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On-chip electrochromatography using sol–gel immobilized
stationary phase with UV absorbance detection
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Abstract

A chromatography column on a chip was fabricated by immobilizing reversed-phase stationary phase particles (5�m, C4) using sol–gel
technology. Channels were fabricated in quartz using photolithography and wet etching. Localization of the stationary phase was achieved by
immobilizing the stationary phase at the desired location in the separation channel prior to bonding of the cover plate. Cross channel design was
employed for gated injection. An optical fiber setup was developed for carrying out on-chip UV absorbance detection. The effective optical path
length was theoretically determined for the trapezoidal shaped channel and the result was shown to match closely with the experimentally deter-
mined value. The effect of applied voltage on velocity was evaluated using thiourea as an unretained marker. Separation performance of the sta-
tionary phase was demonstrated by separation of three peptides (Trp–Ala, Leu–Trp and Trp–Trp) under isocratic chromatographic conditions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Microfluidic devices, also known as “lab-on-chip”, offer
a number of advantages such as small sample requirements,
fast analysis time and the ability to integrate several ana-
lytical steps (e.g. reaction, injection, separation and detec-
tion) on a single device. In recent years many reports have
been published demonstrating the use of these devices for
a variety of applications including cell analysis[1], clinical
diagnostics[2–4], polymerase chain reaction[5], DNA se-
quencing and separation[6], chemical[7] and enzymatic[8]
reactions, protein digestion and separation[9], and forensic
analysis[10].

Since the conception of chip-based chemical analysis
systems electrophoresis[11–13] has been the most widely
used separation method on planar devices. A significant in-
crease in the application of these devices could be achieved
by incorporating chromatography as a separation technique.
The main challenge in integrating chromatography is the
difficulty associated with packing stationary phases into
micrometer scale channels. In order to avoid packing, ini-
tial work involved modifying channel walls with functional
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groups[14] that acted as the stationary phase. While the
surface modification approach demonstrated that chro-
matography can be carried out in a chip format, it suffers
from low surface area to volume ratio resulting in lower
capacities. According to the analysis done by Knox[15],
mobile phase mass transfer becomes limiting if channel di-
mensions are >2�m for open tubular devices. To overcome
these limitations Regnier and coworkers[16,17] devel-
oped “collocated monolith support structures” (COMOSS)
where they micromanufactured stationary phase supports
directly in the channel. An additional modification step is
then required for derivatizing the supports with functional
groups. Micelle electrokinetic chromatography[18–20]was
demonstrated using sodium dodecyl sulfate above its criti-
cal micelle concentration, however, it suffers from limited
peak capacity. Another approach that is being pursued is
the use of monolithic stationary phases[21,22] in which
the stationary phase is formed by in situ polymerization of
monomers in the channel. Monolithic stationary phases have
been recently demonstrated on-chip-based devices for sepa-
ration[23,24]and solid-phase extraction[25]. However, the
range of functional groups that are currently available for
carrying out chromatography in monoliths is not as wide as
for particulate stationary phases.

It would be desirable to develop chromatographic chip
systems with channels packed with stationary phase parti-
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cles, since these materials are well characterized and are
readily available for carrying out different modes of chro-
matography. The most common method for packing station-
ary phase particles inside silica capillaries is to use a frit to
hold the particles in place. There are a number of problems
associated with using frits in these systems such as bubble
formation, their unpredictable influence on electroosmotic
flow and the difficulty associated with making frits in mi-
crofluidic devices. Ocvirk et al.[26] demonstrated the use of
frits for packing the stationary phase particles in microchan-
nels but poor separation was achieved using this system.
Other approaches such as the tapered channel approach[27]
and using a physical barrier[28] for packing of the particles
have been demonstrated, but their use complicates the chip
fabrication process.

Sol–gel technology offers an alternative for packing par-
ticles without using any frits. Sol–gels have recently be-
come increasingly popular as an immobilization matrix for
a variety of materials ranging from biological species like
enzymes[29], cells [30] and antibodies[31] to chromato-
graphic stationary phase material[32–35]. For chromato-
graphic material immobilization two approaches have been
employed: (i) packing the capillary with stationary phase
particles in the presence of a frit and subsequently fill-
ing the capillary with sol–gel to hold the particles together
after removal of the frit. (ii) Introducing the suspension
of stationary phase particles in the sol–gel precursor solu-
tion into the capillary and allowing it to gel. Sol–gels have
also been used for preparing freely standing structures on
solid substrate where patterning is achieved using the micro-
molding in capillaries (MIMIC) technique. This technique
has been used for preparing optical waveguides[36], pho-
tonic laser crystals[37] and patterned nanostructured films
[38].

