeric nanochannels at low temperatures, such as

oxygen-plasma-assisted low-temperature bonding (Chanti-

was et al. 2010; Abgrall et al. 2007), microwave-assisted

bonding (Lei et al. 2004), and solvent-assisted sealing (Cho

et al. 2010), have been reported.

In this article, we present a novel and low-cost

method for fabricating PMMA fluidic chips with 1-D

nanochannels. The nanostructures were photoresist-free

UV-lithographied onto PMMA substrates with the UV-

light emitted from a low-pressure mercury lamp. UV pre-

treatment of both the substrate containing channel network

and the flat cover sheet generated on the PMMA surfaces

hydrophilic moieties that helped the bonding of the PMMA

substrate and the cover sheet at a low temperature and

under a low pressure. With the developed method, fabri-

cation of the PMMA fluidic chips containing 1-D nano-

channels can be conducted in common wet chemistry labs

without access to a clean room and expensive facilities. A

hybrid micro- and nano-fluidic PMMA chip fabricated with

the present method was demonstrated for the electroki-

netically driven ion enrichment–depletion.

2 Experimental

2.1 Chemicals and apparatus

PMMA sheets of 3.0 mm thickness were purchased from

Jinxi Research Institute of Chemical Industry (Huludao,

Liaoning, China). Fluorescein isothiocyanate isomer (FITC)

was from sigma (St. Louis, MO, USA).

A low-pressure mercury lamp originally used as the

source of ultraviolet analyzer was employed for the

UV-lithography and UV-pretreatment of the PMMA

sheets. A model GY-6 high-voltage supply (6 kV, North-

eastern University, Shenyang, China) under the control of a

computer was used for the test of the electrokinetic ion

enrichment–depletion. A model Eclipse TE2000-S fluo-

rescent microscopy (Nikon, Japan) equipped with a CCD

camera was adopted to collect the fluorescent images.

2.2 Fabrication of nanochannels on PMMA

via photoresist-free UV-lithography

A PMMA substrate of 30 9 50 9 3 mm was cleaned with

ethanol and water, and then dried in a nitrogen stream. The

cleaned PMMA was exposed, in the air, to the UV-light

emitted from a low-pressure mercury lamp (the radiation

power at 254 nm was measured 2.07 mW cm-1, and ozone

generation was accompanied) through a quartz glass pho-

tomask (Kong et al. 2007) with a designed pattern for a

specified time (depending on the required depth of the

nanochannels). The pattern of nanochannels was lithogra-

phied onto the PMMA substrate due to the ozone-assisted

UV ablation (Fig. 1a).

2.3 Bonding of the nanofluidic PMMA chip

The PMMA substrate with the channel network and a flat

PMMA cover sheet were exposed, in the air, to the UV-
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light for 2 h (Fig. 1b). Then, the two UV-treated PMMA

sheets were brought into conformable contact in running

deionized water (Fig. 1c). The contacted PMMA sheets

were then sandwiched by two pieces of PDMS and two

pieces of glass (Fig. 1d). The assembly was clamped with

four clamps that produced a pressure of (1.19 ± 0.12) 9

105 Pa, and the assembly was incubated in an oven set at

45�C for 35 min.

2.4 Fabrication of the hybrid micro- and nano-fluidic

PMMA chip

The hybrid micro- and nano-fluidic PMMA chip used for

the test of the electrokinetic ion enrichment–depletion

consisted of an upper PMMA substrate containing two

U-shaped microchannels connected by a nanogap and a

lower flat PMMA cover sheet. The U-shaped microchan-

nels were first thermo-embossed (at 108�C and under

1.33 MPa) onto the PMMA substrate with a silicon mold.

Afterward, the nanogap connecting the U-shaped micro-

channels was UV-lithographied onto the substrate as

described in Sect. 2.2. The bonding process was the same

as that described in Sect. 2.3.

2.5 Characterization

2.5.1 Water contact angle measurement

A model Powereach JC2000C3 contact angle goniometer

(Zhongchen Co, Shanghai, China) was used to measure the

contact angle of deionized water on the PMMA surface. A

sample PMMA sheet was placed on the measuring platform

of the contact angle goniometer, which was set at 25�C.

