Open Access Article. Published on 25 July 2023. Downloaded on 6/9/2026 11:59:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2023, 13, 22302

Received 17th March 2023
Accepted 14th June 2023

DOI: 10.1039/d3ra01749d

rsc.li/rsc-advances

Introduction

Direct laser writing of hydrophobic and hydrophilic
valves in the same material applied to centrifugal
microfluidicsy

Matheus J. T. Var%as,ﬂb*abc Michel K. Nieuwoudt, Rakesh Arul,”®
David E. Williams €22 and M. Cather Simpson®*®

In this study, we utilize nanosecond and femtosecond direct laser writing for the generation of hydrophobic
and hydrophilic microfluidic valves on a centrifugal microfluidic disk made of polycarbonate, without the
need for wet-chemistry. Application of a femtosecond (fs) laser at 800 nm resulted in an increased
contact angle, from ~80° to ~160° thereby inducing the formation of a hydrophobic surface. In
contrast, employing a nanosecond (ns) laser at 248 nm led to the formation of superhydrophilic surfaces.
Morphological studies identified the enhancement in the surface roughness for the hydrophobic surfaces
and the creation of smooth patterns for the hydrophilic surfaces. Chemical modifications in the laser-
ablated samples were confirmed via Fourier-transform infrared spectroscopy (FTIR) and X-ray
photoelectron spectroscopy (XPS) analysis. These spectroscopic examinations revealed an increase of
hydrophilic chemical groups on both surfaces, with a more pronounced increase on the nanosecond
laser-modified surface. Furthermore, these surfaces were used as a case study for centrifugal
microfluidic valves. These modified surfaces demonstrated peculiar pressure responses. Specifically, the
hydrophobic valves necessitated a 29% increase in pressure for droplet passage through a microchannel.
On the other hand, the superhydrophilic valves exhibited enhanced wettability, decreasing the pressure
requirement for fluid flow through the modified area by 39%. However, similarly to the hydrophobic
valves, the fluid exiting the hydrophilic valve area required an increased pressure. Overall, our study
shows the potential for tailoring valve functionality in microfluidic systems through precise surface
modifications using laser technology.

for mass production.*® One of the main thermoplastics used for
microfabrication is poly (bisphenol A carbonate), also known as

In the late 1990s, polymers supplanted silicon and glass as the
material of choice for the fabrication of micro () total analysis
systems (UTAS) and lab-on-a-chip devices." Thermoplastic
polymers enabled research facilities to rapidly prototype devices
and transfer the technology to industrial applications.>* These
polymeric materials are densely crossed-linked, mouldable,
optically clear, durable, have low raw material costs and well-
established manufacturing methods, making them attractive
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polycarbonate (PC).®

The selection of an appropriate polymer substrate for
a microfluidic device relies heavily on its physicochemical
characteristics. Some of PC's characteristics, high chemical
stability, poor surface absorbability and adhesion to other films
and coatings (great for bioassay microchips), make this polymer
a candidate to be integrated into pTAS devices.”'* However,
these characteristics carry some challenges when dealing with
microfluidics, where many times it is necessary to fine tune its
properties for better fluidic control. Several studies have tried to
tune the PC's dielectric properties," create surface modifica-
tions (and wettability)” on devices, study the effect of chemical
modification using laser ablation'* and even ways to construct
micropatterning’® on surfaces. These current strategies to
modify bare polymer surfaces mainly include chemical* and
plasma® treatments, but direct laser surface modification is
emerging as a more flexible technique due to its ability to
perform surface patterning at high precision.

In order to reduce chemical waste and achieve greater
reproducibility and precision in surface modifications for the

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra01749d&domain=pdf&date_stamp=2023-07-24
http://orcid.org/0009-0006-0636-1263
http://orcid.org/0000-0003-4123-5626
https://doi.org/10.1039/d3ra01749d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01749d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013032

Open Access Article. Published on 25 July 2023. Downloaded on 6/9/2026 11:59:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

creation of hydrophobic surfaces, researchers have explored the
use of femtosecond pulsed laser irradiation. This technique has
been seen in various applications, including micro hole drilling,
micro patterning, and lens arrays'®'®* as well as on poly-
carbonate surfaces.” Furthermore, the use of different lasers,
such as UV lasers applied on polymers, to create hydrophilic
surfaces are quite scarce as most studies focus on chemical
treatments or plasma treatments that lead to less control of the
modified surface area.”** Currently, there are no detailed
studies on directly application of femtosecond nor nanosecond
laser modifications to thermoplastic microfluidic devices.
Especially in systems that do not use actuated pumps to control
fluids, (e.g. paper microfluidics, centrifugal microfluidics,>***
suspended microfluidics,* and digital microfluidics®”), hydro-
philic and hydrophobic circuit sections become elegant tools to
control fluid flow wvia -capillary forces, adhesion, and
hydrophobicity.