In the present report, channels are fabricated in quartz.
Stationary phase is then formed at a desired location within
the separation channel by immobilizing reversed phase sta-
tionary phase particles in the sol–gel and subsequently the
cover plate is bonded to close the channel. Using this tech-
nique, stationary phase can be packed without complicating
the chip fabrication process.

2. Experimental

2.1. Chemicals and reagents

Tryptophan–alanine (Trp–Ala), diethyleneglycolmo-
noethyl ether (DEME), leucine–tryptophan (Leu–Trp), tryto-
phan–tryptophan (Trp–Trp), thiourea and [2-(N-Morpholino)
ethanesulfonic acid] (MES) were purchased from Sigma
(St. Louis, MO, USA). Poly(vinyl acetate) (PVAc; MW
= 167,000), toluene, isopropanol, hydrochloric acid
(0.964 M) and tetraethylorthosilicate (TEOS) were obtained
from Aldrich (Milwaukee, WI, USA). Naphthalene was pur-
chased from Supelco (Bellefonte, CA, USA). Acetonitrile

(ACN), sodium hydroxide, acetone, methanol and ethanol
were purchased from Fisher Scientific (Fairlawn, NJ, USA).
Nitric acid and hydrofluoric acid were purchased from
J.T. Baker (Phillipsburg, NJ, USA). Poly(dimethylsiloxane)
(PDMS) (Sylgard184 silicone elastomer, Midland, MI,
USA) was obtained from Ellsworth Adhesives (German-
town, WI, USA).

Stationary phase particles (C4 modified silica, 5�m,
300 Å pore size, Vydac, Hesperia, CA, USA) were sus-
pended in acetonitrile and centrifuged. The supernatant was
discarded and the particles were dried using a hot plate
until particles were obtained in the form of free flowing
powder.

2.2. Chip fabrication

Channels were fabricated in a quartz (3 in.× 3 in. ×
1/16 in.; 1 in. = 2.54 cm; G.M. Associates, Oakland, CA,
USA) slide using photolithography and wet etching. The
photo mask for patterning was designed using corel draw
and printed out on a transparency using a high-resolution
printer (Atlantic Digital Images, Latham, NY, USA). Trans-
parency masks provide a cheap and quick alternative to
chrome mask. Quartz slides were cleaned with acetone, iso-
propanol and deionized water. The 250 Å thick chromium
and 1000 Å thick gold (International Advanced Materials,
Spring Valley, NYM, USA) were deposited sequentially
on quartz using e-beam evaporation. Chromium improves
the adhesion of gold to quartz. Gold acts as the hard
mask during etching. Hexamethyldisilanzane (HMDS)
(Microprime Primer P-20; Shin Etsu Microsi, Phoenix,
AZ, USA) was spin coated on gold at 3000 rpm for 25 s.
This was followed with spin coating of the positive pho-
toresist, S1813 (Shipley, Marlborough, MA, USA), at
3000 rpm for 40 s. The sample was then baked at 100◦C
for 1 min. The channel pattern was photolithographically
transferred to resist using a contact mask aligner (MJB3,
Karl Suss, Waterbury Center, VT, USA). After 2 min de-
velopment in AZ 300 MIF developer solution (Clariant,
Somerville, NJ, USA) resist was hard baked at 120◦C
for 30 min. Exposed gold was etched using gold etch-
ing solution (Transene company, Rowley, MA, USA) for
2 min. Chromium etching solution etched the chromium in
1 min and exposed the quartz. Finally, a mixture of HF–
HNO3 (210:95) solution was used for etching the quartz.
A depth of 43�m was obtained in 50 min. Access holes
were drilled in quartz using diamond tipped drill and these
holes acted as sample (S), buffer (B), sample waste (SW)
and waste (W) reservoirs. Design of the channels used in
this work is standard cross channel design as shown in
Fig. 1.

PDMS slabs were prepared by mixing pre-polymer solu-
tion with the curing agent in a ratio of 10:1. The mixture
was degassed for 1 h and then poured in a petri-dish, which
was subsequently heated at 60◦C for 2 h. PDMS slabs of
desired dimensions were then sectioned using a knife.



