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ARTICLE INFO ABSTRACT

Keywords: Carbon dioxide (COg)-laser processing of glasses is a versatile maskless writing technique to engrave micro-
COy-laser ablation structures with flexible control on shape and size.
Microfluidics

In this study, we present the fabrication of hundreds of microns quartz micro-channels and micro-holes by
pulsed COs-laser ablation with a focus on the great potential of the technique in microfluidics and biomedical
applications. After discussing the impact of the laser processing parameters on the design process, we illustrate
specific applications. First, we demonstrate the use of a serpentine microfluidic reactor prepared by combining
COy-laser ablation and post-ablation wet etching to remove surface features stemming from laser-texturing that
are undesirable for channel sealing. Then, cyclic olefin copolymer micro-pillars are fabricated using laser-
processed micro-holes as molds with high detail replication. The hundreds of microns conical and square pyra-
midal shaped pillars are used as templates to drive 3D cell assembly. Human Umbilical Vein Endothelial Cells are
found to assemble in a compact and wrapping way around the micro-pillars forming a tight junction network.

Micro-reactors
3D cell assembly
Lab-on-a-Chip
Organ-on-a-Chip

These applications are interesting for both Lab-on-a-Chip and Organ-on-a-Chip devices.

1. Introduction

Patterning of microfluidic devices in glass supports/matrices is
interesting to fabricate highly performant Lab-on-a-Chip (LoC) and
Organ-on-a-Chip (OoC) devices for biological, medical and chemical
applications [1-3] as well as to implement optofluidic elements [4].
Respect to other materials, such as polydimethylsiloxane (PDMS), Poly
(methyl methacrylate) (PMMA) and SU-8 [5,6], glass is a convenient
choice for manufacturing microfluidic chips due to its optical trans-
parency, physical stability, chemical inertness, reusability, insulating
properties, good dielectric properties, thermal stability, high resistance
to mechanical stress, high solvent compatibility, biocompatibility and the
possibility to process its surface for bonding to common
micro-fabrication materials and for (bio)molecular functionalization [7,
8].

* Corresponding author.
** Corresponding author.

Due to its isotropic nature, glass is typically micro-structured by wet
(chemical) etching techniques, removing selectively the material under
the same etching rate in all directions in the presence of specific masking
layers [9-11]. Alternative conventional methods include deep reactive
ion etching (DRIE) using chemically reactive plasma rather than solu-
tions [12,13], glass molding [14-16], electrochemical discharge
machining [17] and mechanical grinding [18]. Both wet and dry etching
are conventionally applied in bulk micro-machining of glasses although
may have some limitations in the control of the walls profile, the surface
roughness, the etching rates, the integration density, the use of aggres-
sive chemicals and the undercut that works against high aspect ratio
structures. In general, although glass patterning techniques (such as
photolithography, chemical/dry etching, thermal/anodic bonding, me-
chanical fabrication, photo-structuring, molding process [19,20]) allow
to manufacture glass microfluidic platforms with geometrically
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nonconventional and complex configurations, properly designed masks
(mainly computer-designed and manufactured by lithography methods),
hybrid technologies and multistep processing make the entire
manufacturing process very complex, expensive and time-consuming
[21].

Differently, microfluidic patterns as well as inlet/outlet ports can be
generated directly on glass by laser micro-machining, consisting in the
localized removal of materials by focused high-power pulsed laser beams
strongly absorbed by the material to be processed [22-25]. Conveniently,
laser ablation-based glass processing rules out long-processing time and
the usage of projection custom-designed photomasks, expensive and
toxic chemicals, precise alignment equipment that are typical of optical
lithography. Additionally, it allows high geometrical freedom, high
lateral and vertical resolution, fast laser processing of the material
without contacting it, the formation of patterns (including channels) with
different depth and width, processing of thicker materials in a reasonable
time scale (less than 24 h), large substrate area processing, mass pro-
duction of custom-designed features with precise alignment and
length-scale from pm to nm and laser engraving in ambient air (no
controlled environment needed) [20,24]. Glass micromachining can be
accomplished based on a wide range of wavelengths (ultraviolet to
infrared) and pulse width (micro-to femtosecond) [26-30]. The primary
requirement to be fulfilled for successful laser ablation-induced
machining is strong absorption of the material to be processed at the
laser operating wavelength, with micrometer-scale absorption depth in
the material. Ultrafast picosecond laser was demonstrated as a valuable
tool for direct cutting, drilling and micro-machining of glass as well as for
glass-to-glass bonding without adhesive layers [31]. Despite excimer
ultra-short (i.e., pulse width in the femtosecond to picosecond range)
lasers provide high-precision material processing with crack- and almost
debris-free surfaces and high precision profiles with respect to nano-
second or longer laser pulses [32-34], the related highly expensive
instrumentation favored spreading use of economic (relatively simple
equipment and low capital investment) microsecond-pulsed carbon di-
oxide (COy) laser sources operating at wavelengths strongly absorbed by
glasses [28,30,35]. Hence, although limited to the realization of
micro-sized structures (since heat dissipation in the surrounding material
during the photo-thermal process influences the spatial resolution),
nowadays CO laser-based ablation/micro-machining represents a serial
method to engrave patterns on glass materials (such as quartz, borofloat
and pyrex) [35] that have found applications in solar cells to enhance
light trapping efficiency [36].

Since interaction of long-pulse lasers with materials causes thermal-
regime ablation with heat conduction beyond the laser irradiated re-
gion (photothermal ablation-regime), extended heat affected zones, re-
deposition of melted droplets and debris (recast) formation around the
side walls of the laser-processed region (grooves, trenches, holes) can be
observed. All of this may impact on bonding the laser processed glass
workpiece. Therefore, when using CO laser sources, high surface quality
micro-machining on glasses demands on optimizations of the main laser
and processing parameters as well as proper choice of the glass material
[35,37].

Hence, inspired by the possibility of producing fast low cost LoCs,
0OoCs and other microfluidic devices as well as masters for patterned
substrates, in this work, we implement the fabrication of quartz micro-
structures using micro-second pulsed CO; laser-based ablation. Among
various glasses, we focused our attention on quartz since it is the hardest
substrate to be etched via wet chemistry [38] and it appears the most
stable to ablation by long-pulse lasers.

