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ABSTRACT

Biomachining has been investigated as a sustainable and effective alternative to conventional prototyp-
ing techniques for molding polymeric materials for their subsequent use as microfluidic devices. A novel
and simple process based on the combination of a Pressure Sensitive Adhesive mask and a varnish has
been proposed for preparing metal workpieces as an alternative to photolithography, with the latter
being the most widely used technique for protecting workpieces. As far as the bioprocess is concerned,
it has been applied in successive mold-etching and oxidant bio-regeneration stages. Metal solubilization
has proven to be repeatable in several consecutive mold-etching stages when using the regenerated oxi-
dant solution. As a result, the lifespan of the biomachining medium has been prolonged, contributing to
process sustainability. An equation with two restrictions has been proposed to predict the time required
to obtain a mold with a fixed height, as metal solubilization evolves differently between the first and sub-
sequent hours. Finally, the bio-engraved copper pieces have acted as effective molds in the fabrication of
self-powered polydimethylsiloxane microfluidic devices. This new biomachining application is therefore
an effective and ecofriendly process for producing microfluidic devices.
© 2022 The Authors. Published by Elsevier B.V. on behalf of The Korean Society of Industrial and Engi-
neering Chemistry. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

being the most widely used microorganism. One of the most
remarkable characteristics of the process is that it follows a theo-

The demand for more sustainable manufacturing processes has
focused attention on biotechnological techniques for etching
micropatterns on metallic surfaces [1,2]. As opposed to mechanical
methods, the use of readily available microorganisms is low
energy-consuming, and no thermal damage or residual stress is
caused as the process does not exert any cutting pressure [3,4].
In addition, the biomachining or microorganism-assisted process
is considered cost effective and more ecofriendly than conven-
tional mechanical and chemical micromachining alternatives [5,6].

This process was first described in 1996 [7], with the extremely
acidophilic bacterium Acidithiobacillus ferrooxidans (A. ferrooxidans)
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retically endless cycle in which the selective solubilization of the
metal workpiece and oxidant regeneration take place simultane-
ously, contributing to process sustainability [8,9]. Nevertheless,
factors such as bacterial inhibition by the increasing concentration
of the dissolved metal [10,11] and the loss of the oxidant by the
precipitation of iron-hydroxy sulfates [12,13] have been reported
to hinder the overall process, resulting in a progressive decrease
in the specific metal removal rate (SMRR) over time [5,9,14,15].
In order to achieve a stable and controlled biomachining process,
Diaz-Tena et al. [9] have proposed introducing a regeneration step
for the complete biological recovery of the oxidant after a short
biomachining period. In this study, the bioregenerated Fe>* was
able to biomachine a copper piece during 1 h while maintaining
the initial SMRR, but the strategy’s long-term performance has
not been assessed in detail yet. Extending the lifespan of the
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biomachining solution (BM solution) is an alternative that would
reduce the consumption of chemical reagents and waste genera-
tion, having a positive impact on the sustainability of the bioma-
chining and circular economy.

Photolithography is the conventional technique widely used for
generating a patterned coating on a metallic surface [1,2,16]. This
technique requires different kinds of equipment and reagents for
the subsequent steps (surface polishing and cleaning, coating with
a photoresist layer, soft bake, UV exposure, post-exposure bake and
development), whereby biomachining would benefit from the
development of a simpler procedure for workpiece preparation.
As far as the machined geometries are concerned, the etching of
circular and triangular dimples [2,3], circular micro pillars [2,3],
lines [1,17], squares [1], and rectangles [1]| has already been
reported. Although more complex structures, such as a gear-
shaped island [1] and a micro-mixing system [16] have also been
achieved, it should be noted that, to the best of the authors’ knowl-
edge, only one study has used biomachined copper pieces to man-
ufacture a functional device [18].