R. Jindal, S.M. Cramer / J. Chromatogr. A 1044 (2004) 277–285 279

LW

LSW

LSLB

Waste(W) 

Buffer 
  (B) 

Sample(S) 

Sample Waste
      (SW) 

(i) 

(ii) 

(iii) 

(iv) 

Fig. 1. Schematic for the process of immobilization of the stationary phase
in the channel. (i) Microfabricated quartz chip with cross channel design.
(ii) PDMS slab bonded reversibly to the quartz, defining the location of the
stationary phase. (iii) Quartz with stationary phase particles immobilized
in the separation channel after removing the PDMS cover. (iv) Bonding
of PDMS and quartz after oxygen plasma treatment.LB = 1.2 cm, LS

= 0.8 cm,LSW = 1.2 cm,LW = 4.6 cm.

2.3. Stationary phase formation

Stationary phase was formed in the channel prior to bond-
ing of the cover plate in contrast to most reports published in
the literature. Stationary phase particles were immobilized
in the sol–gel using a slight modification of the method de-
veloped by Dulay et al.[32]. Sol–gel solution was prepared
by mixing TEOS (20�l), HCl (0.12 M, 10�l) and DEME
(70�l). C4 silica particles were added to the above solution
to give a final concentration of 250 mg/ml. The suspension
was allowed to stand for 5 h and was then agitated using a
vortex mixer before introducing it into the channel.

The quartz slide with micro channels was spin coated
with PVAc–toluene (5%, w/v) solution at 3000 rpm for
40 s. PDMS surface was silanized with (tridecafluoro-
1,1,2,2-tetrahydrooctyl)-1-trichlorosilane (United Chemical
Technologies, Bristol, PA, USA) using a vacuum desicator.
Silanized PDMS was brought in contact with PVAc coated
quartz slide and formed a reversible seal with quartz. Spatial
control over the stationary phase was achieved by selec-
tively filling the suspension of particles in the desired part
of the separation channel using PDMS as shown inFig. 1.
As seen in figure, the PDMS used during column formation

had openings at the two ends of the column segment to en-
able proper priming with the stationary phase suspension.
The particle suspension was introduced into the separation
channel in the following manner. As the suspension of par-
ticles was introduced at one end of the separation channel
with a pipette, it filled part of the channel by capillary ac-
tion. To achieve complete filling of the desired part of the
channel, a vacuum was applied at the other end using a peri-
staltic pump (Millipore, 6–600 rpm) operating at 50 rpm.
The suspension was allowed to gel at room temperature for
5 h. Once the suspension turned opaque, the PDMS slab
was peeled off from the quartz slide leaving the sol–gel
immobilized stationary phase in the channel. The chip was
kept in an oven and temperature of the oven was increased
to 120◦C at a rate of 1◦C/min. Temperature of the oven
was maintained at 120◦C for 24 h. The chip was removed
from the oven once the temperature dropped down to room
temperature. The quartz chip, with stationary phase, and a
fresh PDMS slab were cleaned with methanol and bonded
irreversibly after oxygen plasma treatment to hydrophilize
the PDMS. Chips were stored in the buffer solution imme-
diately after bonding to maintain the hydrophilic nature of
PDMS.

2.4. Absorbance detection

On-chip UV absorbance detection of samples was carried
out using an in house built experimental setup. The chro-
matographic chip was placed on an XYZ translation stage
and the chip was positioned between two optical fibers (P-
600-2-SR, Ocean Optics, Dunedin, FL, USA) as shown in
Fig. 2aso that the channel was aligned between the fibers.
The top optical fiber was connected to a deuterium–tungsten
light source (DT-1000-REM-MD, Ocean Optics) and pro-
vided the incident light. There was a lens at the outlet of
the light source that focused the light into the top optical
fiber. The bottom optical fiber collected the transmitted light
and carried it to the CCD array detector (S2000, Ocean Op-
tics) that was equipped with a 200�m entrance slit and a
lens that collected the light from the bottom optical fiber.
Data were collected using the software OOIBase32 (Ocean
Optics).