Thanks to the versatility of the method, trenches/grooves and holes
with different depth, shape and lateral dimensions were produced on the
same workpiece. This is an important practical advantage of the CO»-
laser engraving technique. Indeed, the mass production of different depth
micro-structures by conventional lithography approaches usually require
complex and multi-step processes.

Micro-structures of hundreds of microns were laser-ablated at room
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temperature within (22 + 2) °C, (estimated etching rate of 34 pm/s)
without the need of reagents-resistant masks, followed by a 2h lasting
post-ablation wet etching to remove residual ripples and rims stemming
from the thermal-ablation regime. The structures produced by laser
ablation were assessed in terms of specific applications: the grooves as
multi-channels to fabricate microfluidic reactors [6,39,40] and the
micro-holes as molds for micro-pillars enabling studies of 3D cell cultures
[41,42]. To the best of our knowledge, these are the first examples of CO5
laser-engraved serpentine quartz micro-reactors reported in the litera-
ture. On the other hand, the ablated micro-nozzles were unconvention-
ally used to realize an array of micro-pillars in Cyclic olefin copolymer
(COC) over a large area. Due to its advantage in terms of high mold detail
replication, COC was used as a template for promoting cells growth and
self-assembly depending on the laser-related surface characteristics of the
COC micro-pillars. This aspect is of applicative interest because endo-
thelial cells (ECs) were found to organize around such micro-pillars, thus
suggesting a micro-vessel-like assembly, which is interesting in the view
of producing OoC models for in vitro drug assays or study of cardiovas-
cular diseases.

2. Materials and methods
2.1. Materials

B270, BorofloatTM (BF), pyrex, soda-lime, quartz substrates were
provided from Telic (USA) and from Pearl-Vemi. COC (Topas 8007S-04)
substrates were purchased from TOPAS Advanced Polymers, Inc.
Sylgard-184, PDMS elastomer, was purchased from Dow Corning (USA).

Human Umbilical Vein Endothelial Cells (HUVECs) were provided by
PromoCell. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), Endothelial cell growth supplement from bovine neural tissue,
Heparin sodium salt, Phosphate-buffered saline (PBS), formaldehyde,
Phalloidin-TRITC, 4,6-diamino-2-phenylindole (DAPI), Hydrofluoridric
acid (HF), Hydrochloric Acid (HCl), ammonium fluoride (NH4F) to pro-
duce buffered oxide etchant (BOE) solution [43], acetone and isopropyl
alcohol (IPA), ethanol, eosin, sulfuric acid (H2SO4) and hydrogen
peroxide (H202) were purchased from Sigma-Merk; Fetal Bovine Serum,
Penicillin-Streptomycin, glutamine, Trypsin-EDTA solution were pur-
chased from Corning, fibronectin from Santa Cruz Biotechnology, Triton
X (Triton™ X-100), serum albumin in PBS (Blocker™ BSA) and ZO-1
Monoclonal Antibody Alexa Fluor 488 from Life technologies.

2.2. Laser setup and processing parameters

All ablation/engraving experiments were performed by using a
commercial laser engraver (Trotec Laser Speedy 360 Flex https://www
.troteclaser.com/en-us/laser-machines/laser-engravers-speedy-series/)
equipped with a CO;, laser source operating at 10.64 pm wavelength and
with a pulse width 1, = 1000 PPI (pulse per inch).

Fig. S1 presents a scheme of the scanning strategy and processing
parameters. The laser beam, focused using a lens with a focal length FL =
38.1 mm, was guided over the workpiece surface according to a com-
puter controlled 2D scanning pattern consisting of several roundtrip lines
properly displaced with respect to each other (see Supporting Informa-
tion, section “S.1 Laser processing parameters and scanning method™).
The glass workpiece was stationary in XY and was moved in Z in order to
optimize dynamically the focus. Laser beam was moved using an optical
fiber. The fiber was mounted on a pantograph with high precision
brushless DC electric motor. The laser beam was scanned using average
laser power values P,y = 10, 15, 20, 25, 30, 35, 40, 45, 50 W. The beam
scanning speed (vg) was set at the values vg= (c* Vpax)/100, where ¢ =
2.5,3,5,7,7.5,10, 15 and vyax = 355 cm/s is the maximum scan speed.
Hence v, varies over the range 3.6-53.3 cm/s. Hereafter, scan speed will
be referred to as the value of c briefly. Pulse repetition frequency (frep)
was set to 1000 Hz.

On the basis of the experimental procedure (Fig. S1(a)), the operating
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parameters can be classified in two categories, that is, parameters of the
focused pulsed laser beam (laser parameters) and parameters of the
scanning process (process parameters). The former group includes
average power per pulse (Payg), pulse width (tp), beam diameter (Ds),
pulse repetition frequency (frep), and fluence (F) that can be expressed by
the relationship F = Payg * T, = Ep/As, where As is the spot area and Ej is
the pulse energy per unit surface. The scanning process is characterized
by the scan speed (vs), the scanning distance (dpp = Vs/frep < Ds), rep-
resenting the spacing between subsequent laser-pulse spots along the
scanning direction x (that is a measure of beam overlapping along the
scanning direction), the track pitch (dgack < Ds) that represents the
spacing between parallel neighbor ablated traces (which is a measure of
beam overlapping perpendicularly to the scanning direction), the num-
ber of pulses per inch (PPI) and number of back/forward iterations of the
laser beam along the same scanning line (Nstep). Also, the thermophysical
properties of the workpiece to be laser-processed play a role. As thermal
conductivity determines the rate of heat spreading far from the initially
laser-irradiated localized region, high thermal conductivity results in a
deeper cut.

The final ablation depth, defined as the height difference between the
initial surface and the bottom of the engraved/drilled structure, is
function of F, dpp, dirack and Nstep. Noteworthy, for a given laser power,
calculation of fluence requires accurate knowledge of the laser spot size.
Unlike the theoretical diameter of the laser beam, the experimental one
may increase with increasing laser power due to Gaussian approximation
of the laser beam intensity distribution. Gaussian profile means that
energy pulse is maximum at the beam centerline and decreases radially
when moving away from the centerline and the incident beam diameter
is defined as the diameter when the energy drops to (1 /e2) [44]. More-
over, upon increasing the number of laser passes, increasing depth of the
groove causes out of focusing of the laser beam at the incidence surface.
Therefore, since a constant diameter spot may not be assumed in ex-
periments varying the laser power and involving iterated laser passing
along the scanning direction, poor control on fluence may result,
meaning that the nominal fluence value may differ from the actual one.