In this study, we present techniques to modify the surface
properties of polycarbonate, specifically Makrofol DE 1-1, in
specific regions of a centrifugal microfluidic device. By
employing femtosecond and nanosecond laser pulses at
different wavelengths, we can precisely transform designated
areas into either hydrophobic or hydrophilic surfaces. This
capability allows for fine-tuning the fluid flow within different
sections of the same device, all using the same material.

Nanosecond and femtosecond surface modification

Nanosecond pulses created by an excimer laser at UV wave-
lengths have been widely used to treat polymers. Makrofol PC,
polymethylmethacrylate (PMMA), polystyrene (PS), polyethylene
terephthalate (PET) display high absorbance at this
wavelength.?** When exposed to UV radiation, these materials
undergo linear absorption, leading to energy deposition and
subsequent heat generation as a form of energy relaxation.*
The outcomes for this process are the thermal, thermo-
oxidative, or mechanical breakdown, leading to vaporization
of the polymer into oligomeric fragments or larger particles of
the polymer and filler.** One of the main chemical groups in
polycarbonate (Makrofol® DE 1-1) is the reactive carbonyl
group, which can induce the photodegradation of the polymer
when irradiated with ultraviolet radiation.** Nanosecond pulsed
excimer lasers operating in the UV range have the ability to
induce chemical modifications in polycarbonate (PC)
substrates. These modifications result in the introduction of
hydrophilic functional groups, including C-OH and COOH
groups, along with the formation of inter-chain bonds.*®
Moreover, the laser irradiation can trigger photo-Fries rear-
rangement, leading to the generation of hydroxyl groups on the
aromatic rings of the polymer.*® These structural changes
contribute to the enhanced hydrophilicity of the treated PC
surfaces.”®?*

Femtosecond laser ablation of polymeric materials at 800 nm
(1.55 eV) occurs through a different mechanism compared to the
longer-pulse nanosecond laser. With femtosecond irradiation at
800 nm, the near-infrared photons are nonlinearly absorbed
through multiphoton absorption.*® This type of absorption at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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femtosecond time scale generates energy that is sufficient to
enable laser processing at wavelengths at which the material is
non-absorbent or transparent. For example, near-infrared wave-
lengths can be used to ablate polymers that are non-absorbent at
the used laser wavelength.?* Multiphoton absorption is thought
to be followed by avalanche mechanisms, leading to photo-
degradation of materials.*® Femtosecond pulsed lasers thus can
induce non-thermal®” structural and morphological changes in
the ablated material, avoiding mostly of the material oxidation
when ablated in open air. In addition, the use of femtosecond
lasers can induce the formation of periodic structures or high
roughness in polymers, which are well-known to generate effi-
cient hydrophobic surfaces.’**°

Centrifugal microfluidics, hydrophilic and hydrophobic
effects

The ability to tune the wettability of surfaces is a useful tool for
precise fluid control in centrifugal microfluidic disks. Hydro-
phobic valves, usually made with carbon-based ink coating,
have been used to control the burst speed (rotational speed at
which the fluid opens the valve and move to another reservoir)
or to stop capillary action and therefore allow better sample
metering and avoidance of cross contamination between
chambers in microfluidic devices.*"** In the case of hydrophilic
surfaces, an increased capillary force can be used to displace
fluid back to the center of microfluidic disks allowing for the
use of timed valves and siphons.**** This work aims to use these
laser surface modifications to manipulate the burst frequency
and pressure in channels.

The burst frequency in centrifugal microfluidics is depen-
dent on the pressure the fluid exerts in the channel. The main
factors controlling this pressure when a centrifugal disk is in
stationary position are the dimensions of the channels, given by
width (w) and height (%), the contact angles on the walls cor-
responding to the width and height, respectively, 6, related to
the top and bottom of the channels and 6 corresponding to the
side walls of the channel, and the surface tension of the liquid
(0). eqn (1) gives the pressure change across the meniscus.

cosfl,, cosb,
w * h ) @)

Py, = 20(

Since we are working with a centrifugal microfluidic device
for this study, we can use an equation to estimate the pressure
(P,) related to the centrifugal force (F.) during disk rotation:

F, = pw’R (2)

por(Re = ) (B ) =g (aRR) @)

P, =
2

where the centrifugal force F. is determined by p (the fluid
density), w (the angular velocity), and R (the radius of the
channel). The centrifugal pressure is given by P,,, therefore the
force exerted on the fluid from the center to the outer part of the
disk is related to the position of the fluid R, and R, relative to
the center of the disk. AR is equal to R, — Ry and R is their
average. This equation has been used before by different groups
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to calculate the burst pressure as an approximation, as it
accounts only for uniform flow velocity.*>*

As the disk spins and the fluid encounters a capillary,
hydrophobic or hydrophilic section it needs more force to pass
these barriers. A centrifugal force-actuated valve is open when
P, is higher than the P.,p,. The frequency or rotational speed at
which the valve is opened has been reported by is given by
different groups, including Lu et al., Ouyang et al., and Madou
et al.** Eqn (4) shows the burst frequency f, in revolutions per
minute (RPM) based on their studies:

Jo(rpm) =

30 \/20|w cos 6, + h cos 6,,| )

T hwpAR-R

The burst pressure to overcome the capillary force, using
angular speed in RPM units is:

2 2pa|w cos 0, + hcos 0,
N hw

P= pARﬁ(”—“’) )

30

By employing appropriate equations, we can identify the
effectiveness of hydrophobic or hydrophilic modifications in
a microchannel holding a fluid.

