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The femtosecond pulses offer a flexible way to induce internal modifications inside fused silica
and prepare embedded 3D microchannel structures. In this paper, an internal to external microfluid-
ic device is presented. The micro-channels were prepared with the direct laser writing technique us-
ing different scanning methods. The sample was immersed in diluted 10 % concentration HF acid to
remove the modified material. A few independent 3D microchannels were inscribed, and each of
them was connected to a pump to circulate the protein solution during the measurement preserving a
constant flow rate. Microchannels were designed to act as flow cells in ellipsometric imaging sur-
face plasmon resonance (iSPR) setup to study the real-time interaction kinetics of biological materi-
als (proteins or DNA). The microchannels allow to make few parallel measurements at the same
time and minimize the required biological sample amounts for the iSPR experiment.
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1.Introduction

Attractive properties of microfluidic devices like the
integration of different and complex processes on a single
chip, ease of operation, small sample and reagent consump-
tion, quick analysis, and others [1] made them useful in a
broad area of applications, particularly in medical diagnos-
tics and biology research [2, 3].

Many polymers were used to fabricate microfluidic de-
vices. Very popular is optically transparent, soft elastomer
polydimethylsiloxane (PDMS). However, it is permeable to
many small and hydrophobic molecules [4]. Microchannels
in PDMS are typically made using soft lithography [5].
This technique can be cheap and very flexible, but the fab-
rication of the 3D microfluidic structures in the transparent
substrate requires additional stacking and bonding process-
es that increase the total fabrication time [6]. An alternative
promising technique to fabricate the fully integrated 3D
structures is a femtosecond laser irradiation followed by
chemical etching (FLICE) of transparent glass materials
that was reported first by Marcinkevicius et al. [7] and
received strong development in the past few decades [8, 9,
10, 11]. Fused silica is the main transparent media in this
technique due to its easy processing and high etching selec-
tivity caused by the type II modification [12, 13]. The opti-
cal quality, chemical resistivity and flexibility of the FLICE
technique are the key factors that stimulated the use of
fused silica in this work. The FLICE technique involves
inscribing of 3D microchannels in few steps that do not
require any complex fabrication processes.

In this paper, an internal to external microfluidic device
is presented. Microchannels were prepared with the direct
laser writing technique using different scanning methods
[14]. A sample was immersed in diluted 10% concentration
HF acid to remove the modified material.
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Microchannels were designed to act as flow cells [15]
in the imaging ellipsometric surface plasmon resonance
(iSPR) setup to study the real-time kinetics of biological
materials (proteins or DNA). Most of the current iSPR de-
vices [16-18] measures the data from a single channel that
makes the measurement process time consuming and ex-
pensive. Typically one sensor chip is used for a single
measurement only and for the next measurement the new
sensor chip should be used. Additionally, the flow cell has a
finite volume that could be in the range of 100 pl or more.
Therefore, it can take up to few minutes for new injection
solution to mix and replace the previous one. The goal of
this study is to prepare and test an array of separate parallel
microchannels in fused silica with minimized flow cell
volumes suitable for iSPR measurements. Set of separate
parallel microchannels were inscribed, and each of them
was connected to the pump to circulate the protein solution
during the measurement preserving a constant flow rate.
This microchannel configuration due to parallelization of
independent measurements and decreased solution mixing
times permits to obtain a few protein association and disso-
ciation kinetics on the same sensor chip by shifting the
microchannel position.

2. Experimental

2.1 The micromachining setup

The modification inside fused silica for microfluidic
device presented in this paper were prepared with
Yb:KGW femtosecond laser (Pharos, Light Conversion
Ltd.) with a pulse duration of 360 fs working at 515 nm
wavelength. The pulse repetition rate of the laser was
varied in the range of 100kHz — 500 kHz and the
maximum average laser power of 6 W. The average laser



JLMN-Journal of Laser Micro/Nanoengineering Vol. 11, No. 1, 2016

power was attenuated by motorized attenuator during the
fabrication process.