Engraving of channels being an accumulating (on the same site and
under iteration) ablation process, the ablation rate and photothermal
mechanisms also depend on the morphology modifications under iter-
ated laser irradiation and overlap between contiguous grooves. Hence,
trench width and edge shape depend not only on the delivered energy but
also on the effective beam overlapping ruled by laser spot-size, scanning
speed, pulse frequency and diac << Ds. On this basis and accounting for
the different morphologies (trenches, circular and square holes) dis-
cussed in this study, hereafter, in addition to detail the processing pa-
rameters set in experiments, we consider linear energy density, defined
as laser power divided by scanning speed (P = Pyayg/Vs).

The described experimental set-up was applied to carry out the
different sets of micro-scale structures sketched in Fig. S1(b): i) 4 mm
long micro-channels of 200 pm nominal width with interline of 400 and
600 pm, and ii) square/circular micro-holes with nominal edge/diameter
of 500 pm and center to center distance (pitch) P = 400, 500, 600 pm.

2.3. Post-ablation treatments and morphological characterizations

Following laser-based engraving of the micro-structures, a quartz
etching processing was performed by the BOE solution, consisting of
1.38 M NH4F dissolved in pure water with addition of HF (48%) and HCl
(38%) to obtain HF: NH4F: HCl 1:41:1 ratio. The substrates were incu-
bated in BOE solution for 2h under sonication and then washed with pure
water to remove residuals of the ablation process. On the other hand, as-
ablated quartz samples (not treated with BOE solution) were used as
molds to produce COC micro-structures by hot embossing. A COC flat
substrate was treated under a hydraulic press (PW 40H from P/O Weber)
using the ablated quartz as mold at 100 °C and P = 15-25 KN for 10 min.

The depths of the micro-structures in quartz and the heights of the
COC micro-pillars were calculated using the profilometer Dektak 6 M
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Stylus Profiler (Digital Instrument-VEECO). The lateral dimensions and
the optical images of the samples were obtained by an inverted optical
microscope system (NIKON Eclipse Ti). The values reported in the graphs
are an average over 3-6 structures and the uncertainty was calculated as
standard deviation. As further morphological studies, Scanning Electron
Microscope (SEM) images of the COC micro-structures were acquired at
low energy 5 KeV (SEM, Carl Zeiss Merlin). A thin metallic layer (about 3
nm of chromium and 5 nm of gold) was thermally evaporated on the COC
molds to prevent sample charging throughout electronic scanning.

2.4. Fabrication and performance test of the microfluidic reactors

Laser ablation technique was used to produce three serpentine micro-
reactors of different internal volumes (see Video S1). The engraving
parameters were: Pyyg = 40 W, vg = 15, Ngep = 15, frep = 1000 Hz. The
geometry of the micro-reactors was designed using Solidworks (Dassault
Systemes, France) computer-aided design software. Mixing of two
different fluids occurred in the serpentine after injection from two inlets
through the T-shaped channels. The three serpentine reactors, shown in
Fig. 1 (a), have a nominal channel width of 250 pm and a length of about
280, 390 and 850 mm. After fabrication, the reactors were treated with
BOE solution for 2h under sonication and then washed by pure water as
reported in par. 2.3. Then, a 4 mm thick PDMS layer was prepared by
polymerization of the mixture pre-polymer/curing agent (10:1 ratio) at
140 °C for 15 min. Three holes of 1.5 mm diameter were punched using a
biopsy puncher at distances corresponding to the micro-reactors inlets
and outlet. To assemble the quartz moieties of the serpentine micro-
reactors with the flat PDMS slides, the mortar layer method was used
[45]. A 10 pm thick layer of PDMS diluted in toluene (4:1 wt%) was
deposited by spin coating on a glass substrate (first cleaned with acetone
and IPA, dried by Ny) [46]. The quartz micro-reactors were cleaned by
piranha solution (H2SO4:H202 3:1) for 1 h, washed by pure water and
dried by No. The PDMS slide with punched holes was washed with
ethanol, dried by N3 and put in contact for 10 s with the PDMS uncured
layer deposited on glass. Then the quartz moieties and the PDMS slides
were aligned and bonded at 140 °C for 15 min in oven. After bonding, the
micro-reactors were tested by flowing pure water and eosin in water from
the two inlets at different flow rates (10, 20, 50, 70, 100, 150, 200, 300
and 500 pL/min) for 5 min to evaluate the stability of the sealing. The
flow rates were set by a double channel syringe pump (Ugo Basile, Bio-
logical Research Apparatus, model KDS270). The chips were connected
to tubings (Tub Tfzl Nat 1/16 x 0.40, IDEX-HS) by fitting the two
micro-reactor inlets through the needles of the syringes (see par. 3.2.1).

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.mtbio.2021.100163.