Approximately, 10 ll of deionized water was dropped onto

the surface of the PMMA with a hand-driven peristaltic

pump. After 20 s, the image of the water droplet on the

PMMA surface was taken with the goniometer-equipped

camera. The contact angle was then measured using the

software provided by the manufacturer.

2.5.2 ATR-FT-IR spectra

A model Nexus-670 attenuated total reflection Fourier

transform infrared spectrometer (Nicolet, USA) was used

to characterize the surface chemistry of PMMA sheets

before and after UV-treatment. The ATR-FT-IR spectra for

native and UV-treated PMMA sheets were recorded from

400 to 4000 cm-1 at a 4 cm-1 resolution under a dry

condition. All PMMA samples were heated in an oven to

remove adsorbed water moisture immediately before they

were subjected to ATR-FT-IR analysis.

2.5.3 Electroosmotic flow

Electroosmotic flows (EOFs) supported by the native and

UV-treated PMMA micro channels were measured with the

electric current method (Huang et al. 1988) with phosphate

buffers (pH 7.0, 10 mM for the concentrate buffer and

9 mM for the dilute one) under the electric filed of

110 V cm-1.

2.5.4 Tensile measurement

A model of WDW-100 (Jinan Shijin Croup Corp, Jinan,

China) electronic universal testing machine was used to

evaluate the bonding strength of the PMMA chips. Two

2 cm 9 2 cm 9 3 mm PMMA sheets were bonded as

described in Sect. 2.3. The bonded PMMA sample was

carefully glued to two 2 cm 9 2 cm 9 5 mm steel bolts

with Epoxy. After curing, the entire set-up was loaded into

the self-tightening grippers of the electronic universal

testing machine to conduct the tensile measurement. Dur-

ing the experiments, the grippers were separated at a speed

of 1 mm min-1.

2.5.5 Surface metrology

A stylus profilometer (Dektak 150, Veeco Inst. Inc, USA)

was employed to measure the profile of the nanochannels.

A sample PMMA sheet was placed on the platform of the

profilometer, and then the stylus was down to the surface of

the PMMA. Afterward, the position of the PMMA was

adjusted to ensure the nanochannel being perpendicular to

Fig. 1 Schematic of the fabrication procedure for fluidic PMMA

chips with nano- or submicro-channels. a the PMMA substrate was

exposed to the UV-light for a certain time through a photomask to

etch the nanochannels; b the PMMA substrate with the nanochannels

and the flat PMMA cover sheet were irradiated with the UV-light for

2 h for surface modification; c the UV-pretreated PMMA sheets were

brought into contact in running water; d the two PMMA sheets were

sandwiched with two pieces of PDMS and two pieces of glass plates,

after which the assembly was clamped with four clamps and put into

an oven for bonding
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the scanning trace of the stylus before the stylus began to

scan. Scanning rate was set at 2.5 lm s-1. The data were

processed with the software provided by the manufacturer.

Atomic force microscope (AFM) images of the

UV-lithographied channels were collected in tapping mode

using a Veeco Multiple SPM with Nanoscope IVa con-

troller (Veeco co, USA). Surface roughness expressed in

root mean square (RMS) was calculated by the software

provided by the manufacturer.

2.6 Procedure of the electrokinetic ion

enrichment–depletion

The channel network was sequentially flushed with

deionized water and the running buffer (50 lM borate

buffer), and finally filled with a solution of 20 lM FITC in

50 lM borate buffer. A voltage of 1.0 kV was applied to

the right reservoirs while the left ones grounded. The

enrichment–depletion process was observed with a flores-

cence microscope and recorded with the microscope-

equipped CCD camera.

3 Results and discussion

3.1 Preparation of nano- or submicro-channels

on PMMA sheets

McCarley et al. (2005) reported that PMMA and polycar-

bonate (PC) surface underwent photolysis when exposed to

the UV-light emitted from the low-pressure mercury lamp,

resulting in the formation of some hydrophilic moieties on

the UV-exposed region. Our previous study (Kong et al.

2006) reported that PC sheets could be UV-lithographied to

a depth of 130 nm using the low-pressure mercury lamp as

the source. Haiducu et al. (2008) also reported that expo-

sure of PMMA sheets to UV-light from a low-pressure

mercury lamp resulted in an etched pattern, the depth of

which could be developed in isopropanol–water developing

solution to decades of micrometers. They (Johnstone et al.