2.5. Voltage control and chip operation

Voltage control on the chip was achieved using two
0–3 KV high voltage power supplies (Bertan Associates,
Syosett, NY, USA) and (Power Designs, Westbury, NY,
USA). Platinum wires (Alfa Aesar, Ward Hill, MA, USA)
were placed in the reservoirs and provided the electrical
contact between chip and power supplies. Buffer and sam-
ple reservoirs were connected to two power supplies, which
provided independent voltages. A potentiometer (CU5052,
Ohmite, Skokia, IL, USA) was connected to one of the
power supplies and provided reduced voltage in sample
waste reservoir. A high-voltage reed relay (Ross Engineer-
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Fig. 2. (a) Schematic of the optical fiber setup for UV absorbance detection
on the chip. (b) Cross section of the channel; 2r, diameter of optical
fiber; a, channel width at the top of the channel; b, channel width at the
bottom of channel; d, depth of the channel; δ, path length experienced
by the light. (c) Top view of the optical fiber setup. (Note: figures are
not drawn to scale).

ing, Campbell, CA, USA) was employed for floating the
voltage in the buffer reservoir.

Chips were conditioned for 2 h with the mobile phase
before starting the chromatographic experiments. The mo-
bile phase used for the analysis was MES (20 mM, pH 6)
buffer–acetonitrile (95:5, (v/v)). The mobile phase was de-
gassed for 20 min using helium before introducing it in the
reservoirs.

2.6. Scanning Electron Microscopy (SEM) Analysis

Samples were prepared by sectioning a small part of the
chip with sol–gel before bonding of the PDMS. Samples
were made conducting by sputtering platinum. Scanning
electron micrographs were obtained at an applied voltage of
10 KeV using SEM (JEOL JSM-840).

3. Results and discussion

3.1. Stationary phase

After microfabrication of the chip was carried out, the
separation channel was filled with the stationary phase using
the sol–gel approach. Localization of stationary phase was
achieved by selectively filling the desired part of the separa-
tion channel. A PDMS slab of desired dimension provided
the cover for selective filling as shown in Fig. 1. As suspen-
sion of particles was introduced from one end, it filled part of
the channel by capillary action. To achieve complete filling
of the desired part of the channel, a vacuum was applied at
the other end using a peristaltic pump. After the desired re-
gion of the channel was primed, the solution was allowed to
gel. Fig. 3a and b show that the stationary phase was present
only in the desired part of the separation channel while the
injection cross (Fig. 3a) and detection part (Fig. 3b) of the
channel were free of stationary phase. Once gelation was
complete, the PDMS was peeled off. Obviously, it is critical
that the stationary phase remains attached to the quartz as the
PDMS is removed. To achieve this goal, surface modifica-
tion of both PDMS and quartz was carried out before intro-
duction of the stationary phase. Quartz was spin coated with
PVAc to enhance its adhesion to the sol–gel [31]. Silaniza-
tion of the PDMS surface [36] prior to bonding to the quartz
enabled removal of the PDMS without dislodging sol–gel
from the channel.

In our approach, the stationary phase was packed before
bonding of the cover plate. Thus, it is critical that the sol–gel
processing not result in any shrinkage of the resulting sol–gel
stationary phase composite. Initial attempts to fabricate the
chromatography chip employed similar conditions as de-
scribed by Dulay et al. for capillary systems [32]. When
ethanol was employed as the solvent in the sol–gel mixture,
the resulting column exhibited large gaps that were created
after gelation of the sol in the channel. Sol–gel is known
to shrink and crack during the heating step, however, in the
presence of particles cracking and shrinkage of sol–gel is
minimized [32,33,39]. Under the ethanol solvent conditions,
the results indicate that the presence of the particles was
not sufficient for eliminating the shrinkage. In an attempt to
eliminate the gaps, ethanol was replaced with DEME as the
solvent in the sol–gel precursor mixture. As shown in Fig. 4
this process resulted in the entire cross section of the channel
being filled with stationary phase particles held together by
the sol–gel with minimal shrinkage. It is believed that in the
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Fig. 3. Optical micrographs showing localization of the stationary phase. (a) Cross channel design with injection channels free from stationary phase. (b)
Part of separation channel from detection side with stationary phase ending before detection point.

presence of the particles, stress that is produced due to the
capillary pressure during drying is relaxed due to the strong
bonding between particles and the sol–gel. Capillary stresses
might be reduced due to the higher boiling point of DEME
resulting in lower evaporation rates as compared to ethanol
with a reduction in the shrinkage of the sol–gel. While no
gaps were observed in the separation channel in the presence
of DEME, the gelation time was increased as compared to
ethanol. Higher viscosity of DEME as compared to ethanol
might be responsible for the increased gelation time.