2.5. Culture of ECs using micro-pillars as templates

HUVECs were sub-cultured on flask with medium 199 (with 25 mM
HEPES) supplemented by 50 pg/ml EC growth supplement from bovine
neural tissue, 20U/ml Heparin sodium salt, 15% Fetal Bovine Serum,
50U/ml and 50 pg/ml Penicillin-Streptomycin, 2 mM r-glutamine. ECs
were maintained in a humidified CO, incubator at 37 °C and 5% CO»,
replacing the medium every 3 days. Passage 4 HUVECs were used in the
experiments on COC micro-pillars and flat COC substrates. COC samples
were coated with 5 pg/ml human fibronectin solution for 1 h at 37 °C and
rinsed with PBS solution. HUVECs were 90-95% of confluency in a T25
flask, detached using 0.05% Trypsin-EDTA solution and split 1:1 on COC
substrates placed in dishes. Dishes were incubated for 2 h to allow cell
adhesion and subsequently, COC substrates were moved in new dishes
with fresh medium. Dishes were maintained for 1 week in a humidified
CO; incubator at 37 °C and 5% COs, replacing the medium every 3 days.
After growth, the cells on COC samples were fixed with 3.7% formal-
dehyde for 15 min at room temperature (RT) to perform immunocyto-
chemistry. After permeabilization in 0.1% Triton X in PBS for 10 min, the
samples were blocked with 1% Blocker™ BSA for 30 min at RT.
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Fig. 1. Imaging and characterization of serpentine-like micro-channels manufactured by CO- laser-ablation at Payg = 40 W, v5 = 15, Ngiep = 15, frep = 1000 Hz. a)
Drawing of the three fabricated micro-reactors with the yellow box indicating the area of the serpentines imaged by optical microscopy; b) optical image of the detail
of the serpentine micro-channel before the BOE treatment in the area pointed out in panel (a) by a yellow box. The red dashed line represents the cross section along
with the profilometer analysis was performed. The cyan box is an area where rims are well visible along the channel edges. (c) Profilometer line of three micro-
channels treated by BOE solution along the direction indicated by the red dashed line in Figure (b). Optical images of micro-channels before d) and after e) 2 h of
wet etching in BOE solution under sonication. f) Picture of a micro-reactor connected to the syringe pumps during injection of the eosin solution (pink solution) and
pure water. g) Picture zooming the micro-reactor area with focus on the serpentine and the mixing process. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

Subsequently, the samples were incubated with 1 pg/ml of ZO-1 Mono-
clonal Antibody Alexa Fluor 488 for 1 h at RT, washed three times with
1% BSA in PBS. For staining of F-actin, Phalloidin-TRITC was used at a
concentration of 2 pg/ml in PBS. Nuclei were counterstained with DAPI
and stored in PBS before imaging. Images were captured with a Nikon
Eclipse Ti microscope.

3. Results and discussion

In our experiments the glass material of choice is quartz due to its
superior optical transparency with respect to other glasses, allowing clear
visual inspection of the working microfluidic platform and fluorescent
probes in LoCs/OoCs, smooth surface of the trench bottom as well as
absence of cracks and good quality profile of the channel trench [23,47,

55]. In this respect, it is worth observing that high temperature gradients
combined with a relatively high thermal expansion coefficient and low
heat conduction favor the generation of thermal strain and stress
induced-micro-cracks during laser photo-thermal processing [48-50].
Additionally, the quartz is more difficult than other glasses to be etched
with both wet or dry methods [51,52], which makes COy-laser ablation
an appealing perspective for deep (>100 pm) engraving of quartz
workpieces.

For the sake of completeness, we also investigated other glass sub-
strates such as soda-lime, pyrex, B270 and BorofloatTM. Power thresh-
olds and etched depths were expected to be dependent on the physical/
chemical properties of the glasses because of different laser-material in-
teractions that determine different melting and vaporization processes
[53]. Indeed, we observed critical aspects such as the occurrence of
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extended heat affected zones, cracking, rough surfaces and limited pro-
cessing conditions (see Supporting Information, section “S.2 Ablation of
different glass substrates™) in the case of all the investigated glasses
except quartz, that exhibited the best performances in terms of quality of
both trench and hole profile. Therefore, hereafter our experiments and
discussion will focus on CO> laser processing experiments of quartz.

Noteworthy, in this study we do not present a systematic investiga-
tion of the influence of all laser and process parameters on the engraved
feature in quartz substrates because this aspect was already widely
investigated in the literature [35,54-58]. However, we performed cali-
bration experiments (see Supporting information, section "S.3
Laser-engraving calibration experiments") to optimize the laser process-
ing conditions in perspective of fabricating micro-channels useful for
microfluidic highly optically transparent platforms and to assess the
experimental parameters to produce micro-holes acting as molds in
manufacturing micro-pillars for several applications. According to this
aim, we designed our experiments to obtain low aspect ratio and
controllable shape micro-structures, meaning the ablated depth doesn't
need to be maximized and distortion effects of the ablated profile under
deepening have to be avoided [57]. As main outcomes, we observed that
at linear energy density P > 0.75 J/cm and Ngep > 15, the depths of the
engraved micro-structures (micro-channels and micro-holes) are signi-
ficatively different as result of different mechanisms of heat dissipation in
confined environments (see Supporting information, section S.3).
Furthermore, high scan speed vy was found to reduce significatively
lateral enlargement effects that increase the nominal size of the designed
micro-structures.

3.1. Removal of ripples and rims by a wet/chemical approach

Beyond the formation of rims due to heat diffusion of the energy
delivered to the irradiated material outside the irradiated spot, the
morphology of the micro-structures can be affected by the formation of
ripples generated during processing over parallel tracks (Fig. S1(a)).
Ripples stem from the stepping-motor-driven translation of the laser
beam at the corners and arcs of the pattern and their formation is
indicative of an accurate reproduction of the beam scanning process.
Their characteristics also depend on the morphology of the ablation
traces as determined by the degree of overlap of the ablation micro-
grooves/spots of subsequent laser pulses and number of passes. In gen-
eral, scribing a channel requires a sequence of overlapping ablation
craters yielding a continuous rather than intermittent track. Above the
ablation threshold, ejection of vaporized material as well as melt and
clusters occurs due to intense heating of a limited volume and pressure
shockwave-induced melt recoil, ejection and splashing outside the
ablation groove.

While engraving a linear trench, heat affected zones run parallel to
the channel profile and eventual re-solidified melt splashes or fibers
occur at the trench edge. Optical microscope analysis in Fig. S7 shows
how the interplay between the occurrence of rims and ripples along the y
direction affects the morphology of the processed structure for varying
number of steps (Fig. S7(a)-(f), Ngtep = 5, 10, 15, 20, 25, 30) and laser
power (Fig. S7(g)—(k), Payg = 30, 35, 40, 45, and 50 W). It can be clearly
observed that for given P,y = 40 W and ¢ = 15, increasing number of
laser passes favors more extended heat affected zones as well as severe
deterioration of the ripple morphology for steps larger than 15, with the
presence of re-solidified melted material and fine particles. For given ¢ =
15 and Ngep = 15, increasing Payg has less impact than the previous sit-
uation. This result can be explained based on decreasing fluence, ac-
cording to the above discussion. Consistently, small fragments (indicated
by the arrow in Fig. S7 (k)) close to the ripple edges, stemming from re-
deposition of small melt droplets and/or condensation from the vapor
phase and/or temperature gradients versus depth, indicate less effective
heat and pressure induced explosive mechanisms.