Materials and methods
Microfluidics, hydrophilic and hydrophobic effects

Modified surfaces were made upon 100 pm PC films (Makrofol).
Hydrophilic PC surfaces were fabricated using nanosecond UV
laser machining (248 nm, 5 ns pulse duration, 500 Hz repetition
rate; Xantos XS, Coherent Inc., USA) using a micromachining
system (IX-100C, JPSA Inc., USA). Creation of a flat-top beam
profile was achieved with a square shaped physical mask. The
optimized settings were found to be 100 um?” spot sizes (10 pm
x 10 pum, square shaped); 1 um spacing between shots (abla-
tion) and 8, 10 and 12 um spacing between the centre of the
shots (see ESIf). The power used for the nanosecond laser
experiments was 0.5 mW.

Hydrophobic PC surfaces were fabricated with femtosecond
laser irradiation (800 nm, 100 fs pulse duration, 1 kHz, Legend
Elite, Coherent Inc., USA) using the same machining stage as
the nanosecond laser system and a square mask. The optimized
femtosecond laser settings used were 2500 pm?> square spot
sizes (50 um x 50 pm, square shaped); 1 um spacing between
shots and 40, 45, 50, 55 um spacing between lines and powers of
5 and 13 mW. The total surface area machined using both laser
systems was 6 X 6 mm as to ensure coverage of the channel and
any possibility of dealignment. The reproducibility of the
method was tested by using 15 replicates for each ablation
setting variation. Before surface characterization, samples were
sonicated with Milli-Q water for 10 minutes and air dried.

Characterization of sample morphology and influence of
surface chemical modification

The modified surface morphology was characterized using
scanning electron microscopy (SEM; JCM-6000PLUS NeoScope
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Benchtop) and optical profilometry (Bruker Contour GT-K -
Coherent Inc., USA). These methods were used to measure the
morphology and dimensional profile of material ablated by the
laser treatments. Milli-Q water and a goniometer (KSV CAM100)
were used to measure the static, advancing and receding
contact angles. Chemical modifications at the surface, caused
by the laser treatments, were measured using FTIR spectroscopy
(PerkinElmer Spectrum 400 spectrophotometer) and X-ray
photoelectron spectroscopy. XPS spectra were acquired on an
Axis ultraDLD (Kratos Ltd, UK), using a monochromatic Al Ko X-
ray source and core level scan pass energies of 20 eV. The data
were fitted with Gaussian-Lorentzian peaks in CasaXPS (Casa
Software Ltd, USA). A gold sputter coater (Quorum Technologies
- Q150R) was used to create a blocking layer of 300 nm on the
samples for separately testing the influence of the morphology
and the surface chemistry on the wettability ablated samples.

Microfabrication

The most hydrophobic and most hydrophilic surfaces on laser
modified PC, found in the surface characterization process,
were used to create hydrophobic and hydrophilic valves in
centrifugal microfluidic disk channels. The centrifugal micro-
fluidic disks were manufactured using 100 pum thick PC film
(Makrofol®), 125 pm thick pressure sensitive adhesive (AR-MH-
90106), 150 pm thick commercially available polyethylene film
(OfficeMax Overhead Projector Transparency Film) and 2 mm
thick PMMA (PSP Plastics). The PC film was cut using the
nanosecond laser system with a 110 um diameter spot size, 0.8
um spacing, 380 mW and two passes. The location of the start
and end of the valves (surface modified areas) relative to the
centre of the disk were 30.00 mm and 31.27 mm. The channel
average size was 685 £ 51 um. The microfluidic circuit was
formed by two pressure sensitive adhesive (PSA) layers sand-
wiching a polyethylene terephthalate (PET) sheet. These 3 layers
were attached and cut as a single piece. The nanosecond laser
was used to cut the polycarbonate pieces that contain the top
and bottom walls of the microfluidic circuit. The settings used
were 100 pm diameter circle spot size, 0.8 um spacing between
shots and 335 mW and 3 passes. The beam shapes were formed
by using an iris to avoid losing laser power.

PMMA sheets were attached to a sheet of PSA and laser cut to
form the base and top of the disk. These PMMA layers also
contained the air release outputs and sample input ports. The
laser system used for cutting the PMMA and PSA layers was
a continuous wave CO, laser (Universal Laser Systems, VLS3.50,
30 W, 10.6 um) with 30 W and scan speed of 12.5 mm s~ . Three-
point alignment was used to align the disks. A manual cold roll
laminator was used to join all the disk layers and better seal the
disks, forming the microfluidic disk (Fig. 1A). The ESI} shows
the different layers and disk assembly cross-section view of the
assembled disk.