2008) ascribed the etched depth to the physical shrinkage

of the polymer due to the increase in the free volume of the

PMMA chains after UV-exposure. In the present study, we

observed that after PMMA sheets were exposed to the

UV-light through a photomask, not only the hydrophilic

moieties were formed on the UV-exposed region (see the

discussion in Sect. 3.2.1) but also recessions with the depth

of nanometer to sub-micrometer levels were produced on

the UV-exposed region, and the depth of the recessions

increased with the exposed dose of the UV-light. In other

words, 1-D nano patterns could be dryly etched onto

PMMA sheets with the photoresist-free UV-lithography.

Figure 2 showed the influence of UV-exposed time on the

etched depth of 1-D straight nanochannels prepared with

such a UV-lithography. As can be seen in the figure, the

channel depth increased with the UV-exposed time, with

the depth-time profile fitting into a quadric polynomial

curve. Obviously, the recessions or nanochannels were

formed due to the photo-ablation effect of the UV-light,

which have been previously reported by others to machine

polymer surfaces such as PMMA, PC, etc. (Srinivasan and

Lazare 1985; Zhang et al. 1994; Lippert and Dickinson

2003). It should be pointed out that the low-pressure

mercury lamp that emitted the UV-light in company with

the generation of ozone (O3) was much more effective for

the UV-lithography than the low-pressure mercury lamp

that did not generate ozone. This might be that the former

emitted not only the UV-light of 254 nm but also the UVD-

lights of 185 nm that could be absorbed by oxygen in the

air, resulting in the generation of ozone and atomic oxygen

that acted as a strong oxidizing agent (Tsao et al. 2007).

The strong oxidizing reagent may assist to dryly etch the

polymer surfaces. In the following study, the low-pressure

mercury lamp that can generate ozone was used.

It was also noticed that the depth of UV-lithographied

nanochannels increased by around 20% after they were

vigorously flushed with water. This would most possibly be

due to that the non-volatile molecular fragments of the

UV-decomposed polymer chains deposited on bottom of

the nanochannels were flushed away from the nanochan-

nels. Figure 3 shows the AFM images for a section of the

nanochannel prepared with the UV-lithography. As shown

in Fig. 3, the roughness of the masked PMMA surface was

rather smooth, RMS measured to be about 4 nm. At the

nanochannel bottom (UV-exposed region), the surface

Fig. 2 The effect of the UV-exposed time on the depth of UV-

lithographied channels. The black squares with error bars represent

the measured data, while the thin line is a quadric polynomial fitting

curve. The power of the UV-light was measured to be 2.07 mW cm-1

at 254 nm
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roughness was almost the same (4 nm) as the UV-non-

exposed region if the UV-lithography was conducted for

1 h (Fig. 3a), and the roughness remained basically

unchanged after the etched channel was water flushed

(Fig. 3c) indicating that the smooth PMMA surface was

not significantly damaged for a low dose exposure (about

7.5 J cm-2) UV-lithography. Nevertheless, if the

UV-lithography time increased to 3 h, equivalent to UV

dose of 22.4 J cm-2, the surface roughness at the channel

bottom increased to a RMS of 9 nm (Fig. 3b), and which

further increased to about 20 nm after water flushing

(Fig. 3d), meaning that measurable surface damage

occurred due to the high dose UV-exposure.

For the fabrication of hybrid micro and nano channels

on a PMMA substrate, two steps were required as descri-

bed in Sect. 2.4. In the first step, micro channels were

thermo-embossed onto the substrate with an appropriate

mold. In the second step, the nanochannel was

UV-lithographied onto the substrate through a photomask

that had been aligned to the substrate containing the

embossed microchannels.

3.2 UV-assisted bonding

Recently, Tsao et al. (2007) developed an UV/O3-assisted

low-temperature bonding method for bonding PMMA and

cyclic olefin copolymer (COC) microfluidic chips. In their

method, bonding was conducted for 10 min at the tem-

perature of 60�C and under the pressure of 4.8 MPa. The

authors claimed that the developed method caused no

measureable channel deformation for a PMMA micro-

channel of 500 lm in width and 180 lm in depth. When

this method was directly adopted to bond the PMMA chips

with nanochannels in our preliminary tests; however, the

nanochannels were completely collapsed. Thus, in this

study, UV-assisted low-temperature bonding was further

investigated to satisfy the needs of bonding PMMA chips

with nanochannels.

