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Abstract

A B-cyclodextrin (3-CD)-bonded gel monolithic column polydimethylsiloxane (PDMS) microfluidic device was developed in a simple and
feasible way. Before preparation of gel monolithic column in PDMS microchannel, PDMS surface was activated by UV light to create silanol
groups, which is an active molecule to covalently bond 3-(trimethoxysilyl)-propyl methacrylate (Bind-Silane) and seal microfluidic device. By the
way, Bind-Silane is a bifunctional molecule to link polyacrylamide (PAA) gel and inner wall of PDMS microchannel covalently. Allyl-3-CD was
used not only as a multifunctional crosslinker in PAA gel to control the size of the pores, but also as a chiral selector for the enantioseparation. Thi
stability, transferring heat and optical characteristic of the microfluidic device were examined. The separation capability of the gel monolithic column
was confirmed by the successful separation of fluorescein isothiocyanate (FITC)-labeled arginine (Arg), glutamine acid (Glu), tryptophan (Try),
cysteine (Cysteine) and phenylalanine (Phe) in the PDMS microfluidic device less than 100 s at 36 mm effective separation length. A maximun
of 2.06x 10° theoretical plates was obtained by the potential strength of 490 V/cm. A pair of FITC-labeled dansyl-p,L-threonine (Dns-Thr) was
separated absolutely.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction weaknesses when they are considered employing electrophore-
sis[9-12]. One of the disadvantages is the extreme hydropho-
In the past years, many kinds of material have been used dscity of PDMS making the microdevices difficultly to fill with
raw material for fabricating microfluidic devices, such as sil-aqueous solutions and ensure stable and easily controlled elec-
icone[1], glass[2], quartz and polymerf3-5]. Among these troosmoatic flow (EOF).
materials, polymers have been focused on greatly because of Approaches to overcome the shortcoming of PDMS for elec-
universal raw materials, low cost, accessible to large-scale mantrophoretic applications are performed including chemical and
facture and other especial peculiarities. In terms of the polymerghysical methods. The aim of both means is to stabilize the sur-
polydimethylsiloxane (PDMS) is an important material for fabri- face speciality of PDMS and tailor separating function of PDMS
cation of microfluidic devices. It is low cost and well durability microchannel. The physical methods include physical adsorb-
with excellent optical speciality6,7]. Certainly, the develop- ing stationary phases and dynamic coating on PDMS surface
ment of the technology of the seal irreversibly or reversibly[12]. Many polymers, such as polyglycol, polyacrylamide (PAA)
of PDMS microfluidic device with PDMS, polymethylacry- and cetyltrimethyl ammonium bromide (CTAB) have been
late (PMMA) and glass is also critic§8,9], which has been widely applied as hydrophilic functional materials for PDMS
applied to fabricate various microfluidic devices widely. How- microchannel to bring down its surface hydrophobicity. Some
ever, Microsystems fabricated from PDMS exhibit a number ofways about changing the surface of PDMS substrate through the
chemical means have been also carriedb@itL4]. For instance,
Hu et al.[13] had proposed the technique about surface-directed
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has been changed through the surface grafted with acrylic acidre measured to tailor the feasibility @fCD-bonded PAA gel
poly(ethylene glycol) monomethoxyl acrylate and poly(ethylenemonolithic column for hydrophobic PDMS microfluidic device.
glycol) diacrylate. Subsequently, Slentz ef&] had performed

Ce(IV) catalyzed polymerization on the PDMS microchannnel2. Experimental

inner wall to prepare a reproducible and stable coating to sep-

arate peptide mixtures. On this view, bonding stationary phase 1. Apparatus

on inner wall of microchannel is a powerful mean to change

the surface peculiarity of PDMS to improve its hydrophilic-  The analytes detection was performed by a home-built com-
ity. Therefore, changing PDMS surface hydrophobicity throughpactly laser-induced fluorescence (LIF) dete2di. The entire
chemical ways seems to obtain farther steady surface propertetection system included a blue diode-pumped laser (473 nm)
for electrophoresis. (Beijing Viasho Technology, China) which operated in con-