A microfluidic device with modified top and bottom surfaces
was created to measure the contact angle of the droplets being
compressed by the top and bottom walls, mimicking a micro-
fluidic channel containing the top and bottom modified
surfaces. The device dimension was a square 50 x 50 mm, made

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Gap

Fig. 1

Modified
surface

Needle
(liquid insertion)

(A) The assembled disk showing the circuits with valves and control circuits. (B) The zoomed circuit. (C) The microfluidic device made to

measure the contact angle inside the channel. See ESIf for dimension details.

using the same layering of the disks. This mimicking device had
four corners that each contained opening “gaps” of 20 mm
(Fig. 1C) used to add the fluid to the device. The modified
surface dimensions in this device were 6 x 6 mm (top and
bottom) and located at the centre of the device. A flat-top needle
was used to insert the sample (Milli-Q water) at 90° relative to
the light source and camera. The goniometer used in the
previous section was used to verify the contact angle inside the
device. See ESIt for device dimensions.

Centrifugal microfluidic platform, replicates, and spin
settings

The disk spin run settings employed a constant acceleration of
500 rpm per s and the angular speed was incremented 10 rpm
towards each trial of 10 seconds starting from 100 rpm. The
video was recorded at 30 frames per second. A total of 12
replicates of control and 12 replicates of each type of valve were
used.

Results and discussion
Hydrophobic surface morphology and wettability

The initial contact angle of untreated PC was measured to be 79
=+ 3°. However, through the application of femtosecond laser
treatment, the surface underwent a transformation into a highly

© 2023 The Author(s). Published by the Royal Society of Chemistry

hydrophobic state, resulting in static contact angles exceeding
136 £ 2°. The hydrophobicity was found to be dependent on the
spacing between laser lines, highlighting the influence of these
variables. Using the same spot sizes of 50 um® and the central
distances from each line as 40, 45, 50, 55 um, the contact angles
increased as these spaces were increased. Furthermore, the
measure of advancing and receding contact angles for the 55
um line spacing demonstrated a superhydrophobic behaviour

. Advancing . Static

eceding

13m Y ————————
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Fig. 2 Advancing (Adv), Receding (Rec) and Static (Sta) contact angles
of surface modifications with different spacings and control (numerical
table in Appendix Et).
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(above 150°) and hysteresis equal to 9.9°. As seen in Fig. 2 the
largest increase in hydrophobicity occurred in the largest
spacing used (55 pm); the lowest hydrophobicity was observed
with 40 um spacing.

The surface morphology was investigated using a SEM. The
hydrophobic surface demonstrated a high increase in rough-
ness (Fig. 3). The main cause for this roughness was the non-
linear absorption by the PC of the high-intensity near-infrared
femtosecond laser pulse.** It is important to note that the
non-thermal mechanism of femtosecond laser treatment
should generate a minimal polymer melting and reflow, as the
heating generated during the process should be insufficient to
melt the polymer.

In addition to the SEM analysis, the utilization of an optical
profiler system revealed clear images showcasing the formation
of uniform crests of identical height on the non-ablated area
created by the larger line spacings. These crests were seen in all
but the 40 pm spacing as seen in Fig. 4. Furthermore, it was
verified that the lower spacing ablation generated an irregular
surface that varied approximately 4 pm in height. The highest
ablation spacing (55 pm), which generated the highest hydro-
phobicity, using 13 mW power generated 20 £ 3 pm grooves
whilst 5 mW power gave 15 + 2 um. This change in power had
minimal impact on the hydrophobicity of the advancing and
receding contact angles, suggesting that the hydrophobic

Fig. 3 The control PC sample (A) and the roughness created on PC by
femtosecond laser (B).
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Fig. 4 Optical profile measurements on top view and cross-section
view for hydrophobic surfaces at different line spacing for 13 mW laser
power.

components and the depth of these crests created by varying
power levels had limited influence. In addition, the results from
the optical profiler indicated that the dimensions of the crest
tops did affect the hydrophobicity and worked as organized
micropatterns that are well-known to create hydrophobic
surfaces.

Hydrophilic surface morphology and wettability

The second approach we used for surface tailoring was the
nanosecond laser treatment. Using 248 nm pulses under 3
different ablation conditions (spacings) generated similar crests
observed when using the hydrophobic (femtosecond laser)
surface modification. However, with nanosecond laser surface
treatment, the ablated area was much smoother. As mentioned
in our introduction, the nanosecond laser ablation with UV
irradiation occurs through a thermal degradation process.**
Consequently, the laser-induced heating melts the polymer,
triggering a re-flow of the molten material and ultimately
resulting in the smooth surface, as depicted in Fig. 5. This
heating and re-flow process also smoothened out the crests and
valleys in the treated surface, creating a smoother wave-like
pattern.