3.2. Absorbance detection

An optical fiber setup was employed as described in the
experimental section to carry out on-chip UV absorbance
detection. In order to evaluate the linearity of the detector,
a step input of thiourea was made by applying a voltage of
500 V across reservoir (B) and (SW) (Fig. 1b). The detection
point was located 1 cm from reservoir (B). The concentration
of thiourea was varied from 125 �M to 4 mM. The detector
response can be described by the equation.

y = 0.026x (1)

with R2 = 0.99, where y is the absorbance, x the concentra-
tion (mM) of thiourea and R2 is the regression coefficient.
The limit of detection (LOD) was estimated from the value
at which signal/noise (S/N) was equal to 2. The noise at
240 nm was estimated to be 2 mA U, which gave a LOD of

167 �M for thiourea. The LOD can be improved by decreas-
ing the noise. The main source of noise is the fluctuation in
the output of the deuterium light source. Incorporation of a
bifurcated optical fiber and a second detector would allow
reference monitoring as used in standard spectrometers em-
ployed for absorbance detection, resulting in an improved
LOD.

The dimensions of the trapezoidal channel as measured
with a profilometer were: 350 �m width at the top and
150 �m at the bottom with a depth of 43 �m. To calculate
the effective path length (Leff ), the extinction coefficient (ε)
of thiourea was determined using a spectrometer equipped
with a standard 1 cm path length cuvette. The effective path
length was calculated using the Lambert–Beer law:

A = εcLeff (2)

where A is the absorbance and C the concentration of the
analyte. (A/C) was estimated from the slope of Eq. (1). Leff
was calculated to be 23 �m, which is 53% of the depth of
channel. In order to explain the discrepancy between Leff and
the depth of the channel, Leff was estimated theoretically,
taking into account the trapezoidal geometry of the channel
and stray light passing through the chip as described below.

Transmission of light through the channel can be calcu-
lated in a similar fashion to that described by Hjertén [40]
for a cylindrical cell. The assumptions made while formu-
lating the expression for the transmission coefficient (T) in
Eq. (3) are: reflection and refraction of light is neglected;
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Fig. 4. Scanning electron micrographs of the stationary phase. (a) Com-
plete channel cross section filled with the stationary phase. (b) Section at
higher magnification showing particles held together with sol–gel.

light coming out of the optical fiber is uniform; all the trans-
mitted light is collected by the bottom optical fiber; and di-
vergence of light as it travels down from the top to bottom
optical fiber can be neglected.

T = z

z0
=

∫ r

0

∫ √
r2−x2

0 e−(ln(10)εCδ(x,y)) dy dx

(π/4)r2
(3)

where z is the number of photons that pass through the chip
in the presence of analyte that shows absorbance, z0 the
number of photons in the absence of absorbance, r the radius
of the optical fiber, δ the path length, and x and y are as
shown in Fig. 2c.

For low values of absorbance (A < 0.1), T can be sim-
plified [41] and an analytical expression for Leff can be de-
rived by expanding the exponential term in the Eq. (3) while
ignoring the higher order terms.

T ≈
∫ r

0

∫ √
r2−x2

0 dx dy − ∫ r

0

∫ √
r2−x2

0 ln(10)εCδ(x, y) dx dy

(π/4)r2

(4)

T = 1 − ln(10)εC
∫ r

0

∫ √
r2−x2

0 δ(x, y) dx dy

(π/4)r2
(5)

T ≈ exp


−ln(10)εC


∫ r

0

∫ √
r2−x2

0 δ(x, y) dx dy

(π/4)r2





 (6)

A = −log(T) = εC


∫ r

0

∫ √
r2−x2

0 δ(x, y) dx dy

(π/4)r2


 (7)

On comparing Eqs. (7) and (2):

Leff =

∫ r

0

∫ √
r2−x2

0 δ(x, y) dx dy

(π/4)r2


 (8)

δ(x, y) is given by the following expression.