Furthermore, the approach to prepare monolithic column irstant mode at room temperature serving as excitation source,
situ in capillary or microchannel has been a potential mode t@ photomultiplier tube (PMT) (Institute of Biophysics Chinese
avoid an expensive synthesis of beads and the cumbersome paéicademy of Sciences, China) for collecting fluorescence signal,
ing [15]. Generally, monolithic column as a separation mediaa 530 nm interference filter and a holographic notch plus filter
for electrophoresis or electrochromatography is superior to con476 nm) (Kaiser Optical System, Ann Arbor, MI, USA) above
tinuous beds and packed bed. Because homogeneous geltbé PMT for filtering the excitation light. The laser was vertical
monolithic column does not consist of particles; it can giveto the separation microchannel by the leading of optical fiber;
much narrower zonefl6]. In recent years, much study cor- the PMT was upright to the separation microchannel and the
relative to monolithic column has been widely performed. Theoptical fiber to avoid the disturbance from excitation light. The
group of Kato[17] had demonstrated the highly efficiency of microfluidic device was driven by a high-voltage power supply
monolithic column for electrochromatography in the separatior{Shandong Chemical Engineering Institute, China).
of amino acids (AAs). Noticeably, Tian et §1.8,19]have done
much work in the exploring the application of gel monolithic 2.2. Chemicals
column in life sciences for capillary or microchip electrochro-
matography. Based on the widely adoption of gel monolithic Sylgard 184 PDMS polymer and curing agent were
column in contemporary analytical science, many complicategpurchased from Dow Corning (Midland, MI, USA). Fluo-
DNA and protein have been well separated in gel monolithiaescein isothiocyanate (FITC), Allylglycidyl ether (AGE),
column for electrochromatograolil/7—19]. On the other hand, 3-(trimethoxysilyl)-propyl methacrylate (Bind-Silane), 2-
the chiral separation of gel monolithic column for electrochro-acrylamide-2-methylpropane-sulfonic acid (AMPS) and
matography has been focused on recently. PAA gel has beatansyl-threonine (Dns-Thr) were from Sigma (St. Louis, MO,
used to prepare monolithic column for electrochromatographySA). Acrylamide (AA) was bought from Tianjin Fucheng
because of its well stability and reproducibility. With the demandChemical Regent Factory (Tianjin, China-Cyclodextrin
of analyzing enantiomers, the chiral separation and PAA gefCD) was purchased from Shanghai Chemical Regents
monolithic column have been integrated to explore novel chiraCompany (Shanghai, China)v,N-Methylene-bisacrylamide
separation methods. The groups @tvari[20] and Koideg[21] (Bis) was from Tianjin Chemical Regents Institute (Tianjin,
prepared3-CD bonded PAA gel monolithic column for elec- China). Ammonium persulfate (APS) was purchased from
trochromatograohy, which was used to separate the enantiomeranjin  Chemical Experimental Factory (Tianjin, China)
of amino acids, drug compounds, even DNA fragments. Suband N,N,N,N-tetramethylethylenediamine (TEMED), urea,
sequently, Chen et gJ22] have performed monolithic sol-gel tris(hydroxymethyl)aminomethane (Tris) and boric acid were
column modified with.-hydroxyproline for chiral separation of from Beijing Chemical Regents Limited Company (Bei-
danyl amino acids (Dns-AAs). jing, China). L-Arginine (Arg), L-glutamine acid (Glu) and

The application of gel monolithic column on microfluidic L-tryptophan (Trp) were purchased from Beijing Xinjingke
device integrates both the highly efficiency of monolithic col- Biotechnology Co. Ltd. (Beijing, China)-cysteine (Cys) and
umn and the micromation of analytical instruments. Herr and.-phenylalanine (Phe) were from Nakarai Chemicals LTD
Singh[23] had proposed a mode about cross-linked PAA gel fo(Kyoto, Japan). The above regents are all analytically pure.
on-chip protein sizing. Proteins have been separated in 4 mm
effective length of microchannel with efficiencies as high as2.3. Device fabrication and sealing
4.41x 10° plates/m.