The samples ablated using smaller spacing (8 um) showed
smaller wave patterns than the larger spacing lines as seen in
Fig. 6. The wave top formed during ablation for the 8, 10 and 12
um were 10.0 + 0.7, 5.5 + 0.8 and 6.0 = 1.0 um below the
ablation surface, and the bottoms of the waves were at 15.0 +
1.0, 12.0 + 0.8 13.0 + 1.0 pum.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Super hydrophilic surface created on PC, showing the crests
and smooth surface produced by the nanosecond laser.

The grooves in the waves lead to the formation of smooth
open capillaries, which were approximately 10 pm in width and
5.0, 6.5 and 7.0 pm in depth. The formation of these open
micro-channels capillaries within the ablated area maybe one of
the factors responsible for creating the capillary force that pulls
the liquid into the surface, contributing to the effectively zero-
contact angle of the sample. Similar capillary like effects can
be seen in literature as fluid can follow paths in structured
surfaces.*® A small qualitative experiment was performed, where
a droplet was added to a nanosecond modified surface and top
images were taken over time. The images show that we can
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Fig. 6 Optical profile measurements on top view and cross-section
view for hydrophilic surfaces produced by nanosecond laser surface
treatment at different line spacings. The waves (or microchannels
formed by ablation within the whole ablated area) and the melted area
(white box) are also shown.
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Fig. 7 (A) PC unmodified surface (78.5°), (B) femtosecond laser
modified surface (145°) and (C) nanosecond laser modified surface and
its hydrophilic wetting behaviour.

Fig. 8 (left to right) The increase on surface hydrophobicity of the
gold coated (blocked) hydrophilic surfaces created in PC according to
8, 10 and 12 um line spacings compared with the zero contact angle
caused by the chemical modification seen in the uncoated modified
surfaces.

produce capillaries made with the nanosecond laser, hence
showing the fluid pull and direction on open surfaces (see ESIt).
Fig. 7 shows the super hydrophilicity of the surface modified by
the nanosecond laser compared to the control untreated PC and
the hydrophobic surface created by femtosecond laser
treatment.

The last wettability characterisation explored the influence
of the laser induced chemical modification through a possible
insertion of chemical groups (hydrophobic or hydrophilic) that
may have affected the interaction in the solid-liquid interface.
The modified surfaces were coated with gold at few nanometre
thickness in order to hinder the hydrophilic effects due to the
change in surface chemistry, turning the hydrophilic surfaces
into hydrophobic ones (Fig. 8). The static contact angle for 8,10
and 12 um spacing samples were respectively 99 + 3°, 128 + 3°,
144 + 4°. Therefore, this increase in contact angle confirmed
that the hydrophilicity was due to the chemical change of the
material (studied in the next section). Furthermore, the airgap
caused by the waves induced a Cassie-state of wettability, where
the air pockets, located within the waves crests, induced the
increase in contact angle seen after the hydrophilic groups were
covered by gold.*

Chemical analysis of surface modifications

The hydrophobic and hydrophilic surfaces can have both
morphological and chemical components. This section shows
the chemical effect of the different laser treatments. The ATR-

RSC Adv, 2023, 13, 22302-22314 | 22307
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Fig. 9 ATR-FTIR spectra of the three PC surfaces, normalized to the
same height for the CH 2996 cm™ and overlaid for comparison.

FTIR spectra of the PC sample were measured before laser
treatment and then again after nanosecond and femtosecond
laser treatments (Fig. 9). The spectra were normalized to the
same height for the 2966 cm ™" band (C-H stretch mode for the
methyl group) to more easily visualize differences in the
intensities of bands relating to changes in the C-O and C=0
functional groups, which are bands correlated with hydrophilic
surface behaviour.

The main peaks visible in the spectra are the C-H stretch
modes coming from the methyl groups between 2800 to
3000 cm ™, the sharp carbonyl stretch around 1770 cm™?, the
sharp phenol ring stretch at 1501 cm ', the carbon-oxygen
stretch (C(O)C) modes appearing as a broad, multicomponent
band at 1220 cm™*, the sharp C-O-C stretches at 1011 cm™ ' and
840-900 cm™ ', the out-of-plane deformations of the para-
disubstituted phenol rings at 830 cm™ " with their C-H defor-
mation modes at 695-765 cm ' and the CH; rocking modes
between 910-970 cm ™ 3% Smaller bands due to the C-H
stretch modes of the phenol rings are present at 3100-
3000 cm™ '