δ(x, y) =




d; 0<y<
a

2
; 0<x<rB

(b/2) − y

(b − a)/2
d; a

2
<y<

b

2
; 0<x<rB

0; b

2
<y<

√
r2 − x2; 0<x<rB

d; 0<y<
a

2
; rB<x<rA

(b/2) − y

(b − a)/2
d; a

2
<y<

√
r2 − x2; rB<x<rA

d; 0<y<
√

r2 − x2; rA<x<r

where a, b and d are defined in Fig. 2b and c;

B =
√

1 −
(

b2

4r2

)
; A =

√
1 −

(
a2

4r2

)

Eq. (8) was solved analytically by substituting δ(x, y) to
obtain:

Leff

d
= 1 − 2

π(b − a)

{
b sin−1(B) − a sin−1(A)

+ 2r(B − A)

[
1

3
(A2 + B2 + AB) − 1

]}
(9)

Upon substituting values of a (150 �m), b (350 �m) and
r (300 �m) in Eq. (9) Leff /d is equal to 0.51 which is in
very close agreement with the value of 0.53 obtained from
experiments.

3.3. Partitioning in PDMS

While the channels were fabricated in quartz, the cover
for the channel was made of PDMS. Initial experiments on
the separation of polycyclic aromatic hydrocarbons (PAHs)
resulted in no signal at the detection point due to partition-
ing of the analytes into the PDMS cover. There have been
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Fig. 5. Evaluation of partitioning in PDMS. (a) Step input of thiourea in
an empty channel with the following voltages applied to the reservoirs:
buffer reservoir = 600 V, and sample waste reservoir = 0 V. The detection
point was located at 8 mm from the buffer reservoir, i.e. 2/3 of the way
towards the cross. Wavelength = 240 nm; mobile phase: 20 mM MES
(pH 6)–ACN (95:5 (v/v)). (b) Step input of naphthalene under the same
conditions as in (a).

numerous reports in the literature about the partitioning of
hydrophobic molecules in PDMS [17,27,42]. Partitioning in
PDMS was evaluated by carrying out breakthrough exper-
iments in an empty channel. A step input of the analytes
was made by applying 600 V to reservoir (B), while reser-
voir (SW) was grounded. As shown in Fig. 5a, the outlet
profile for thiourea exhibits a sharp breakthrough which is
expected, since it does not partition into PDMS.

In contrast, the breakthrough front for naphthalene un-
der the same conditions deviates significantly from the step
profile as shown in Fig. 5b.These breakthrough experiments
can be readily employed as an initial screen to test the par-
titioning of analytes into the PDMS.

3.4. Velocity studies

Electroosmotic flow velocity was calculated using
thiourea as an unretained marker. Pulse injection of thiourea
was made using the gated injection [43] method as shown
in Fig. 6. Voltages were applied to the sample (S), buffer
(B), sample waste (SW) and waste (W) reservoirs in the
ratio of 1:1.2:0.55:0, respectively. The sample was injected
by floating the buffer reservoir for 5 s. The gated injection
method was used since it provides the flexibility of inject-
ing larger sample volumes, which is required due to the
relatively low sensitivity of the on-chip UV absorbance de-
tection due to the short path length. Detection was carried
out at a distance of 26 mm from the cross in the separation
channel (Fig. 2a). The sample reservoir voltage was var-
ied from 500 to 2500 V to change the flow velocity while
keeping the voltages of the reservoirs in the ratios given

S S 

BSW SWB 

W W (b) (a) 

Fig. 6. Schematic of injection of samples using gated injection method.
(a) Separation mode; applied voltage ratio (B/S/SW/W: 1.2/1/0.55/0. Note:
See Fig. 1 for definition of reservoirs). (b) Injection mode; applied voltage
ratio (S/SW/W: 1/0.55/0) with buffer reservoir (B) floated for the injection.

above. The electric field was calculated by dividing the
potential at the cross by the total length from the cross to
the waste reservoir. Initially resistance of different channels
was calculated by measuring the current in the channels
upon application of voltages in the reservoirs.

Voltage at the cross was calculated using Kirchoff’s law.
As expected, velocity followed the electric field linearly [44]
and can be described by the equation:

y = 0.0014x (10)

with R2 = 0.99, where y is the velocity (mm/s), x the electric
field (V/cm). This implies that any nonlinear effects like
Joule heating are absent for the applied field range. The use
of a zwitterionic buffer MES as the mobile phase also aided
in reducing the current and the Joule heating.

The efficiency of the peaks was calculated using standard
expressions for the plate height and theoretical number of
plates.