From the applicative standpoint, the presence of both rims and ripples
may be critical in perspective of manufacturing microfluidic platforms by
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sealing the ablated structures to other patterned or un-patterned sub-
strates. In particular, for the applications of interest in our study, ripples
are highly undesirable because they occur along the entire length of the
micro-channel walls. Considering that laser ablated quartz has a different
reactivity towards chemicals than untreated one [59], an attempt to
remove rims/ripples was performed to allow easy bonding to other
substrates [35] in the perspective of producing sealed micro-channels.

A post-laser processing wet etching was performed by exposure to the
BOE solution, that is used for chemical etching of various glass substrates
[11,60]. Optical imaging results of the optimized procedure are reported
in Fig. 2 (a)-(f), where the BOE-untreated micro-structures are also
shown for comparison. Before etching by BOE solution, ripples are
clearly visible for any geometry of the micro-holes. Following the etching
treatment, both ripples of the micro-holes and rims along the channel
edges were clearly reduced. Profilometer measurements also confirm
that the BOE treatment acts on the ripples positively (see Fig. 2 (g)) and
smooths the debris caused by the laser ablation process. Indeed, by
zooming the profile of a micro-structure acquired along the x axis length,
a clear reduction of the thickness of the lateral ripples at the edges of the
crater (as indicated by the green arrows) is observed by comparing the
profile before (black line) and after BOE treatment (red line). Further-
more, BOE was found to be unable to etch laser-untreated quartz in the
current experimental conditions (see par. 2.3).

By comparison, wet etching of the groove profile of COy-laser treated
silica glass is reported by using an etchant solution with 3.6% HF and
18% NH4F by volume [61]. In this study, it was observed different
etching rate between the laser-treated and untreated glass [61]. Differ-
ences in the etching effectiveness by BOE between quartz and silica glass
can be ascribed to the relevant structural differences, that is covalently
bounded crystalline quartz and amorphous silica glass. On the other
hand, depending on fluence, laser-induced high temperature heating of
quartz yields a loss of oxygen as well as changes of the chemical structure
of untreated quartz consisting of the formation of quartz polymorph
phases with lower O1s-Si2p binding energy (i.e., increased Si—O-Si
angle) than untreated quartz [62]. These modifications are expected to
be responsible of the different etching ability of BOE with respect to
laser-treated and untreated quartz.

The applied etching procedure also acts on both walls and bottom of
the structures, where laser-induced heat affected zones occur [61]. In
particular, as a result of BOE etching of the prepared micro-structures, it
was observed a consistent increase in the micro-channel depth (changing
from (143.5 £ 2.7) pm before etching to (163.2 + 3.3) pm after etching)
and a minimal increment in the micro-holes depth (from (129.7 + 1.7)
pm before etching to (130.2 + 3.3) pm after etching). This experimental
finding would indicate the occurrence of larger heat affected zone in the
case of the micro-channel that favors progressing of BOE etching over a
larger distance. In this respect, it is reasonable to assume that engraving a
micro-channel result in more thermal gradient effects and thermal losses
by conduction around the laser irradiated volume than a micro-hole.

Hence, the production of quartz micro-channels and micro-holes and
an accurate removal of the ablation-induced rims and ripples were ob-
tained by an easy and low cost approach by combining wet etching with
optimization of the laser processing of any geometrical structure. We
calculated that micro-structures of hundreds of microns were engraved at
room temperature within (22 + 2) °C with an etching rate of 34 pm/s,
without the optimization of high reagent-resistant masks, the use of
expensive equipment and clean room facilities. After ablation, the quality
of the micro-structures was improved by a 2 h wet etching at room
temperature. This result is not trivial considering that wet etching of
fused silica proceeds at etch rate of 340 nm/min at 47 °C using standard
mask conditions [51,52] with improvements up to 1 pm/min at RT only
in presence of specific masks formed by single-coated silicon-based thin
film [38]. On the other hand, plasma dry etching that requires expensive
equipment and high-selectivity masking material, results in etching rates
<190 nm/min [63].

Definitively, COs-laser engraving is an effective micro-patterning
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Fig. 2. Optical images showing circular, square holes and micro-channels before a), b), c) and after d), e) and f) 2 h of wet etching in BOE solution under sonication. g)
Analysis at the profilometer of the ripples before and after etching. The micro-structures have been ablated at Payg = 40 W, ¢ = 15, Ngep = 10.

approach of quartz enabling fast and flexible production of features with
different size, shape and control on the design process.

3.2. Application examples

3.2.1. Microfluidic reactors

An applicative example of the CO laser-based engraving in micro-
fluidics is the manufacturing of serpentine-like micro-rectors, in which
diffusive mixing at low Reynolds number regimes is enhanced by an
engineered velocity profile [64].

The experiments reported in par. 3.1 and in section S.3 of Supporting
Information allowed to select some relevant parameters to engrave
micro-channels of suitable length and width to produce micro-reactors.
In particular, to promote fluid mixing micro-channels of depth around
200 pm with a serpentine geometry and T-shaped converging fluid inlets
were manufactured (Fig. 1) by setting Payg = 40 W, ¢ = 15, Ngtep = 15 and
frep = 1000 Hz (see Fig. S6 (e)). The three micro-reactors under consid-
eration (Fig. 1 (a)) have an internal volume of about 18, 25 and 55 mm?
respectively and micro-channels with an average width of (324 + 9) ym
as calculated by optical images (Fig. 1 (b)).

As expected, residuals of the thermal-character of the ablation process
are present along the channel edges as marked by the cyan box in Fig. 1
(b). Fig. 1 (c) shows the spatial profiles of the micro-channel cross section
measured by the profilometer along the scan direction defined by the red
dashed line in Fig. 1 (b). The engraved structures resulted very repeat-
able. Noteworthy, since the profilometer analysis shown in Fig. 1 (c) was
acquired after BOE treatment performed according to the guidelines
above discussed, it didn't show any debris at the edges of the micro-
channels, thus confirming the efficacy of the BOE treatment. Removal
of rims by BOE-based etching (Fig. 1 (e)) was necessary to avoid the
failure of sealing of the serpentine micro-channel to other layers during
the assembly of the micro-reactors. For comparison, the unsealed
serpentine micro-channel before the BOE etching shown in Fig. 1 (d)
exhibited irregular lateral profiles that could be observed by optical
inspection.