Notable distinctions can be observed in terms of relative
intensities, bandwidths, and shifts within certain spectral bands
subsequent to the laser treatment of the surface. These changes
indicate surface chemistry modification resulting from thermal
degradation, particularly for the nanosecond-lasered surface. In
the nanosecond treated surfaces, there is a clear broadening and
increase in the relative intensities of the C=0 and O(C)O stretch
modes around 1770 cm ™' and 1218-1011 cm ', respectively.
Similar changes were also observed for the deformation and
twisting bonds for the chains (CH,). This could be explained by
a greater thermal degradation of the PC structures resulting in
scission of the polymer chains followed by branching, eventually
leading to crosslinking and gelation or reflow of the surface
material.**** This drastic change may have increased branching
and disorder of the structure accompanying degradation of the
carbonate groups with formation of branched products, as
shown in the reactions (6) and (7) below.>® Thermal degradation
of PC has been shown to involve a finely balanced competition
between scission and X-linking processes.*>>*
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~(CH),C-CgH,-0-(CO)-0-GH,~ ——Jmmm  ~(CH),C-CgHs-O-CeHy~ (6)

|

COH
followed by
~(CH3C-CeyrO-(CO}O-Cably~ + ~(CHy)yC-Cebls-O-Cely~ —mm ~(CH),C-CeHy-0-CgH)~ + COy+ HO-CgH,-C(CHy)y~

COH CO-0-CgHy~

(7)

~(CHy),C-CeHy-0-CaHy~

COH

= ~(CH3),C-CeHy-O-CHy~ + €O,

Increased hydrogen bonding from the crosslinking would
also explain the slight red shifting and broadening of the C=0
stretching mode at 1770 cm ™" for the nanosecond laser treated
samples. For the femtosecond treatment a slight broadening
and increase in frequency and intensity were observed in the CO
stretch modes at 1221 cm™". Furthermore, a small broadening
in these bands indicated a structural change due to a small
thermal effect, but in considerably lower effects than the
nanosecond treatment. In addition, a small increase occurred
in intensity of the C=C stretch mode for the aromatic ring. The
changes to the femtosecond ablated surface are far smaller than
those induced by the nanosecond uv laser as the thermal
damage by the infrared femtosecond laser technique is small.

The different degradation conditions experienced during
nano- and femto-second laser treatments resulted in different
surface modifications of the two PC samples. Both show an
increase in the hydrophilic groups, significantly larger for the
nanosecond laser treatment. This observation supports an
earlier finding that a slight alteration in degradation conditions
can drastically change the overall mechanism of breakdown
and breakdown products.**

Another characterisation technique used to measure the
differences in hydrophobic and hydrophilic groups can be ob-
tained from XPS peak ratios, as shown in Fig. 10. The spectra
were fitted based on peak assignments determined from Smith
et al.,”® with well-known binding energies for each carbon
functionality. Overall, the XPS showed an increase in the
carbonyl (C=0) and C-O functionalities (C(O)O) relative to pure
C-C or C=C functionalities with a slight increase in surface
oxygenation with nanosecond compared to femtosecond laser
treatment. This apparent discrepancy compared to the FTIR
results can be understood by the highly surface sensitive nature
of XPS, which only collects photoelectron signals from within
the first few nanometres of a surface.*® Therefore, the femto-
second laser treated region could have a highly oxidised surface
layer, but a much less thermally damaged/perturbed interior, as
FTIR probes the surface composition to a depth at the low
micron range.”” The combined evidence then points to nano-
second laser treatment inducing a large increase in the oxygen
content, with femtosecond lasers only changing the surface
oxygen content (at least a few nm deep) while leaving most of
the laser interaction volume free from additional oxidation.
Table 1 shows the functional group percent ratio in the analysed
surface. The w=m* signal due to the aromatic rings shows s
a small increase for the femtosecond laser treatment compared
to control and nanosecond.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 XPS spectra of the three surfaces, (top/left) control, (top/right) femtosecond, (bottom/left) nanosecond with fitted components and
(bottom/right) ratios of the C(O)O, C-C and C-O components according to the femtosecond and nanosecond surface modification.

Table 1 Percent area of the functional groups and hydrophilic/
hydrophobic groups ratios according to the laser treatment

Area% C-C C-0 C(0)0 m=m* C(C(0)o/C-C C-0O/C-C
Control 84.66 11.17 3.24 0.93 0.04 0.13
Femtosecond 50.43 33.77 12.79 3.01 0.25 0.67
Nanosecond 46.81 36.41 14.27 2.51 0.30 0.78

Likewise, the ratio of the hydrophobic component C-C is
higher for the femtosecond compared to the nanosecond
treatment, where both have less C-C component than the
control. The ratio for the hydrophilic groups C(O)C and C-O are
increased for the laser treatments, having higher values for the
nanosecond laser treatment. Therefore, a higher surface
oxidation occurs for the nanosecond laser ablation, confirming
the effect of surface modification that led to the formation of
the highly hydrophilic surfaces seen in the previous sections.

Brief discussion on surface modifications

Different studies have demonstrated that surfaces incorpo-
rating hydrophilic groups can exhibit super hydrophobic char-
acteristics, underscoring the pivotal role of microstructures in

© 2023 The Author(s). Published by the Royal Society of Chemistry

determining the hydrophobicity of a surface.’®**' In line with
these findings, our experimental results for the femtosecond
laser modified surfaces provide further support as we showcase
that the generation of highly roughened surfaces added to wave
like periodic patterns can generate hydrophobic surfaces even
when showing the incorporation of hydrophilic groups, as
shown by our XPS results.