Regardless of its high potential, this biotechnique has hardly
been explored in the Lab-on-a-Chip (LOC) field, which plays a cru-
cial role in the development of innovative technological advances
in chemical, biological, and engineering operations. In this area,
polydimethylsiloxane (PDMS) molding by soft-lithography is still
the most widespread method for creating features and microchan-
nels with geometries defined by a mold’s structure [19,20]. This
technique, however, involves numerous steps for producing the
mold and actually molding the PDMS device, and requires the
use of cleanroom facilities for generating small features.

Despite the progress made at research level, the microfluidic
industry still requires the use of highly resistant molds for manu-
facturing large batches of devices with the same mold, for instance
for the hot embossing of polymers [21]. Other rapid prototyping
techniques for molding polymeric materials are therefore being
studied with a view to reducing production time and cost [22]. In
particular, metallic molds are rendering promising results as they
are very resistant and can be used repeatedly, although machining
techniques need to be applied for their fabrication [23]. To the best
of the author$ knowledge, the preparation of biomachined metal
molds for the manufacturing of PDMS microfluidic devices with
well controlled microchannel dimensions has not yet been
reported, even though this bioprocess has advantages over conven-
tional techniques. For instance, physical and chemical machining
(micro-milling, micro-EDM, chemical-etching, etc.) may compro-
mise the molds properties and prompt environmental issues due
to the hazardous chemicals needed and wastes generated during
the fabrication process. In addition, these treatments make the
control of the thickness of the layer eroded from the surface more
laborious, hindering the standardization of the process for
microfluidic applications [24]. By contrast, and in addition to its
environmental benefits, biomachining allows a better control of
the metal removal rate during the process, whereby molds with
multiple dimensional features can be repeatedly applied for the
fabrication of PDMS microfluidic devices.

This study focuses on the development of a two-step bioma-
chining process for engraving well-defined microfluidic structures
on a copper piece. Concerning the workpiece, the preparation pro-
cedure combines a Pressure Sensitive Adhesive (PSA) and a protec-
tive varnish as an alternative to photolithography. The
biomachining process is divided into a bio-regeneration step and
the subsequent re-use of the solution for the piece biomachining,
with the aim being to achieve a repetitive mold-etching procedure
and extend the life-span of the oxidizing solution. Finally, as proof
of concept, the engraved molds are used for the fabrication of func-
tional PDMS microfluidic devices.
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Materials and methods
Microorganisms and biomachining solution

The acidophilic bacterium A. ferrooxidans DSM 14882 selected
for this study was acquired from the Leibniz Institute DSMZ-
German Collection of Microorganisms and Cell Cultures.

The BM solution was prepared by culturing the bacteria in the
nutrient medium developed by Lundgren-Silverman [25] until
the complete oxidation of Fe?* to Fe3*. Thus, 5 % (v/v) of an A. fer-
rooxidans culture in an exponential growth phase was inoculated
in 150 mL of the nutrient media containing 9 g/L of Fe?*. Bacterial
growth was carried out in an orbital incubator (Shaking Incubator
211B) at 130 rpm and 31 °C, and the pH of the solution was
adjusted to 1.8 with sulfuric acid (25 % v/v).

The abiotic machining solution (M solution) used for compar-
ison purposes in the control tests was obtained by filtering the
BM solution with a 0.45 pm polyvinylidene fluoride filter for bac-
terial removal.

Workpiece preparation and masking

Flat copper (Cu®) workpieces measuring 32 x 25 x 2 mm and
99.9 % purity were cut in the Department of Mechanical Engineer-
ing at the University of the Basque Country UPV/EHU (Spain), using
a REMET TRE100 Evol metallographic saw.

The workpieces were prepared according to the novel coating
process based on the combination of a PSA mask and a protective
varnish to ensure that only the side with the geometry to be
engraved was exposed to the BM solution.