After the detailed preliminary studies and treatments, a hybrid micro-
reactor formed by quartz and PDMS was assembled. An un-cured PDMS
thin layer was used as glue between the quartz and the PDMS substrate.
An optimization of the thickness of such a layer was performed to allow

sealing without channel occlusion. Before sealing, three holes located at
suitable distances were punched on PDMS to allow flow injection and
collection. Fig. 1 (f) shows a picture of a serpentine micro-reactor con-
nected to the syringe pumps during injection of the eosin solution (pink
solution) and pure water. Fig. 1 (g) zooms the micro-reactor area
pointing out the serpentine geometry and the mixing process.

The micro-reactors were tested to check their stability during the flow
in a range of conditions suitable for performing chemical reactions
[65-67]. From the two inlets, two solutions of pure water and eosin (the
pink solution in Fig. 1 (f) and (g)) were injected first at flow rates of 10
pL/min for 5 min from both inlets, then they were gradually increased to
20, 50, 70, 100, 150, 200, 300 and 500 pL/min. Hence, the
micro-reactors were pressured for 45 min at growing flow rates up to 500
pL/min (corresponding to 1 mL/min of overall volumetric flow rate)
without observing any leakage. These flow tests demonstrate that the
post-ablation BOE treatment is efficient in selective removal of rims/-
ripples (no alteration of un-treated quartz areas was observed) that is
necessary to seal ablated quartz substrates to other surfaces for
micro-reactors assembly.

Beyond hybrid quartz/PDMS micro-reactors, the method can be
extended to assemble quartz-quartz micro-reactors by fusion bonding
[68]. Compared to PDMS micro-reactors, quartz-based micro-reactors are
superior in terms of stability to aggressive chemicals, high temperature
and mechanical/flow stimuli. Indeed, since PDMS swells in many organic
solvents, the applications of PDMS micro-reactors are mainly restricted in
aqueous environment [69,70]. Furthermore, glass micro-reactors are
stable at pressure up to 4 x 107 Pa [71] and at high temperature (fusion
bonding of two glass substrates occurs between 600 and 900 °C). On the
other hand, delamination of PDMS micro-reactors is observed at pres-
sures around 0.02-0.03 x 107 Pa [72,73], and thermal processing lead to
changes of the polymer stiffness [74] and, above 400 °C, to polymer
degradation [75]. A further practical issue that cannot be ignored is that
connections to the tubings are more stable for the glass micro-reactors
than for the PDMS micro-reactors (glue adhesion on glass is stronger
than on PDMS). Additionally, quartz micro-reactors have a wide optical
transparency in the UV spectral range and are less susceptible than PDMS
to (bio)molecular adhesion; hence, they can be more easily cleaned with
a variety of solvents and used several times even for different processes.

Therefore, considering all these advantages, quartz micro-reactors
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may find a wider range of applications compared to PDMS micro-
reactors.

3.2.2. 3D cell culture templates

In the perspective of future applications of the etched micro-
structures beyond microfluidics, we investigated the possibility of
exploiting the ablated structures as master providing a new, simple and
fast method to fabricate micro-pillars with different shape. Micro-pillars
are often produced because of their applicative interest as filling material
for micro-columns [76,77] for applications in plasmonics or photonics
[78,79], or for other advanced functions of LoCs [53,61]. Moreover,
micro-wells with variable shape and depth were studied to allow 3D cell
culture in the form of spheroids or organoids [80,81].

In applications where cells cover surfaces, as in the case of OoC
models of capillary vessels, it is worth studying the impact of surface
curvature on cell adhesion, interaction and growth. For instance, ECs of
the vascular system are generally elongated and align along the direction
of blood flow to optimize their functions [82,83]. Collective behavior of
cell assemblies, as a function of the substrate topography, and of their
proliferation and adaptation to various adhesion surfaces differing in
structure and composition are critical investigations in biology and
medicine. In particular, in order to gain understanding of the cell
behavior on a microscopic scale, spreading and proliferation of cells were
extensively investigated on high-density micro-pillar arrays [83-86]. In
this framework, micro-patterning techniques [84,87] providing struc-
tured features with the length scales of the cell interaction and usage of
non-toxic materials are demanding.

A micro-structured mold can be used for fabricating microfluidic
devices and micro structured arrays of different polymeric materials such
as PDMS, PMMA and COC. Whereas PDMS is particularly suitable to
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develop microfluidics devices as well as architectures for the incorpo-
ration of cells and high aspect ratio micro-pillars [88], major disadvan-
tages are its adsorbing small hydrophobic drug molecules [89,90], the
release of uncrosslinked oligomers and the need of developing protein
coatings for applications in tissue engineering. Among the most common
materials used for LoC and OoC applications, COC was demonstrated to
be highly resistant to organic solvents (Topas Advanced Polymers 2009
and Zeon Chemicals 2009 from Ref. [91]) and suitable for biomedical
applications, thanks to its biological inertness [92,93] and its low water
absorption that poorly affects the environmental conditions of cell living
and interaction [94]. Moreover, COC is also highly transparent in the
visible and near ultraviolet regions of the spectrum, hence being inter-
esting for optical components [95].

The main low-cost production and fast prototyping techniques to
manufacture COC are hot embossing, injection molding and nanoimprint
lithography (NIL) [96-98].

In this work, COC micro-pillars of conical and square pyramidal shape
were produced by hot embossing from a quartz mold. The processing
pressure and temperature were optimized to allow the correct replicas of
the ablated holes. The fabrication accuracy and morphology of the COC
microstructures at the nanoscale were evaluated by SEM (Fig. 3).

Features due to the laser machining over parallel tracks are more
visible at low number of steps (5 steps in the case of Fig. 3 (a) and 3 (b))
and less visible for increasing number of passes (15 steps in Fig. 3 (c) and
3 (d) and 20 steps for the structures shown in Fig. 3 (e) and 3(f)). Indeed,
iterated laser induced local melting is expected to modify the surface
morphology of the irradiated surface. So higher number of steps de-
creases the roughness of the final structures.