Moreover, the application of a nanosecond laser pulse, in
addition to ensuring a smooth surface, facilitated the creation
of super hydrophilic surfaces by inducing a higher concentra-
tion of hydrophilic groups. This process relied predominantly
on the localized heating and subsequent material removal
through vaporization or melting, as evident in the observed
melting characterisation seen in the optical profile section
(Fig. 6). Unlike the femtosecond process, the use of a slower
laser pulse with a highly absorbed wavelength allowed material
removal and surface modification, without causing significant
roughness or microstructure formation. Additionally, the reflow
of the polymer further contributed to the attainment of
a smooth surface and hence, to the maintenance of the super-
hydrophilic properties of the chemical groups.

The creation of laser-modified surfaces is influenced by
various factors, including the instrument's precision and the

RSC Adv, 2023, 13, 22302-22314 | 22309
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specific settings employed. For instance, Liu et al.” utilized a UV
laser with higher wavelengths (355 nm) and fluences that were
100-fold greater than those utilized in our experiment, resulting
in the generation of hydrophilic rough surfaces. Conversely,
Meunier et al.'” achieved smooth lenses by employing femto-
second lasers with low laser excitation at the nanojoule level
beneath the surface. These studies demonstrate that laser
settings, such as power, wavelength, speed, and other variables,
can generate surfaces with different morphologies, chemistries,
and wettability properties.

In our study, we successfully generated smooth surfaces
using a nanosecond UV laser and rough surfaces using femto-
second IR laser settings, both of which exhibited highly defined
patterns. This showcases different methods for creating
hydrophobic and hydrophilic surfaces. Notably, our technique
offers advantages in terms of precision, with precise wave
patterns, smooth surfaces, and modified area reproducibility.
However, similar to other existing direct laser modification
techniques, its current limitation lies in the speed required for
mass production applications, such as in the fabrication of
microfluidic chips. Even having some limitations, these tech-
niques serve as valuable prototyping methods to demonstrate
concepts, as exemplified in our subsequent section, and hold
the potential to pave the way for the future of precise micro-
fluidic and nanofluidic device fabrication.

It is worth noting that the field of microfluidics is increas-
ingly converging towards nanofluidics, necessitating improved
fluid control in microfluidic chips. Therefore, enhancing the
speed of these systems may define the next phase in micro-
fluidics' development. Good candidates such as spatial light
modulators may one day be used to speed these processes.®>*

Valve testing

The ability to have high fluid control in microchannels is critical
in order to further miniaturize microfluidic circuits. In
centrifugal microfluidics, the fluid can be mainly controlled by
using the forces derived from the disk spin, and the capillary
force due to the dimensions of the channels and wall wetta-
bility. In these experiments, the behaviour of the fluid being
compressed inside a micro channel demonstrated that the
modified hydrophobic surface displayed a Wenzel state,
meaning that the droplets were in full contact with the rough
surface.®* Hence, the compression of fluid between two walls
induces wetting at the machined area, as observed in Fig. 11,
where more hydrophilic like menisci are seen for both types of
laser-ablated surfaces. Our hydrophobic surface phenomenon,
characterized by the coexistence of hydrophilic groups and
hydrophobic behaviour, finds support in the behaviour of fluids
within the microfluidic device containing the hydrophobic
valves. These valves effectively retained water droplets, even
during the transition from the modified to the unmodified
surface.

The experimental setup ensured the channels' walls and
dimensions remained constant throughout the study (Fig. 12).
Calculations were based on the advancing contact angles
observed, which closely resemble the behaviour of droplets
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Fig. 11 Inner view of the fluid behaviour within different top and
bottom surfaces. (top) Untreated surface, (middle) hydrophobic and
(bottom) hydrophilic surfaces and their wettability angles.

Fig. 12 Top view of the microfluidic channel with fluid showing 6,
where the angles are shown in red.

passing through the modified patches. Comparing the effects of
different surface treatments (nanosecond and femtosecond
laser) to the control group revealed unique and distinct impacts
on the behaviour of liquid droplets.

The hydrophobic valves showed an increase in the necessary
burst frequency from 649 + 50 to 818 + 35 rpm, leading to an
experimental pressure (using eqn (5)) increase from 349 =+ 55 to
490 + 42 Pa, an increase of approximately 29% in the pressure
required to burst the hydrophobic valves compared to the control.
The theoretical pressure was calculated by applying eqn (5). The
results were respectively 352 & 25 and 488 + 20 Pa, for the control
and hydrophobic valve, agreeing with the experimental values.
One important finding was the fluid stoppage that occurred on
the initial part of the modified surface patch, creating an initial
hydrophobic barrier, followed by slow constriction of the fluid
until it reaches the end part of the modified surface.