Two geometries were designed to be engraved on the copper
workpieces: a circle of 10 mm diameter and a microfluidic serpentine
channel (72 mm total length x 2 mm width) thatincluded an inlet cir-
cle and two outlet circles of 3 mm diameter. The masks were cut by
Graphtec cutting Plotter CE6000-40 (CPS Cutter Printer Systems,
Spain) on sheets of PSA (127 um thick ARcare® 8939 white PSA, Adhe-
sive Research, Ireland). Each copper workpiece was rinsed with deion-
ized water and ethanol (96 %), and gently wiped to remove surface
moisture. The PSA mask (circle or serpentine channel) was then stuck
to the surface, so only the metal from the uncovered area was
removed when immersing the piece in the BM solution.

Before further treatment, the back of each workpiece was covered
with a protective varnish (MONGAY, S.A.) to ensure that only the
side with the geometry to be engraved was exposed to the oxidizing
solution. The efficiency of the varnish for preventing the etching of
the material surface without inhibiting bacterial growth was tested
prior to use. The inert material selected for these experiments was
a rod glass, as any other metallic material could interfere with the
process. A glass rod coated with the varnish was therefore immersed
by suspension into 150 mL of nutrient medium inoculated witha 5 %
(v/v) A. ferrooxidans culture in the exponential growth phase, and
incubated at 130 rpm and 31 °C until all the Fe** was oxidized into
Fe*". Once all the ferrous iron had been oxidized, the coated rod was
maintained submerged in the BM solution for 24 h to ascertain
whether the varnish reacted with the oxidizing agent (Fe**). The con-
trol sample was an Erlenmeyer containing solely an inoculated cul-
ture medium (with no rod immersed). The evolution of the iron
species (total, Fe** and Fe**) and pH were measured throughout
the experiment. In addition, the weight loss of the coated rod was
measured after immersion in the BM solution for 24 h.

Influence of treatment time on mold-etching

The relationship between biomachining time and both the
SMRR and the height of the engraved structure was studied in
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two mold-etching experiments. First, two copper workpieces (Cu®)
masked with the circular geometry were immersed for 7 h in
150 mL of the BM (biotic) and M (abiotic) solution, respectively.
After several time intervals (i.e., 0.25, 0.50, 0.75, 1.00, 2.00, 3.00,
4.00, 5.00, 6.00, and 7.00 h), each workpiece was removed from
the treatment solution, rinsed with ethanol (96 %) and deionized
water, dried, weighed (Denver instruments, SI-234), and immersed
again in the same solution for the next biomachining period.

The second experiment involved the use of the mask with the
microfluidic structure. Five different copper workpieces were par-
tially covered with the PSA serpentine channel, and then each
piece was subjected to one of following treatment times: 0.25,
0.50, 1.00, 2.00, and 6.00 h.

Both experiments were carried out in an orbital incubator
(Shaking Incubator 211B) at 130 rpm and 31 °C. The pH was mea-
sured and, if necessary, adjusted to 1.8 during the process by add-
ing sulfuric acid (25 % v/v). All the assays were carried out by
duplicate and under non-sterile conditions to simulate a real-
scale process.

Lifespan extension of the BM solution

Several consecutive mold-etching plus Fe?* re-oxidation (oxi-
dant regeneration) cycles were carried out to study the reliability
of the process when re-using the BM solution (instead of using
fresh solution), and to explore the microorganisms’ ability to
regenerate the medium at high copper concentrations. The study
also assessed the influence of the regenerated BM solution on both
the average SMRR and the engraved height after successive mold-
etching plus regeneration cycles. For this purpose, copper work-
pieces masked with the microfluidic channel were selected. Fig. 1
shows the schematics of the two-stage process proposed in this
experiment for mold fabrication. Stage 1, involving the mold-
etching (biomachining) process, was carried out under the same
experimental conditions described in the previous section. After
each treatment time (0.25, 0.50, 2.00, and 6.00 h), Stage 2 involved
the extraction of the workpiece (Cu®) from the BM solution to let
the microorganisms regenerate the oxidant. Once regeneration
had been completed, that is, when all the Fe?* was converted to
Fe3', the same copper workpiece was immersed again in this
regenerated solution for the next mold-etching step. The process
was cyclically repeated until the time needed for Fe?* re-
oxidation doubled the time required in the first regeneration step.