Tilted SEM images were also acquired with the aim of defining the 3D
shape of the molded structures (see images of Fig. 3(c) and (d)). The

m 511 pm

485 pm

‘515 Hm|

Fig. 3. SEM images of conical, square pyramidal structures in COC obtained by molding from ablated quartz micro-holes produced by treatment at ¢ = 15 and a) b)
Pavg = 40 W, Ngep = 5 (tilted-view); ¢) d) Payg = 45 W, Ny, = 15 (tilted-view); e) ) Payg = 40 W, Ngiep = 20 (top-view).
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obtained protrusions clearly demonstrate the Gaussian-like profile of the
laser-processed structures, although with some deviations induced by
high aspect ratio and/or re-deposition or re-melting on the groove walls.
The micro-structure height (Fig. 3(c)) was also assessed by leveraging
SEM analysis, however an overestimation with respect to the values
achieved by profilometry technique of Fig. S6 is appreciable. Actually,
despite tilting correction, the SEM inspection is strongly affected by the
gaussian-like profile, thus the profilometer values were considered more
reliable. It is worth noting that the lateral size of the micro-structures as
calculated by SEM and by optical inspection revealed the asymmetry of
the micro-structures with Ly sizes (along the scan direction) larger than Ly
ones (see Fig. 3 (e) and (f)).

As an intriguing application of the fabricated COC micro-pillars, we
tested their capability of driving cell growth in a 3D configuration. In
particular, we aimed at self-assembling HUVECs to produce segments of
human blood vessels oriented perpendicular to the surface. This
arrangement could be interesting for some OoC applications in which
microfluidic lumen-based systems are used as models to recapitulate the
anatomy and physiology of tubular organs [99]. On this basis, the
micro-pillar arrays under consideration are spaced over a large area, with
width and height of hundreds of micrometers rather than a few micro-
meters, as commonly reported in the literature.

Although femtosecond laser ablation was already used to engrave
scaffolds of polylactic-co-glycolic acid [100], it was only demonstrated
the organization of bovine endothelial cells in branched micro-vessels
oriented parallel to the scaffold plane without reporting observation of
the cross section of a vessel as well as a comprehensive study of the 3D
cellular organization [100]. In other works, bovine aortic endothelial
cells were reported to grow more successful on high-density silicon
micro-pillars than on flat silicon wafers with a tendency to mechanically
relax around the 3D topography [101].

Here, the HUVECs were seeded on both COC micro-pillars oriented
perpendicular to the surface and flat COC substrates. Results are shown in
Figs. 4-5. Fluorescence images of the three channels phallodin-TRITC
(red, Fig. 4 (a)), DAPI (blue, Fig. 4 (b)), and zonula occludens-1 (ZO-1)
(green, Fig. 4 (c)) were used to stain cytoskeleton (TRITC), nuclei (DAPI)
and to evaluate the expression of tight junctions (TJs) between the cells
(ZO-1). HUVECs assembled in a very compact way around the micro-
pillars since they formed a TJs network as ZO-1 expression reveals (see
Fig. 4 (c)). Noteworthy, the same experimental finding occurs for all the
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isolated pillars of the array, which indicates a repeatability of the
observed cell wrapping and its being strictly related to the micro-
structuring of the substrate. On the contrary, HUVECs growing on a
flat COC substrate did not express ZO-1 protein and had a typical
cobblestone-like morphology (see Fig. 4 (d), (e), (f)). These results are
quite interesting, in view of developing vessel-like networks of HUVECs.

Indeed, although the fluorescence images are not tridimensional, they
show the projection of the lateral surface of the micro-pillars on the
substrate. Hence, according to the following reasoning, the lateral walls
of the conical and square pyramidal pillars are surrounded and wrapped
by the cells. The black regions of the optical images reported in Fig. 5 (a),
(b) (left side panels) correspond to the walls of the pillars in the 3D SEM
images of Fig. 3, that are not perpendicular to the surface, due to the
conical or square pyramidal shape of the corresponding quartz micro-
holes produced by the laser ablation. Hence, Fig. 5(a), (b) suggest that
the black regions around the two circular or square planes, representing
the basement and the top of the micro-pillars respectively, are filled by
cells that strongly interact each other and tend to distribute closer to the
micro-pillar edges. Further hint to this statement can be found by
combining information stemming from micro-fabrication and cell cul-
ture. As Fig. 5 (c), (d) show, the thickness of the fluorescent area becomes
larger for pillars obtained by quartz molds ablated under increasing
fluence (Payg = 35 W, in Fig. 5 (c) and Payg = 40 W in Fig. 5 (d)). Ac-
cording to the developed discussion about laser engraving (Fig. S6 and
Fig. 3), increasing fluence (by increasing the linear energy density P at
constant vg) causes both deepening of the micro-holes and deviation of
the lateral walls from the vertical direction. Both effects yield higher and
more conical/square pyramidal pillars, which results in increased area of
the projection of the lateral surface of the micro-pillars on the substrate.
Hence, if cell wrapping occurs around the side wall of the pillars,
enhanced size and contrast of the green region is expected for increasing
fluence, as demonstrated by Fig. 5(c) and (d).

By comparison with the literature, it is well-known that the structural
and morphological properties of substrates may affect cell growth and
aggregation [102-104]. Indeed, surface topography is one of the key
parameters that have been focused on to investigate ECs responses,
studying for example patterned silk fibroin films [104]. In particular, Ye
and co-workers have shown that HUVECs are extremely sensitive to
curvature, becoming elongated and aligned when grown on glass rods
(10-400 pm diameters) [105]. The outcome of their work suggests that

Fig. 4. Seeding of HUVECs on a) b) ¢) COC micro-pillars obtained by molding from ablated quartz micro-holes produced by treatment at P,y = 40 W, ¢ = 15, Ngieps =
10 and on d) e) f) on flat COC substrate. The three channels represent the response of a) d) phallodin-TRITC (red), b) e) DAPI (blue), ¢) ZO-1 (green) and f) merge
between phallodin-TRITC and DAPI. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Seeding of HUVECs on COC structures obtained by molding from ablated quartz micro-holes produced by treatment at ¢ = 10, Nyteps = 10 and (a)—(c) Payg = 35
W and (d) Payg = 40 W. (a), (b) The five channels represent the bright field, the response of phallodin-TRITC (red), DAPI (blue), ZO-1 (green) and merge between DAPI
and ZO-1 channels. (c), (d) The four channels represent the response of phallodin-TRITC (red), DAPI (blue), ZO-1 (green) and merge between DAPI and ZO-1 channels.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

curvature has a similar effect to shear stress in vivo. Here, both square
pyramidal and cylindrical pillars are wrapped with HUVECs having ZO-1
well expressed, suggesting that different 3D vertical structures presented
in this study allow to obtain a tight endothelium.