H = L

N
(11)

N = 5.54

(
tr

tw1/2

)1/2

(12)

where H is the plate height, L the length of the packed
segment, N the number of plates, tr the retention time and
tw1/2 the width of the peak at half height. The efficiency ob-
tained for the unretained thiourea was approximately 30 �m
and was found to be relatively independent with velocity
for the ranges studied. Two prototypes of this chip system
were assembled and comparable results were obtained with
both systems. Clearly, the efficiency of thiourea is much
lower then that obtained using standard capillaries packed
with particles. There are number of factors that could be
responsible for this relatively low efficiency. Sol–gel syn-
thesis was carried out under acidic conditions where it is
known that micropores can form in sol–gel [45]. This can re-
sult in double layer overlap in the micropores, which would
change the flow profile from plug to parabolic. Another fac-
tor to consider is the hybrid nature of the chip. Three walls
of the channel (quartz) have the same ς potential while
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Fig. 7. Electrochromatogram obtained upon injection of a mixture of
thiourea and the peptides: Trp–Ala, Leu–Trp, and Trp–Trp. Detection
was carried out at two wavelengths: 240 and 275 nm. (a) Separation of
peptides and thiourea using C4 modified silica particles (5 �m, 300 Å
pore size) immobilized in the sol–gel. (b) Co-elution of the peptides and
thiourea in a chip prepared without any stationary phase. (Note: Mobile
phase conditions were the same as in Fig. 5).

the cover (PDMS) has a different ς potential. This may
lead to higher dispersion as compared to channels made
up of a single material [46]. Ideas for improving the ef-
ficiency of this approach are described in the conclusions
section.

3.5. Separation of peptides

In orer to demonstrate that this chromatographic chip
system can be employed for separations, a four component
separation was carried out. The feed mixture consisted of
thiourea (unretained marker) and the peptides Trp–Ala,
Leu–Trp and Trp–Trp. Mobile phase conditions were se-
lected (e.g. pH 6.0) so that the three peptides had no net
charge in order to minimize the effect of electrophoretic
migration. As shown in Fig. 7a, the three peptides were
separated in the order of their hydrophobicity with Trp–Ala

coming out first, followed by Leu–Trp and Trp–Trp. As seen
in figure, the peptides were well resolved using this isocratic
separation in the short 2.5 cm chip column. The on-chip
UV absorbance detection system used in this work enables
the simultaneous monitoring of several wavelengths. In this
experiment, the absorbance signal was recorded at two dif-
ferent wavelengths, 240 and 275 nm. At 275 nm, thiourea
has negligible absorbance, thus even though thiourea and
Trp–Ala were not resolved under these conditions, it is
possible to identify the peaks corresponding to the two an-
alytes by looking at the two wavelengths simultaneously.
In order to confirm that this peptide separation was due to
chromatography rather than electrophoresis, the mixture of
peptides and thiourea was injected in the chip without any
stationary phase. As shown in Fig. 7b all the analytes co-
eluted in the absence of stationary phase. The results shown
in Fig. 7 demonstrate that separations can indeed be carried
out in chromatographic chip systems using sol–gel immo-
bilized stationary phase materials. Future work will focus
on improving the performance of this chromatographic chip
system as described below.

4. Conclusions

Packing of stationary phase particles using sol–gel tech-
nology has been successfully demonstrated on a chip sys-
tem. A simple procedure has been developed that allows
both immobilization and localization of the stationary phase
in the desired part of the channel. This approach offers com-
plete freedom in terms of the design of the microchip as no
additional channels for the introduction of the beads are re-
quired. In addition all the channels can be of equal width and
depth that considerably simplifies the chip fabrication pro-
cess. A simple optical fiber setup has been developed for car-
rying out multi-wavelength UV absorbance detection on the
chip.

In this paper preliminary results are presented that demon-
strate that separations can indeed be carried out in chromato-
graphic chip systems using sol–gel immobilized stationary
phase materials. However, the performance of this system
must be improved in the future in order to carry out more
complicated separations. Future work will examine several
approaches for improving this technology. In the present
system, three walls of the channel (quartz) have the same
ς potential while the cover (PDMS) has a different ς po-
tential. This may lead to higher dispersion as compared to
the channels made of single material [46]. This issue will
be resolved in the future by carrying out low temperature
bonding of the quartz using HF [47] or sodium silicate [48]
bonding. Alternatively, we will examine the utility of chips
completely made out of PDMS. We will also examine the
effect of using smaller particle diameter stationary phase
materials as well as optimizing sol–gel synthesis conditions.
Finally, gradient operation will be examined to significantly
broaden the utility of this chip-based system.
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