B

Masked
piece -\

% -\ MOLD-ETCHING

BM solution
(A. ferrooxidans culture)

% MOLD-ETCHING
1

Masked |

. -\ Successive
piece [ -\

cycles

Regenerated REGENERATION Fe?' containing
. . Mold
BM solution BM solution
Fig. 1. Schematics of the mold-etching plus oxidant regeneration process for the
generation of the molds required in the fabrication of PDMS microfluidic devices.

334

Journal of Industrial and Engineering Chemistry 120 (2023) 332-339
Fabrication of self-powered PDMS devices

Once the copper mold-etching had been completed, the PSA
mask was removed from the surface and the metal piece was placed
inside of a poly(methyl methacrylate) (PMMA) gasket. The gasket,
consisting of two different PMMA substrates glued with a transpar-
ent PSA layer, was grafted by a CO, Laser System (VERSA Laser,
VLS2.30 Desktop Universal Laser System equipped with a 10.6 pm
CO, laser source ranging in power from 10 to 30 watts). A 1.1 mm
thick PMMA substrate (ME303010, clear, Goodfellow) was cut
(37 mm length x 30 mm width) and used as the base of the device.
A 4 mm thick PMMA substrate (PLEXIGLAS®, Evonik Industries AG)
was used for the gasket walls, delimiting an internal space of
32 mm length x 25 mm width for holding the metal mold. The trans-
parent PSA layer (146 pm thick ARcare® 90880, Adhesive Research,
Ireland) used for attaching the two pieces of PMMA was cut by the
same Graphtec Cutting Plotter as described above for the PSA.

The PDMS devices were fabricated by casting, placing the copper
mold inside of the PMMA gasket. The curing agent and the polymer-
base (SYLGARD 184 silicone elastomer kit, Farnell, Spain) were
mixed (1:10 proportion) and degassed in a vacuum desiccator (Poly-
Lab, Spain) for 30 min to remove air bubbles. Once degassed, the
PDMS mixture was poured onto the gasket and placed at 70 °C in
a STZ 5.4 mini oven (FALC, Italy) for 2 h, in order to completely
cross-link the PDMS. The resulting PDMS device was peeled off
the mold, and three through-holes were punched in the inlet and
outlets of the device, using a 3.0 mm diameter Harris Uni-Core
Punch (Sigma Aldrich, Spain) for loading the sample. The microchan-
nel was closed using a transparent PSA layer (50 pwm thick ARcare®
92712, Adhesive Research, Ireland) as the base of the device. For its
self-power capabilities, the resulting PDMS device was degassed in
an RVRO03H-01Vacuum Chamber (Dekker Vacuum Technologies,
USA) for 1 h at 0.7 mbar to remove the air inside the material, and
then vacuum-packed using an SV-204 vacuum seal (Samic, Spain)
to store it in an airless environment. This vacuum-packing allows
storage and transport of the device for long periods of time, ready
to use. When needed, the PDMS device is restored to atmospheric
pressure by simply opening the package, and a sample (water + red
dye) is added to the inlet. The PDMS absorbs air from the closed ser-
pentine structure, moving the liquid sample through the entire
channel, without the need for any external power pump supply [26].

Analytical methods

The content of iron (Fe?* and Fe") was determined by using the
2,2'-dipyridyl molecular absorption spectrophotometry method
(after Fe** reduction when necessary) [9]. A Perkin Elmer AAnalyst
100 AAS equipment was also used to quantify the total amount of
iron. The pH was measured with a Crison Basic 20 pH-meter
equipped with a SENSION + 5010 T pH electrode.