To explore a prompt and inexpensive way to separate the The process of fabrication PDMS-based microfluidic device
bio-molecules or chiral compounds, a novel PDMS microflu-includes fabricating template, casting PDMS replica, and sealing
idic device with PAA gel monolithic column was prepared in microchip.
an easy way. In this devicg;CD-bonded PAA gel was immo- Microfluidic channel pattern was designed by auto-CAD soft-
bilized on the inner wall of PDMS-based microfluidic device ware, and corresponding PMMA master was fabricated by a
through Bind-Silane. Allyl-B-CD was used as crosslinker andmethod developed by our groyip5]. Firstly, a glass negative
chiral selector in gel matrix. The stability, transferring heat andmold was prepared using original micromachining technology
optical characteristic of gel monolithic column on microchip including photolithographic pattern transformation and chemi-
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cal wet-etching. Then the PMMA positive replica-master was2.5. Separation of FITC-labeled AAs

replicated from the glass negative mold with a thermal imprint-

ing technique. Before separation, Arg, Glu, Phe, Trp, Cys and Dns-Thr
The PMMA replica-master was rinsed with deionized waterwere labeled with FITC according to the procedure described

and ethanol, and dried by nitrogen before casting. Sylgard 18 relative referencg23]. Additionally, the buffer containing

PDMS prepolymer and curing regent were mixed at 10:1 (w/w)0.10 mol L~ Tris—0.25 mol L= boric acid and 7 mol t* urea

ratio and degassed by vacuum (0.1 MPa) for 1 h. Subsequentlguffer (pH 9.0) was acted running buffer for electrochromatog-

the mixture was cast against the PMMA replica-master and curedhphy. In the injection process, a simple injection was adopted,

at 75°C for 2 h. Thenthe PDMS replica containing channels wasand a potential of 800 V was applied between sample reservoir

formed and peeled off from the PMMA replica-master. Fourand sample waste reservoir for 30 s. Subsequently, a voltage of

holes at the end of channels were chiseled for the reservoirs @500V was supplied between buffer reservoir and buffer waste

PDMS replica. reservoir for the separation of FITC-labeled AAs in all experi-
The procedure of sealing PDMS microchip was describeanents.

as: the PDMS replica containing channels and a PDMS slab

were rinsed with ethanol and pure water orderly. They werd. Results and discussion

located under a 30 W UV lamp (the wavelength is 254 nm) for

1.5h and then folded as soon as possible. It should be meg:i1. UV radiation and preparation of PAA gel

tioned that the distance between the replica or slab and U¥honolithcolumn

lamp is 5 cm. At last, the folded chip was sandwiched between

two glass clips for 24 h at least for firm sealing. The sealed Generally, plasma and UV mercury lamp are two irritation

PDMS-based microfluidic device was obtained and can be modsources for sealing PDMS microfluidic device. Among them,

ified and filled gel in the next preparation of monolithic col- UV mercury lamp was used customarily in ordinary chemistry

umn. In our experiments, the microfluidic device we adopted idaboratory because of its low price. In our works, UV mer-

50 wm width and 17.m depth and its efficient separation length cury lamp (254 nm) was applied to seal the PDMS microfluidic

is 36 mm. device. Certainly, UV irradiation also generates active silanol
groups in PDMS microchannel inthe sealing of PDMS microflu-
2.4. Preparation of PDMS-based microchip filled gel idic device, which are important active groups to immobilize the
PAA gel on the inner wall of PDMS microchannel.
Firstly, the synthesis of allyl-3-CD was performed in awell-  Firstly, the silanol groups induced by UV irradiation can form