3.2.1 Characterization of UV-treated PMMA surface

The surface chemistry of the UV-treated PMMA surfaces

was characterized with water contact angle, EOF, and

ATR-FT-IR spectra. Figure 4 showed the water contact

angles on the surface of the PMMA sheets with varied

UV-exposure time. The water contact angles decreased

rapidly from 71 ± 2� to 23 ± 2� within 1.5 h, and then

leveled off. In addition, EOF mobility supported by the

microchannel made of native PMMA was (2.95 ± 0.30) 9

10-4 cm2 V-1 s-1, while that supported by the UV-treated

microchannel was (4.85 ± 0.21) 9 10-4 cm2 V-1 s-1.

Both the contact angle and EOF data were quite similar to

Fig. 3 AFM images of partial nanochannels prepared by the UV-

lithography. UV-lithography time of 1 h for (a) and (c), and 3 h for

(b) and (d). Images of (a) and (b) were taken before water flushing,

and those of (c) and (d) were taken after water flushing. The scan

ranges were 20 9 20 lm. The Z-range was 600 nm for (a) and (c),

and 1400 nm for (b) and (d). Image data: Height
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what the previous studies reported (Wei et al. 2005). These

observations indicated that UV-irradiation turned the

PMMA surface from hydrophobic to hydrophilic due to the

photo-generation of hydrophilic functionalities on the

UV-exposed surface of PMMA.

ATR-FT-IR spectra confirmed the changes in surface

chemistry after the PMMA sheets were subjected to the

UV-irradiation. As shown in Fig. 5, one major difference

between the ATR-FT-IR spectrum of the native PMMA

and that of the UV-treated PMMA lies in the changes of the

absorption peaks of the carbonyl groups. The absorption

peak at 1730 cm-1, which can be assigned to the carbonyl

stretching vibration of the side ester group, decreased after

UV-irradiation. Simultaneously, the whole carbonyl band

was broadened, indicating that new oxidized groups were

formed due to the photochemical reaction. The broad-

ened shoulder band appearing near 1720–1670 and

1800–1750 cm-1 (pointed by arrows in Fig. 5) can be

respectively attributed to aliphatic ketones, and to peracid

and perester groups (Kaczmarek et al. 2000). In company

of the decrease in the peak height of 1730 cm-1 for the

UV-treated PMMA, a broaden absorption band appeared at

3650–3150 cm-1, which could be assigned to the O–H

stretching vibration of the hydroxyl group or peroxide

group. Based on these significant changes, we presumed

that hydrophilic groups such as hydroxyl and carboxylic

acid moieties were formed on UV-exposed PMMA

surfaces.

Since the UV-treatment of the PMMA surfaces was

conducted after the nanochannels had been UV-lithogra-

phied on the PMMA substrates, the effect of the secondary

UV-irradiation on the depth of the nanochannels was

examined. It was found that the nanochannels were deep-

ened by 40–70% after the bulk surface was secondarily

irradiated by the UV-light for 2 h, depending on the

original depth of the UV-lithographied nanochannels. It

can be understood if one takes it in mind that the depth of

the nanochannels was increased with the UV-exposing time

in the way of quadratic polynomial. Thus, the UV-dose of

secondary UV-treatment would produce deeper etching of

the polymer in the region of UV-lithographied nanochan-

nels than in the other region that had never been exposed to

the UV-light; consequently, the depth of the nanochannels

was deepened during the secondary UV-treatment.