The efficiency of the mold-etching step was quantified by calcu-
lating the SMRR as follows

4 ., _ Amount of metal removed (mg)
SMRR (mg ' cm™) = time (h) area (cm?) (M)

The height of the micro-etched structures was measured using
a stylus profilometer (DektakXT, Germany). The video (Supple-

mentary Information II) was recorded by using a smartphone One-
Plus 6 T, 1080p at 30 fps.

Results and discussion
Workpiece preparation: an alternative to traditional techniques

The alternative process for workpiece preparation proposed
here arises from the need to simplify, shorten and reduce the cost
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of this preliminary stage, as photolithography (the most used tech-
nique for selectively covering the pieces to be biomachined) is
tedious, it requires the use of expensive masks and custom-made
optical components, and the photoresins require stringent post-
processing conditions [27]. Two readily available and affordable
materials (a common varnish and a PSA substrate) were selected
here to cover the workpiece and generate the desired geometry.
The protective varnish did not interfere with the process or halt
bacterial activity, as the time required for the complete bio-
oxidation of Fe?" in the sample containing the coated glass rod
and the blank was 58 h in both cases. Furthermore, after 24 h sub-
merged in the BM solution, when all the iron was Fe3*, the mass
loss in the protected glass rod was negligible (0.06 %). Likewise,
visual inspection revealed that the PSA layers were not detached
from the workpiece after 30 h of treatment, and successfully cov-
ered the desired surface.

The circular PSA mask was used to monitor the original dimen-
sions of the geometry throughout the treatment. The variation in
the diameter of the circular structure engraved was measured after
7 h, and it was lower than 3 % compared to the original value
(1 cm), both in the biotic (0.98 + 0.01 cm) and abiotic (0.97 + 0.0
1 cm) samples. Based on these results, the process was not consid-
ered to affect the original geometry. Therefore, the varnish and PSA
layer combination was concluded to be a feasible, biocompatible
and cost-effective method for surface protection in biomachining
applications. It was a simpler and much less time-consuming pro-
cess than photolithography (the total pretreatment time was esti-
mated to be 20 min, of which approximately 15 min corresponded
to varnish drying time). In addition, it would allow the generation
of 3D geometries of different heights by overlapping PSA masks at
different treatment times. This would be a more feasible procedure
than a planar technique such as photolithography [27], which
requires repeating the full process after careful alignment over
the previously generated feature.

Specific metal removal rate and height of workpiece as a function of
treatment time

The circle mask was first selected to ascertain the influence of
biomachining time on both the SMRR and the height of the struc-
ture. As shown in Fig. 2, the SMMR peaked after 1 h treatment
which is in agreement with other authors [9,15].

Interestingly, the SMRR here remained constant at
21 1 mg h™! cm™2, both in the presence and in the absence of
microorganisms, when the biomachining time was equal to or
shorter than 1 h (15, 30, 45, and 60 min) (Fig. 2). Consequently,
the height of the engraved surface increased linearly with treat-
ment time during the first hour at a rate of 18.8 um h’!
(R? = 0.9675) and 18.6 pm h™! (R? = 0.9678) in the biotic and abi-
otic samples, respectively. Three possible reactions can contribute
to the copper oxidation. As far as the reaction between the dis-
solved oxygen and copper is concerned, and, despite the major dif-
ference in the standard reduction potentials between oxygen and
copper (0,/H,0 = 1.23 V vs Cu?*/Cu® = 0.34 V), copper oxidation
by dissolved oxygen has been considered negligible on the basis
of the low oxygen solubility in water and the gas-liquid mass
transfer limitations [28]. The second reaction between copper
and Fe3' as oxidizing agent through the indirect mechanism is
shown in Eq. (2). The third reaction requires the presence of A. fer-
rooxidans bacterium so that it can use the previously generated
Fe?* as energy source, with the oxidant Fe** being bio-recovered
(Eq. (3)). According to the literature about Eq. (3), most of the elec-
trons (95 %) enter the downhill electron pathway during the oxida-
tion process, accessing the cytoplasm through the cell membrane,
transporting oxygen, and reacting with protons to generate water.
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Abiotic Biotic
SMRR [} o
Height | O

SMRR (mg h'! cm?)
Height (um)

t (h)

Fig. 2. Variation of the SMRR and height of the engraved structures throughout
treatment time (0-7 h).