The experimental setup is shown in Fig. 1. The beam
passed the 2x demagnification lens system composed of
two lenses in Galilean configuration (focal length of
100 mm and -50 mm). Then laser beam passed through an
aperture stop and focusing objective (Olympus LMPlan,
NA 0.55). The spot diameter at the focal plane was <2 um
at 1/¢’. Linear positioning stages (Aerotech ANT 130-160
XY) that allow < 1 pm accuracy were used for sample
translation. The off-axis visualization system was used for
precise laser beam positioning on the sample surface.
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Fig. 1 The experimental setup for laser direct writing of microflu-
idic channels.

The microfluidic devices were formed in commercially
available optically-polished ultraviolet-grade fused silica
sample (JGS1) with 20x15x2 mm’ dimensions. The
workpiece was placed on a vacuum chuck to keep the sta-
ble sample position during the high acceleration movement
of positioning stages. The translation speed ranging from
1 mm/s to 20 mm/s was selected to find the optimal micro-
channel formation conditions. The polarization was set to
linear and perpendicular to the translation direction during
the whole experiment.

2.2 Imaging surface plasmon resonance setup

Imaging surface plasmon resonance experiments were
performed in Kretschmann configuration [19] with imaging
null-ellipsometer (nanofilm_ep3se, Accurion GmbH). The
setup is based on total internal reflection ellipsometry [20],
using the null ellipsometer, microscope objective to focus
the light and CCD camera as a detector. Gold coated BK7
glass sensor chips (Biacore) and 60° BK7 glass prism were
used. Measurements were carried out with a 658 nm wave-
length laser light at fixed angle of incidence that was 0.1°
below SPR resonance angle. In our case, the angle of inci-
dence was 70.2°.The ellipsometric parameters 4 and ¥,
averaged over selected regions of interest, were recorded
over time at 20 s intervals. With this set of parameters, 4
was inversely proportional to mass density increase on the
sensor chip surface. For thickness modelling, the included
data analysis program, EP4 Model was used.

For all biosensor experiments and buffer preparation,
the ultrapure water was used, taken directly from Synergy
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UV water purification system (Merck Millipore). Before its
use, the sensor chips were cleaned with SC-1 solution, a
mixture of ultrapure water, 30% hydrogen peroxide (Carl
Roth GmbH), and 25% Ammonia solution (Carl Roth
GmbH) in a ratio of 5:1:1, respectively, at 85 °C for 7 min,
two times, followed by excessive rinsing in ultrapure water
and drying with a nitrogen gas stream.

The self-assembled monolayer was formed by
incubating the SC-1 cleaned sensor chip overnight in a
solution of thiols in ethanol (Sigma-Aldrich), containing
8 uM concentration biotin functional group containing thiol
(HS-C,,-EG3-biotin, ProChimia) and 32 uM concentration
protein adsorption resistant EG3-OH group terminated thiol
(HS-C{;-EG3-OH, ProChimia). After incubation, the sensor
chips were rinsed and sonicated in ethanol for 3 min twice,
sonicated in ultrapure water and dried under a nitrogen gas
stream.

3. Formation and investigation of internal to external
microchannels

To get the internal to external microchannel, a part of
the modified zone of fused silica should be near the sample
surface, and the top part of the channel appears as surface
damage. The design of such microfluidic channel is
presented in Fig. 2. The microchannels were inscribed us-
ing a direct laser writing technique. The 3D model of the
microchannel was imported to the fabrication program
(SCA, Altechna R&D) and sliced into planes with the dis-
tance between planes equal to 5 um. Each plane was
hatched by lines, and the scanning direction of lines was
perpendicular to the laser beam polarization. The scanning
speed and laser pulse energy were as follows: 4.5 mm/s and
400 nJ. For the first etching approach, the modified sample
was submerged in dilute 10% concentration HF acid for
12 hours. Improvement in the etching time was achieved by
immersing a jar with the acid in an ultrasonic water bath at
40 °C. In this case depending on the etching conditions, the
etching rate was increased from 5 to 10 times.