3.2.2 Bonding procedures

Initially, immediately after the PMMA substrate with the

nanochannel network and the flat PMMA cover sheet were

UV-treated, the two sheets were brought into contact in air,

sandwiched with two PDMS slabs and two glass plates,

clamped with four clamps that produced a pressure of

(1.54 ± 0.14) 9 105 Pa, and left at room temperature for

5 min. With this dry-bonding procedure (termed as dry

bonding due to no water was involved), the two PMMA

sheets could be bonded with quite good strength. Pull-test

measurements showed that a tensile of 2.22 ± 0.29 MPa

could be tolerated for the dry-bonded sheets. In contrast, if

the two PMMA sheets without UV-treatment were bonded

at the same conditions [room temperature, (1.54 ± 0.14) 9

105 Pa, 5 min]; the stuck sheets were delaminated within

several minutes after the pressure was released. One likely

reason for these observations is that the improved wetta-

bility of the UV-treated PMMA sheets enables more inti-

mate contact between the surfaces, which facilitates the

inter diffusion of short polymer chains generated via pho-

tochemical chain scission, consequently improves the

bonding strength. In addition, the formation of hydrogen

bonds between the intimately contacted PMMA surfaces

Fig. 4 The effect of the UV-exposed time on the water contact angles

on the PMMA surface
Fig. 5 ATR-FT-IR spectra of the native PMMA (the solid line) and

the UV-treated PMMA (the dotted line)
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via the hydroxyl and carboxyl groups might also be helpful

to strengthen the bonding of the UV-treated PMMA sheets.

With this procedure, unfortunately, more or less air bubbles

would remain in-between the two layers of the PMMA

sheets, because a few air dusts left on the surfaces of the

sheets prevented them from forming intimate contact of the

whole surfaces.

To solve the problem, an improved wet bonding pro-

cedure was developed. With this method, two UV-treated

PMMA sheets were brought into conformable contact

under the running water (see Fig. 1c) as Jia et al. (2004) did

for bonding glass microfluidic chip at room temperature.

Contact of the two sheets under the running water could

keep the air and dust away from the surfaces of the PMMA

on one hand. On the other hand, leaving a thin water film

between the PMMA sheets. This water film might be

beneficial to the hydrogen bond formation between the two

PMMA sheets. After clamped with four clamps that gen-

erated a pressure of (1.19 ± 0.12) 9 105 Pa, the assembly

was incubated in an oven. The incubation temperature and

time were optimized within the ranges of 45–75�C and

20 min to 3 h. Incubated at 45�C for 35 min, the water film

between the two sheets was dried, and the sheets were

perfectly bonded, no air bubbles remaining in-between the

two sheets. Under these conditions, moreover, the bonded

nanochannels suffered minimum risk of being partially

collapsed. Such bonded chips can bear a tensile of

6.71 ± 2.50 MPa, significantly higher than that (2.22 ±

0.29 MPa) obtained with the above mentioned UV-assisted

dry-bonding procedure. The bonding strength was also

twice-fold higher than that (2.67 ± 0.54 MPa) offered by

the conventional thermal bonding conducted at 90�C

and 2.9 MPa, which made the nanochannels completely

collapsed.

3.3 Channel deformation

It has been reported that the smaller the aspect (depth-

to-width) ratio of nanochannels is, the more susceptible the

channels are to be deformed or collapsed during bonding

(He et al. 2008). For the bonding of nanofluidic PMMA

chips with the present wet bonding procedure (see Sect.

2.3), the nanochannels suffered the risk of being partially

collapsed if the aspect ratio of the nanochannels was less

than 1 9 10-3. Thus, for a 1-D nanochannel with the

expected depth of about 100 nm, the width of the channel

should not exceed to 100 lm. Taking the nanochannels of

100 nm in depth and 90 lm in top width (aspect ratio of

1.1 9 10-3) as example, the extent of the channel defor-

mation was evaluated via measuring the profiles of the

channels before and after being subjected to an analogical

wet bonding procedure. The term of analogical wet bond-

ing means that the PMMA substrate with the nanochannels

and the flat PMMA cover sheet were bonded under the

same condition as the wet bonding procedure described in

the above section except that both the substrate and the

cover sheet were not subjected to UV-treatment before

bonding. Without the UV-treatment, the bonded chip could

be easily delaminated and the re-opened substrate and

cover sheet had a smooth surface. Otherwise, the re-opened

surface would be very rough so that the profile of nano-

channels could not be properly measured with a stylus

profilometer. It was observed that after the analogical wet

bonding the channel depth decreased by (13 ± 9)%

(mean ± SD, n = 3) in comparison to the water-flushed

channels. In addition, no relief of the channel pattern was

observed by scanning the re-opened cover sheet. Figure 6

Fig. 6 Typical channel profiles measured with an a-profilemeter after

the nanochannel was UV-lithographied (a), and the lithographied

channel was flushed with water (b), and the water-flushed channel

was subjected to analogical bonding process and re-opened again (c).