Simultaneously, a proton gradient is formed by pumping the pro-
tons out of the membrane [29,30].

2 Fe3* + Cu® — 2 Fe?* + Cu?t

(2)

4 Fe?* + 4H* + 0, — 4 Fe3* + 2 H,0 (3)

In the presence of bacteria, reactions in Eq. (2) and Eq. (3) can
lead to a cyclic process in which copper is dissolved and Fe3*
bio-oxidized until the environmental conditions (e.g., pH and dis-
solved copper concentration) inhibit bacterial activity. Neverthe-
less, the biological Fe** regeneration (Eq. (3)) has been reported
to be slower than its consumption (Eq. (2)) [28]. Thus, the results
obtained during the shortest treatment times (when the SMRR
resulted not to be affected by the presence of microorganisms)
can be explained on the basis of the slow regeneration rate and
the high amount of available oxidant.

After the first hour of treatment, the SMRR decreased following
a logarithmic trend, and thus the height of the engraved circle
increased accordingly. The regression equations correlating the
SMRR, height, and removed copper according to the treatment
time are listed in Supplementary Information I, see Table SI1. Sim-
ilar results have been reported by Istiyanto et al. [14], who have
found that the metal removal rate was inversely proportional to
machining time, albeit not linear, when copper pieces are bioma-
chined in the 9 K medium (35 °C, 120 rpm). The reduction in the
SMRR can be mainly attributed to the gradual decrease in the oxi-
dant concentration along time. In addition, other factors such as
the increasing concentration of dissolved Cu?* and the possible
decrease in Fe*" concentration due to the precipitation of iron-
hydroxy sulfates can contribute to this behavior. Although copper
is an essential element required by living organisms, when moder-
ate concentrations (depending on the bacterial strain) are
exceeded, this metal has been reported to severely inhibit bacterial
activity by damaging cell membranes, altering enzyme specificity,
disrupting cellular functions, and compromising the DNA structure
[31,32]. Regarding oxidant loss, iron can be hydrolyzed and precip-
itated (when pH is higher than 2.0), reducing the available amount
of dissolved Fe>* for copper oxidation. The process can lead to the
formation of hydroxy sulfates such as schwertmannite (FegOg(-
OH)S0,4) and jarosite (MFe3(SO4),(OH)g; where M is usually Na*,
K*, NHZ, or H30"%), and ferrihydrite, with the dominant phase being
influenced by the pH and concentration of monovalent cations
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[33,34]. Nevertheless, the total iron concentration here did not
decay significantly throughout the experiment (0.5 g L'! after 7 h
of biomachining), whereby iron loss was not considered a critical
factor.

Regarding the difference in the SMRR between the biotic and
abiotic samples, after 3 h of biomachining, the SMRR was higher
in the biotic samples than in the abiotic ones, which was attributed
to the higher availability of Fe3* regenerated by the bacteria (Eq.
(3)). This difference remained 1.7 times higher in the biotic process
from hour 5 onwards.

As far as mold height is concerned, values of 53 + 2 and
52 = 3 um were recorded after 7 h in the biotic and abiotic exper-
iments, respectively. These values cannot be accurately compared
with the results reported by other authors, as most biomachining
studies describe the generation of cavities with different shapes
(circles, lines, etc.), whereby depth values are reported (instead
of height). In addition, the results vary with operating parameters,
such as the initial iron concentration or shaking speed. Neverthe-
less, for comparison purposes, Table 1 shows the height and depths
reported by other authors when using A. ferrooxidans for bioma-
chining several geometries on copper pieces.