At the outer part of a microchannel, the large area of
the modified zone is exposed to etching solution (along the
all external part of the microchannel). In this case, etching
goes in the perpendicular direction to the microchannel
direction. However in the internal part of the microchannel,
only the cross-section of the microchannel is open for acid,
and the etching goes along the embedded modified zone.
Therefore, the external part of the microchannel is formed
much faster than the internal part. According to our
investigations, the maximum achieved etching rate in 10%
HF for fused silica modified by 500 kHz and 400 nJ pulses
was ~ 1000 um/h while for unmodified fused silica ~
15 pm/h (see below). This gives the etching selectivity of
~70 times. To fabricate good-quality microchannels, the
etching selectivity should be taken into account. The modi-
fication depth for external microchannel is ~ 40 pm that
finishes on the surface by the surface ablation. The modifi-
cation width of the microchannel is 50 pm for all micro-
channel length. Taking into account the 1000 pm/h etching
rate of laser modified zone, the estimated etching time for
external part of the microchannel is only ~ 3 min., and the
rest of time, the width of the external microchannel
increases with the 15 um/h rate (Fig. 4 f). The depth of the
external part of microchannel after 1 hour of etching re-
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mains almost unchanged. The length of embedded part of
the microchannel varied from 2.5 to 3.5mm, and the
etching of this part took place from both sides (from the
transition between the external and embedded part and
from the connector side), this part was fully etched after
~75 min. — 105 min. This estimation shows that the design
of external to internal microchannels should be with mini-
mized length of embedded microchannel length to save the
outer part of the microchannel from degradation.

QE-E

Open surface
channel

ctors

<)

Fig. 2 The sketch design of microfluidic semi-internal micro-
channel (a). The optical microscope pictures from the top of the
laser-induced modifications in fused silica (b) and the setup of
internal to external microchannels design (c).

Conn

The design of microchannels plays a significant role for
the etching time and quality of the external microchannel
part. The external part of microchannels was used as a flow
cell for iISPR measurements while internal part was used to
deliver the fluids to the external part and connect the
external tubing. A few designs of microchannels were
prepared. The first design was used only to check the
functionality of the single channel measurements (Fig 2 a).
The second design was developed with close to each other
placed microchannels to allow parallel measurements (Fig.
3 a).

b)

Fig. 3 The optimized design of the internal to external micro-
channel: (a) second design approach; (b) the last design approach.
The vertical dimensions are scaled by the refractive index of fused
silica.

The latest design was developed with a close distance
of adjacent microchannels and the minimized length of the
embedded part of the microchannel (Fig 3 b). As the
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internal part of the microchannel is embedded in fused
silica, its vertical dimensions should be scaled by the
refractive index of fused silica (n ~ 1.4615 at 515 nm) to
get the correct shape of the microchannel due to the light
refraction in transparent materials.

Following the described design, the samples were fabri-
cated and etched in 10% HF acid in an ultrasonic bath for 2
hours. To get the microchannels with different surface
roughness, each microchannel was fabricated with various
fabrication parameters. The fabricated microchannels with
different design approaches are shown in Fig. 4. The
fabrication parameters of microchannels shown in Fig. 4¢c
are 300 nJ, 10 mm/s, dy = 3 pm and dz = 5 pm for the left
channel in Fig. 4 ¢ and 200 nJ, 5 mm/s, dy = 1.5 um and dz
Sum for the right microchannel. In Fig4e, the
fabrication parameters are 300 nJ, 5 mm/s, dy — 3 um and
dz — 3 pm for the left channel and 300 nJ, 10 mm/s, dy =
3 um and dz = 5 um for the right microchannel. Influence
of the processing parameters to the surface roughness will
be described in the next chapter. Due to the longer external
part of the microchannel in third design, the etching time
was minimized to 2 hours.