Conditions for the analogical wet bonding: both the channel-

structured PMMA substrate and a flat PMMA sheet were brought

into contact under running water, and the contacted sheets were

bonded at the pressure of (1.19 ± 0.12) 9 105 Pa and the tempera-

ture of 45�C for 35 min

Fig. 7 A fluorescence image of the PMMA nanochannels bonded at

the pressure of (1.19 ± 0.12) 9 105 Pa and the temperature of 45�C

for 35 min after the PMMA sheets were UV-treated for 2 h. A

solution of 1 mM FITC in 10 mM borate buffer (pH 9.2) was filled in

the nanochannels
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shows the typical profiles of a nanochannel measured

before and after the analogical wet bonding. Figure 7 is a

fluorescence image of an array of nanochannles of 100 nm

in lithographied depth, which had been bonded with the

wet bonding procedure as described in Sect. 2.3.

3.4 Application

The hybrid micro- and nano-fluidic PMMA chip schemati-

cally shown in Fig. 8a was applied for the electrokinetic

enrichment and depletion (Pu et al. 2004) of FITC dye

anions. As shown in Fig. 8b, dim but uniform fluorescence

was observed in both of the microchannels (no fluorescence

was observed in the nanogap because the depth of the gap

was too shallow). Once a voltage of 1.0 kV was applied to the

reservoirs of the right-handed micro channel while the res-

ervoirs of the left-handed grounded, the fluorescent intensity

near the cathode end of the nanogap quickly increased

meanwhile that near the anode end decreased (Fig. 8c and d),

the typical concentration polarization phenomenon caused

by the ion-selective permeation through a nanochannel.

(note, the surface of the PMMA was negatively charged at

pH 8.2 as the EOF was directed to cathode). These experi-

mental results verified that the nanogap did possess one

dimension of nanometer level satisfying the condition for the

ion-selective permeation. Figure 9 shows the fluorescence-

time profile detected on the anodic end of the nanochannel,

that is, a depletion curve. Compared to the fluorescence

intensities of the FITC dye of various concentration filled on

the microchannel without bias voltage applied, a depletion

factor of 200 was estimated, indicating the effectiveness of

the hybrid micro- and nano-fluidic PMMA chip for ion

removing.

4 Conclusion

A novel method for fabrication of 1-D nanochannels or

hybrid micro- and nano-channel network on PMMA sheets

Fig. 8 The fluorescent images taken during ion enrichment–deple-

tion of FITC dye ions on a fluidic chip with hybrid micro- and nano-

channels. a A schematic diagram for the fluidic chip. The two

U-shaped microchannels were 2 cm in length, 100 lm in top width,

200 lm in bottom width, and 100 lm in depth. The nanogap

connecting the microchannels was 1 mm in length, 90 lm in width,

and 100 nm in lithographied depth. b The channels were filled with a

solution of 20 lmol l-1 FITC in 50 lmol l-1 borate buffer (pH 8.2),

and no bias voltage was applied. c and d 3 s and 18 s after a voltage

of 1.0 kV was applied to the microchannels, respectively. The

symbols of ‘‘-’’ and ‘‘?’’ represent the cathode end and anode end of

the nanogap, respectively

Fig. 9 The depletion curve of the FITC dye ions collected at the

anode end of the nanochannel during the ion enrichment–depletion

process
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was reported here. The nanochannels with specified depth

could be resist-free UV-lithographied on the PMMA sub-

strate with regulation of the UV dose exposed to the

PMMA surface. Secondary UV-treatment of the surfaces of

the PMMA substrates with the channel structure and the

flat PMMA cover sheets is necessary for the low-temper-

ature and low-pressure bonding of the chips. The devel-

oped method features simple in operation, low in

fabrication cost, needless of a clean room, and expensive

equipments. With the developed method, chemists or

biologists can fabricate PMMA fluidic chips with nano-

channels or hybrid micro- nano-channel network in com-

mon wet laboratories. With simple modifications, this

method is potential to be used for fabrication of nanofluidic

chips made of such polymers such as PC, poly(ethylene

terephthalate), polystyrene chips, etc.
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