ventilated fume cupboard to avoid inhalation of the lacrymatoryfirmly sealing through dehydration, and form Si—-O-Si groups
AGE referencing relative repofil9], and the principle was between two pieces of PDMS substrate. The principle can be
shown inFig. 1. The final solution was stored at@ and used interpreted as: UV irradiation on the surface of PDMS can accel-
in experiment. erate the generation of silanol groups when the experiment was
Sequentially, the monolithic column microfluidic device was in air. Sandwiching the PDMS-based replica containing channel
prepared in the following process: the monomers containand PDMS slab between two glass clips can close up the two
ing 40 mg acrylamide and 8.5 mg AMPS and cross-link agenPDMS substrate, and was advantageous for the sg&lingvo
of 1.5mg Bis were dissolved in 0.30, 0.50 and 0.70 mL ofdays later, a firmly sealing of PDMS microfluidic device was
0.10 mol L~ Tris/0.15 mol -1 boric acid buffer. Five hundred accomplished.
microliters of 0.1 mol 1 allyl-B-CD (that means the concen- Secondly, the silanol groups induced by UV irradiation are
tration (w/v) of monomers are 5%, 4% and 3%) was added. Thanportant active groups for immobilizing PAA gel monolithic
monomers solution was degassed with nitrogen and 53, 67 @olumn in PDMS microchannel. The silanol groups on inner
100pL of 5% (w/v) APS and 53, 67 or 1Q0L of 5% (w/v)  wall of PDMS microchannel react with methoxy groups of Bind-
TEMED were added and sucked immediately into Bind-Silane-Silane in acidic conditiof26], which has a double bond and can
treated channels by the syringe, which were pretreated with 0.496in in the polymerization for preparation of PAA gel mono-
(v/v) Bind-Silane solution containing 0.4% (v/v) acetic acid for lithic column. Therefore, Bind-Silane acted as a bifunctional
atleast 2 h. The polymerization started within a few seconds angholecule reacting with PDMS inner wall and polymerizing with
completed within half an hoyg0]. monomers in preparation of PAA gel like an anchor.

3.2. The characteristic of the f-CD-bonded PAA gel
microchip

As a medium used in the microfluidic device monolithic col-
umn electrochromatograph (EC), PAA gel is a classical station-
ary phase for separation of proteins, enzyme and fAs18].

Its application and preparation in general gel chromatography
is well developed. However some disadvantages of the PAA gel
Fig. 1. The principle for preparation of allyl-8-CD. limits its application in CE: Firstly, the enduring potential of
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common PAA gel is about 300 V/cm, which is much lower for ity of this microfluidic device was investigated by measuring
high efficient contemporary EC, and so seriously disturbs itshe change of EOF within 15 days, and its alteration of EOF
widely application in EC. Secondly, the bubble generation inis about 1.18%, which is much better than the original PDMS
PAA gel for EC makes the separation in gel monolithic columnmicrofluidic device. Generally, The PDMS-based microfluidic
difficult. Once the bubble formed in the gel monolithic column, device gel monolithic column remains highly separation effi-
the current would be broken down and the process of separaiency for at least 1 month if it was store in water &C4 The

tion would be shut down compellingly. Therefore, much work further corroboration is that it remains good day-to-day repeata-
has been done to improve the enduring potential and avoid thiility for above 1 month: the RSD (& 15) of retention time for
generation of bubble in PAA gel. the FITC in 15 days was 3.54%.

To enhance the enduring potential of PAA gel monolithiccol-  On the other hand, gel is looked as an open-meshed lattice
umn, the PDMS-based microchannel was pretreated with acidiaf long PAA chains which were tied at distant intervals by
solution of Bind-Silane, which can combine the PAA gel and theCD and Bis crosslinkers (ségég. 2), whose structure is similar
wall of PDMS microchannel covalently to avoid formation of to the PAA gel. Based on the structure of PAA gel concerning
slots between the wall and the PAA gel. It also partly restrainedhe molecular-sieving effects, increasing the concentration of
the generation of bubble in gel monolithic column due to themonomer in gel strands can decrease the pore size, and increase
infirm combination between the wall and the PAA gel. There-mechanical obstruction when the concentratiorBeED was
fore, the working potential of PAA gel was improved greatly to maintained in appropriate scope. To tailor monolithic column
800 V/cm (it was applied in all separations), and its enduringo the separation of FITC-labeled AAs, we designed a series of
potential is much higher than that of other reference reportedxperiments to investigate the influence of the total concentra-
[26]. tion of monomers (the corresponding rates of each monomers

Generally, the combination between hydrophilic PAA gelare immovable) on the resolution characteristic of PAA (the
and hydrophobic PDMS is faint and unstable. PAA gel wouldconcentration o-CD was 25 mM). With the concentration of
be flushed out microchannel after frequently running withoutmonomers decreased from 5% to 3% (w/v) ($ég. 3), the
the solid chemical bond. In our experiments, the combinatiommigrating times of analytes became shorter and shorter. When
between PAA gel and PDMS microchannel is steady. It can béhe concentration of monomer is 4% as showfig 3b, the par-
confirmed the PDMS-based microfluidic filling PAA gel remains ticularity of PAA gel for separation is optimum, which remained
highly efficiency for electrochromatography except accidentathe bestresolution characteristic and appropriate migrating times
fracture. for analytes.