—
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Fig. 4 The picture of fabricated microchannels with different de-
sign approaches: a) full microchannel set with integrated connec-
tion tubes prepared for testing. The red scale bar indicates 10 mm;
b) Side view of the embedded microchannel part etched for 12
hours in 10% HF acid; ¢) SEM picture of the transition from the
external to internal microchannel with the second design approach
etched in HF acid 2 hours; d) The top view of microchannels of
the second design approach; e¢) SEM picture of the transition from
the external to internal microchannel with the third design
approach etched in HF acid for 2 hours; f) The depth profile of
microchannels in Fig 4 d. after different etching time.

From the depth profile of microchannels in the second
design, the etching rate of non-modified fused silica can be
estimated, and it is ~ 15 um/h. The volume of the etched
microchannel increased, however, the depth remained al-
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most unchanged because the measurements of depth were
done with respect to sample surface that was also etched
with the same ~ 15 um/h etching rate.

3.1. Surface roughness of external channel part

During the ellipsometric measurements, the solution of
proteins flows through the external part of the microchan-
nel, and the measurement results depend on the quality of
the microchannel because of flow disturbance and light
scattering from the channel walls. The surface roughness of
the external microchannel was investigated. For that pur-
pose, an array of external microchannels was fabricated
varying the pulse energy (200 nJ-400 nJ) and scanning
speed (2.5 mm/s — 20 mm/s). The processing parameters
for each set are shown in Table 1.

Table 1 The processing parameters of external channels

Microchannel Laser pulse dy, dz,um  Translation
set nr. energy for um speed  for
one set, nJ one set,
mm/s

1 3 5

2 1.5 5

3 200 — 400 5 5 2.5-20

4 5 3

5 5 7

One channel was inscribed by a set of scans in the y-
direction with the distance between scans — dy and in the z-
direction with the distance between scans - dz. Five sets of
the microchannel arrays with different dy and dz distances
were fabricated. The last layer was focused on the sample
surface to initiate the surface ablation.

The fabricated external channels were immersed into
dilute 10% concentration HF acid, placed into the
ultrasonic bath and etched for 1 hour. After one hour, the
sample was inspected with an optical microscope
(Olympus), scanning electron microscope (JEOL JSM-
6490LV) and stylus profiler (Bruker Dektak 150+) to
measure the longitudinal surface roughness of the etched
channels. Then it was placed back for etching for one more
hour. After 2 hours of etching, the sample was inspected
with the same methods.

450

—a—dy 3; dz5
—eo—dy 1.5;dz5
—a—dy5, dz5
—v—dy5; dz3
350 |- —o—dy5; dz7

400 |-
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Fig. 5 Dependence of longitudinal roughness of the external
channel part on the scanning speed. The microchannel etching
time in HF acid was 2 hours. The laser pulse energy and repetition
rate were set as constant: 200 nJ and 500 kHz.

The surface roughness dependence on the scanning
speed using the constant 200 nJ laser pulse energy is shown
in Fig. 5. The surface roughness decreased reducing the
scanning speed. More pulses were delivered to a single
point with the lower scanning speed at a constant pulse
energy. Therefore, the overlap of adjacent modifications
increased and larger exposure dose to single point induced
stronger modification of surrounding material. That led to
the smaller grain size, and smaller surface roughness was
achieved. The SEM pictures of the etched microchannel
prepared using different processing energy are shown in
Fig 6. The grain size increased by increasing the pulse en-
ergy that coincides with the results reported in the previous

work [14].
I !
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Fig. 6 Images of external microchannels etched for 2 hours in
10% HF acid.

4. Assembling and characterization of microfluidic
device

4.1 Assembling

First of all, the microfluidic device was connected with
the prepared sensor chip - glass substrate coated with a thin
gold layer. The non-modified surface of the microfluidic
device was also affected by HF acid. Therefore, the flatness
was not sufficient to ensure hermetical sealing between the
external part of the microchannel and the Au-coated sensor
chip. To secure the reliable sealing, a thin PDMS interlayer
with the thickness of 100 um was added. The fluid to the
sensor chip surface was delivered through the microchan-
nel size slits in PDMS interlayer. The slits in PDMS were
cut by the laser. After laser cutting, the PDMS interlayer
was cleaned in ethanol and mounted on the top of the
device with open microchannels. Then the glass surface
was hermetically sealed with the PDMS layer. For the final
step, a prism was placed on the sensor chip to obtain the
Kretschmann configuration for iSPR setup. The design of
assembled iSPR setup is shown in Fig 7.