Five treatment times (0.25, 0.50, 1.00, 2.00, and 6.00 h) were
selected to verify that the two-trend behavior observed with the
circular geometry remained constant when engraving a complex
microfluidic structure. Moreover, this experiment informed the
equations for calculating the treatment time required to achieve
a desired height on the structure. In this case, each copper piece
was continuously immersed in the BM solution for the selected
time, without intermediate extractions. Thus, for comparison pur-
poses, the data plotted in Fig. 2 were used to calculate the average
SMRR for the same time intervals (0.25, 0.50, 1.00, 2.00, and 6.00 h)
in the experiment carried out with the circular geometry.

Fig. 3 shows that the average SMRR was slightly higher for the
microfluidic pattern than for the circular one during the first hour.
Nevertheless, no significant differences were observed regarding
the geometry of the engraved structure for longer treatments. In
accordance with the results obtained with the circular geometry,
a maximum average SMRR was recorded and maintained constant
during the first hour (21 £ 1 and 23 + 1 mg h™! cm~2 for the circle
and microfluidic channel, respectively). It then decreased in a log-
arithmic trend with treatment time, regardless of the shape of the
structure (SMRR = -5.2:In(t) + 20.6, R? = 0.9979, and SMRR = -6.4-In

Table 1
Heights and depths reported in the literature and in this study, when using A.
ferrooxidans in copper biomachining experiments (T = 30-35 °C).

Geometry Height/depth® Shaking speed Author
Lines 80 um (48 h) Static [17]
conditions
Circular gear 48 um (24 h) Static [1]
conditions
Line” 74.75 um (4 h) 150 rpm [35]
Circle® 61.75 um (4 h)
Square” 60.45 um (4 h)
Crescent dimples 14.65 pm 170 rpm [2]
Circular dimples (20 min)
Circular micro pillars  13.98 um
(20 min)
9.56 um
(100 min)
Circle 51.1 um (7 h) 130 rpm This
Microfluidic 65.3 pm (6 h) study
geometry

¢ The value in parenthesis refers to biomachining time.
b the authors used the supernatant obtained after filtering the A. ferrooxidans
culture (test without microorganisms).
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Fig. 3. Average SMRR values obtained after the selected treatment time in the
samples with the circular geometry and microfluidic channels.

(t) + 23.1, R? = 0.9993; for the circle and microfluidic channel,
respectively).

As far as the height of the mold is concerned, greater values
were recorded in the experiments using the microfluidic structure
than the circular geometry, which was attributed to the slightly
higher average SMRR and the smaller surface area exposed to the
solution. As an example, after a 6 h biomachining treatment, the
height of the microchannel (64 + 5 um) was 28 % greater than that
of the circle (51 £ 4 um).

Based on these results achieved with the microfluidic structure,
the equation for predicting the treatment time (h) needed to pro-
duce a serpentine channel mold of a certain height (H, pm) was
calculated as follows (Eq. (4)):

t{ 0.045-H; 0< t <1h(R*=09912)

0.564 - exp(0.036 - H); 1 <t <7 h (R* = 0.9994)

This equation is a simple tool for readily calculating the bioma-
chining time required for obtaining a specific engravement height
in a microfluidic structure. Despite this practical calculation, the
proposed equation revealed that mold fabrication by biomachining
can be more time-consuming than other techniques. Nevertheless,
many conventional techniques require exhaustive monitoring by
qualified personnel during the entire process and/or the use of a
cleanroom facility, considerably increasing the total cost of the
process. Hence, the biologically assisted etching method was found
to be low time-consuming for laboratory personnel, avoiding the
need for pre-treatment. In addition, the biomachining alternative
provides an accurate control of the resulting structure, allowing
the height to be measured continuously during the mold-etching
step. By contrast, taking photolithography as a reference model,
the structural shape can be measured only when the full process
has finished, ruling out any possible adjustments.