Changes in expression of TJs proteins were associated to a different
paracellular permeability in endothelial monolayer [106]. Indeed, under
physiological conditions, TJs are strongly developed in ECs of the
blood-brain barrier in order to strictly select the brain entry, but only
moderately formed between ECs of the peripheral vasculature to allow
many molecules to cross through the tissue [106]. Furthermore, TJs
expression was shown to be negatively affected by the presence of
pro-inflammatory cytokines, increasing the endothelial permeability in
some pathological conditions [106]. Although we are conscious that
further morphological and functional studies are needed to assess the 3D
arrangement of HUVECs along the entire surface of the vertical walls of
the micro-pillars, we envision the possibility of using micro-pillars arrays
coated with HUVECs as a model to study endothelial permeability in the
presence of inflammatory diseases or to select new anti-inflammatory
drugs able to repair the damaged endothelial function. In this perspec-
tive, micro-pillars with characteristic length scales of hundreds of mi-
crons rather than a few microns are suitable substrates to study cellular
organization and interactions without influencing the single cell
arrangement. Indeed, in general micro-pillars with diameters ranging
from a few to tens of microns are expected to deform and perturb the cell
morphology because their size is close to the cell size. Furthermore,
deformation of single cell morphology may alter natural cell-cell in-
teractions as well as their functionality. For instance, HUVECs seeded on
PDMS micro-pillars were found to arrange differently depending on
diameter and spacing between micro-pillars [107]. Since endothelium
cells are elongated and align in the direction of the blood flow, bioma-
terial surfaces enabling adhesion and elongated morphology are

favourable conditions to study ECs function for biomedical applications
requiring a support for the formation of an endothelial cell monolayer.

Our results indicate that the assembly and spreading of the HUVECs
along the lateral walls of the micro-pillars are not affected from the pillar
shape (square pyramidal and conical), meaning that edges don't perturb
the cell-cell interaction distance for large enough pillar size. Noteworthy,
beyond the final application, the role of the vertical wall roughness and
texturing of the pillars on the assembly of the HUVECs is very intriguing,
by comparison with pillars of similar size produced by traditional optical
lithography. Indeed, optical lithography allows the realization of poly-
meric or inorganic pillars of rectangular and cylindrical shape with
nanometer-scale roughness [108,109] that may influence the 3D
self-assembly of HUVECs and the expression of the ZO-1 protein, indi-
cating the presence of TJs. The presence of micro- and nano-textured
surface topography is known to promote both adhesion and prolifera-
tion of HUVECs [110]. On the other hand, effective cellular adhesion was
observed on un-patterned micron-rough substrates as well as grooved
and wrinkled substrates [111,112]. Since laser surface texturing is an
effective approach for micro-patterning of the surface of different ma-
terials, it is gaining huge potential in biomedical applications requiring
micron-rough substrate for cell adhesion [113]. In the case of our ex-
periments, the lateral surface of the COC micro-pillars exhibit ripple-like
vertical features (Fig. 3) stemming from the COs-laser pathways that,
consistently with the above reported literature, are expected to favor cell
adhesion and alignment along their length.

4. Conclusion

A commercial COy-laser engraver was adapted to ablate micro-
channels and micro-holes on quartz substrates. After optimization of
the main parameters, CO-laser processing was demonstrated to be a fast,
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flexible and maskless fabrication method to produce microfluidic re-
actors and micro-pillars for 3D cell culturing. Compared to standard
methods for deep (>100 pm) quartz etching mainly based on photo-
lithography and wet etching, an unprecedented fast engraving (esti-
mated rate of 34 um/s) was obtained with a simpler and less expensive
equipment in an un-controlled environment (no “clean room” needed), a
reduced amount of chemicals, metals and polymers. For the production
of micro-reactors, a post-ablation treatment in BOE solution was opti-
mized to remove rims/ripples stemming from laser-texturing that
compromise the perfect sealing to flat substrates. The assembled quartz/
PDMS serpentine micro-reactors resulted very stable at the overall
volumetric flow rate ranges usually applied to perform chemical re-
actions, that is from tens of pL/min up to 1 mL/min. The method can be
easily extended to the production of pure quartz micro-reactors by fusion
bonding of the CO,-laser ablated quartz substrates to flat quartz surfaces
to provide high chemicals, optically transparent, temperature and pres-
sure resistant micro-reactors, with a wide range of applications.

We demonstrate not only the versatility of the fabrication approach in
microfluidics but also its interesting potentialities and perspectives in the
biological and medicine fields. Indeed, on the other hand, as-ablated
micro-holes of conical and square pyramidal shapes were used as
molds to fabricate COC micro-pillars that have been studied as 3D cell
culture templates. By comparison with observation of cells’ behavior on
flat COC substrates, the shape and the roughness of the micro-pillars were
found to drive a 3D compact organization of the HUVECs that expressed
the ZO-1 proteins, indicating the formation of a tight epithelium. Beyond
interesting studies regarding the influence of micro-structures roughness,
shape and composition on cell assembly, these results suggest additional
applications that can be subject of a further investigation. Considering
the versatility of the approach, the quartz mold could be used to model
hydrogel-based scaffolds and/or the laser ablation technique could be
used to directly machine micro-pillars of biocompatible materials. When
surrounded by HUVECs, micro-vessels with a hydrogel lumen may be
realized and used as platform to test the permeability of the vessels to
novel drugs or to study the metabolism of biomolecules regulating some
physiological or pathological pathways.
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