Polarized laser
light beam = Reflected

laser beam

Glass substrate

Thin gold

Connector Internal channel part
Fig. 7. The design of iSPR setup with the integrated internal to
the external microfluidic device. The fabricated microchannels
were covered with the thin PDMS interlayer and the gold-coated
glass substrate (sensor chip). A prism was mounted on the sensor
chip.
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4.2 Characterization

To test the performance of the assembled microfluidic
device, it was connected to the constant flow rate peristaltic
pump which pumped the HEPES buffer (20 mM HEPES,
150 mM NaCl, pH 7.5) at 150 pl/min flow rate from vial A.
The fully-integrated and connected device was mounted
into the ellipsometer for the specific protein adsorption
kinetic measurement (Fig. 8).

The specific and well-known biotin — streptavidin
recognition reaction [21] was chosen to test the system
performance. The sensor chips were modified with biotin
functional group bearing self-assembled monolayer.

Fig. 8. The fully integrated microfluidic device for ellipsometric
measurements. A — vial with a buffer fluid and specific protein, B
— the microfluidic device with the mounted prism, C — ellipsome-
ter, D — fluid pump.

After rinsing with the buffer, 1 mg/ml bovine serum albu-
min (BSA, Sigma-Aldrich) solution in HEPES was injected
for 5 min. No protein adsorption was visible, what indicat-
ed that the sensor surface was sufficiently protein resistant
(Fig 9). The second injection was the protein that should
adsorb specifically on biotin groups — streptavidin. We
injected 250 nM concentration streptavidin (Serva Electro-
phoresis GmbH) solution in the buffer for 25 min. The spe-
cific adsorption was clearly visible. The thickness of ad-
sorbed streptavidin layer according to the ellipsometric
model calculations was 0.2-0.3 nm. The break in the kinet-
ics appeared because of the air bubble, trapped in the mi-

crochannel.
gl ESJ\ STREPTAVIDIN
= /L‘—/‘V\w
260 \
8
Qo
-
‘,_5 265
3
a
270
275
280 =
0 20 40 60 80 100
Time, min.

Fig. 9. The specific protein adsorption kinetic measurement re-
sults achieved in the fabricated microfluidic device. Abbreviation
on the graph: BSA — bovine serum albumin. Inset - the measure-
ment zone in the microfluidic channel that is seen in the
ellipsometric device. The red scale bar indicates 50 pm.
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5. Conclusion

In conclusion, the internal to external microchannels
were fabricated and integrated into a single device for the
imaging ellipsometric surface plasmon resonance setup. A
few design approaches were investigated. It is evident, that
to improve the etching time the length of embedded micro-
channel part should be minimized. The minimal length of
the internal microchannel is restricted by the length of con-
nector that should be > 1 mm in order to ensure the qualita-
tive connection and transition from embedded channel part
to the external part. The roughness investigation of the
external microchannel part showed that the processing with
lower pulse energy (200 nJ) and low speed (<10 mm/s at
500 kHz) should be performed to improve the quality of
microchannel. However, to optimize the processing time,
scanning speed > 10 mm/s should be applied, that results
in a slight decrease of the external channel quality.

The microfluidic device was completely assembled,
and the protein adsorption kinetic was measured. The
formed parallel microchannels allow the measurement par-
allelization that enables more efficient use of sensor chip
and repeatability of experimental conditions. Due to de-
creased volumes of flow cells, much shorter solution mix-
ing time was obtained, that made it possible the registration
of the protein association kinetics at a constant its concen-
tration.
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