In previous reports, bubble formation and leakage of gel are
always the cumbersome puzzle and limit the application of geb.3. Separation of FITC-labeled amino acids
media for highly efficient electrochromatography. In our works,
the lifetime of microfluidic device PAA gel monolithic column To confirm the prompt separation ability of microfluidic
was improved through the addition of allyl-3-CD. The stabil- device, five FITC-labeled Arg, Glu, Phe, Trp and Cys were sep-

Fig. 2. The structure g8-CD bonded PAA gel filling in PDMS microfluidic device.
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Table 1
The relevant parameters of the separation ofiBDFITC-labeling Glu, Phe,
Trp, Cys, Arg and FITC

Compound Glu FITC Phe Trp Cys Arg

Migration time (s) 43 56 59 62 81 88

Theoretical plates 0.35 1.62 2.06 1.75 1.85 1.99
(x1CP plates/m)

Resolution 2.8 1.0 0.71 2.3 1.3

Fig. 4. The chromatogram of FITC-labeled Dns-Thr: the separation potential is
2000 V. The injecting potential is 800 V; the injection time is 30's; the running
buffer is 0.10 mol 1 Tris—0.25 mol -1 boric acid in 7.00 mol £ urea (pH

9.0).

Allyl-B-CD as a chiral selector and crosslinker in PAA gel,
it also exhibited efficient reorganization capability in PAA gel
stationary phase. To test the chiral separation capabilify-of
Fig. 3. The effect of concentration of monomers on the resolution of the FITC—CD bonded PAA monoalithic column, a pair of FITC-labeled
labeled Arg, Glu, Phe, Trp and Cys. The concentrations of allyl-8-CD in threeDns-Thr was separated in a PDMS microchannel, the obtained
chromatograms are all 25mM. The concentrations of monomers were: (Athromatogram was shown ifig. 4. It demonstrated the two
5%; (B) 4%,; (C) 3%. The separation potential is 2500 V. The sample i”je?t'optical isomers of Dns-Thr were separated absolutely in only

ing potential is 800V and the injection time is 60s. The running buffer is - . .
0.10 mot L~ Tris—0.25 molL 1 boric acid in 7.00mol L urea (pH 9.0). a,b, <0 MM efficient separation length, and the resolutio gkthe

¢, d, e and FITC are & 10-5mol L~ FITC-labeled Glu, Phe, Trp, Cys, Arg €nantiomers reached 1.63.
and FITC, respectively.

4. Conclusions
arated in the PDMS-based microfluidic device PAA gel mono-
lithic column for EC. In our previous experimenfg7], we In this paper, a novel fabricating technique for preparation
have selected appropriate separation conditions including caRDMS-based microfluidic device gel monolithic column was
egories of buffer, the strength of voltage, pH value of runningproposed. The silanol group on inner wall of PDMS microchan-
buffer and the modes of injection for separation. Pursuantlynel induced by the UV irradiation reacted with Bind-Silane,
five FITC-labeled Arg, Glu, Phe, Trp and Cys were separated invhich was important anchor molecule was used to link gel.
this microfluidic device. The chromatogram of separation was herefore, the hydrophobicity of PDMS substrate was effica-
depicted irFig. 3b. Generally, FITC-labeled AAs charged nega-cious reformed by covalently bonding hydrophilic PAA gel, and
tive in alkaline buffer (pH 9.0) move to positive electrode whenthe separation efficiency of PDMS microchannel was splen-
the EOF of the gel media is small for amounts of AMPS. Thedid improved. The results of experiments demonstrated the
migration times of AAs are different due to different proper- microfluidic device filling PAA gel has good stability. More-
ties of analytes, such as charge, size, molecular structure amder, it was found that th@-CD bonded monolithic column
mass. Several separation parameters were listethile 1. possesses high efficiency for separation even for chiral separa-
Five FITC-labeled AAs were successfully separated withintion. Itwould be a promising novel means for microfluidic device
100 s and the maximum of theoretical plates can be reached &ectrochromatography to prompt separation of large-molecule
2.06x 10°. organic components.
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