The fluid movement behaviour on the hydrophilic surface
showed distinct fluid movement phases when passing through
the hydrophilic valve. The first stage consisted of a “speed lane”,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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which happened as a droplet touched the modified surface. The
presence of a high surface energy on the hydrophilic patch
promptly pulled the droplet, facilitating its motion until it
reached the boundary where the unmodified area began.
Hence, the pressure necessary to move the droplet decreased,
due to the high surface energy created by the chemical modi-
fication. However, as soon as the droplet touched the lower
surface energy, unmodified area, it needed more pressure to
overcome the hydrophilic patch as the water gets held by the
high surface energy of the hydrophilic patch. In practical
application, the hydrophilic valve demonstrated comparable
efficacy in retaining a water droplet when compared to the
hydrophobic valve. Fig. 13 shows these stages.

The fluid entered the hydrophilic patch at 663 + 48 rpm,
which was approximately the same speed necessary to burst the
control channel. The calculated burst pressure using the
contact angle and dimension measurements resulted in 223 +
20 Pa. However, as soon as the droplet meniscus began to
overcome the valve, the fluid was held by the highly hydrophilic
surface (as seen in Fig. 13C) and 803 + 39 rpm was required to
burst the valve, resulting in extra 140 £ 29 rpm for the burst
frequency to burst the surface modified area. This difference
applied to the the calculated burst pressure resulted in 213 + 35
Pa, a decrease of approximately 39% in the pressure required to
move the droplet through the channel. Hence, the droplet
entering the channel had a reduced pressure, however, leaving
the channel the force exerted needed to be increased by
increasing the RPM. The results are summarized in Table 2.

The results revealed two main distinct potential applications
for the hydrophobic valves. Firstly, they can effectively halt the

Fluid direction »

==

Hydrophilic valve

Fig. 13 The three steps in the hydrophilic valve. (A) The fluid is pushed
towards the valve through the centrifugal force. (B) As soon as the fluid
touches the valve it is quickly pulled to the end of the valve. (C) Once
the meniscus passes through the valve, the hydrophilic valve works as
valve (patch) holding the fluid and higher centrifugal force is needed to
overcome the valve. Note: (C) was also seen for the hydrophobic
surfaces indicating Wenzel state for the surface wettability.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Set of variables in the microchannels, where the theoretical
pressure was calculated using the channel parameters such as contact
angles and dimensions. The calculated pressures use the acquired
burst frequency

Control Hydrophobic  Hydrophilic

6, (°) 80 + 2 158 £ 5 17 + 2

65, (°) 41+ 4 41+4 41+4

W (um) 679 £ 40 710 + 35 666 + 38

H (um) 375+ 15 375415 375+ 15

Burst frequency (rpm) 649 50 818 £+ 35 In: 663 + 48
Out: 803 + 39

Theoretical P (Pa) 352 £ 25 488 £ 20 223 £ 20

Experimental P (Pa) 349 +55 490 + 42 In: 213 + 35
Out: 480 £ 43

flow of fluids during the initial sample insertion into the
microfluidic device, enabling enhanced precision in sample
measurements. Secondly, as microfluidic circuits continue to
decrease in size and channel dimensions become smaller,
capillary force can intensify, leading to a potential fluid leakage
issue in subsequent chambers before the appropriate time.
These valves can be used to prevent these fluid leaks happening
from chamber to chamber or even the fluid entering a channel.
Similarly, to the hydrophobic valves, the hydrophilic valves
have also increased the burst pressure necessary to allow fluid
movement. However, due to its different fluidic behaviour, one
possibility to be investigated is the use of its liquid engulfing as
means to increase the strength of the mixing force applied in
open droplets. Therefore, as centrifugal microfluidic miniatur-
izes even further, hydrophilic patches could be used to hold
microdroplets in position, whilst applying a higher acceleration
and deceleration (Euler force) and take advantage of mixing at
micro or nanoscale.”” An additional potential application to
explore is their utilization as a platform to expedite and direct
the transfer of liquids between microfluidic chambers. By
employing a hydrophilic surface on both the channel and
chamber in one configuration, and leaving another channel and
chamber unmodified, the modified channel and chamber can
receive the liquid before reaching the pressure threshold
required to induce fluid movement through the unmodified
surfaces. Finally, one of the fields in microfluidics that can take
advantage of such hydrophilic surfaces is the open-air micro-
fluidic circuits that need fluids to use capillary force and at the
same time need the fluid to be held by such capillaries.”®

Conclusion

The results of our study have culminated in the development of
a unique, laser-based method facilitating direct surface modi-
fication of polycarbonate, employing both nanosecond and
femtosecond lasers. As a cost-effective thermoplastic material,
polycarbonate represents a practical substrate for microfluidic
device fabrication. Our methodology induces significant alter-
ations in the wettability properties of the polycarbonate
substrate. In-depth analyses using various instrumental tech-
niques revealed substantial morphological and chemical

RSC Adv, 2023, 13, 22302-22314 | 22311
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transformations occurring at the modified surface of the poly-
carbonate. These properties were evaluated within a centrifugal
microfluidic platform. Preliminary results confirmed these
modified areas' proficiency in liquid retention, thereby estab-
lishing their functionality as microfluidic barriers.
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