(4)

Lifespan extention of the BM solution for a more sustainable process

The regeneration step carried out after each mold-etching stage
resulted in the complete microbial re-oxidation of the Fe?* gener-
ated during the biomachining process. Fig. 4a shows the variation
of Fe*" in the sample treated for 0.5 h in seven mold-etching plus
regeneration stages, as a representative example of the process.
Following each regeneration stage, all the dissolved iron was in
Fe3* form, and the system was therefore ready to perform the next
biomachining stage. The regenerated BM solution rendered similar
results to those obtained in the single stage assay with a fresh solu-
tion. In addition, it is particularly remarkable for this application
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Fig. 4. Variation of Fe** (%) during several biomachining (0.5 h) and regeneration
stages (a), evolution of the height of the mold with the number of mold-etching
stages (b), and time needed for Fe?* re-oxidation in each regeneration stage (c).

that the average SMRR remained constant for each treatment time
in at least five to seven consecutive mold-etching stages. This
interesting result ensured that the same amount of copper would
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be dissolved when a piece was exposed to the BM solution for a
certain treatment time. In this study, the average SMRR peaked
and remained constant at 24 + 1 mg h~! cm 2 in seven consecutive
mold-etching steps when the treatment was shorter than 1 h. In
longer treatments, 18 + 1 and 10.9 *+ 0.4 mg h™! cm 2 were
removed in the 2 h biomachining process (average of six consecu-
tive stages) and the 6 h one (average of five consecutive stages),
respectively. This outcome confirmed the accuracy of the equation
proposed for predicting the time needed to obtain a mold with a
defined height for the fabrication of PDMS devices (Eq. (4)), using
both fresh and regenerated BM solutions. Consistent with these
results (i.e. constant average SMRR for each treatment time), the
increase in the height of the structure measured after each mold-
etching time remained practically constant, being this increment
of 5+1,10+ 1,32 + 4 and 63 + 8 um for 0.25, 0.50, 2.00, and
6.00 h treatments, respectively. Consequently, as the successive
etching stages progressed, the total height of the structure
increased linearly (Fig. 4b, regression equations correlating height
to the number of etching-stages are listed in Supplementary Infor-
mation I, Table SI2). Copper solubilization during the process ren-
dered an average metal mass dissolved in each mold-etching stage
of 53 + 3,107 £ 10, 313 + 23 and 571 * 35 mg, recording 2.8, 5.8,
13.5 and 20.6 g Cu®* L' at the end of the 0.25, 0.50, 2.00, and
6.00 h experiments, respectively (assuming that all the copper
removed remained dissolved).

The reuse of the BM solution in several consecutive etching
stages led to the successful fabrication of metallic molds, increas-
ing the sustainability of the process from both an environmental
and an economic perspective. The regeneration time was affected
by both the duration of the mold-etching process (0.25, 0.50,
2.00 and 6.00 h), and the number of mold-etching plus regenera-
tion cycles to which the microorganisms were subjected. The rela-
tionship between the regeneration time and the number of
regeneration stage was found to be linear for each selected treat-
ment time, as shown in Fig. 4c. Thus, the equations summarized
in Table 2 would allow estimating the time required for a certain
regeneration stage.

Regarding the influence of the duration of the etching stage,
longer regeneration times were required for the longest bioma-
chining processes (2.00 and 6.00 h) because of the higher amount
of Fe?" to be re-oxidized (Fig. 4c). For example, after the first mold-
etching stage, the regeneration time was 3.4 times higher for the
6 h than for the 0.25 h treatment. Likewise, this parameter also
increased with the number of treatment stages in all the samples,
as higher amounts of dissolved copper in the medium affected the
process.

Nevertheless, according to literature [36,37], the exposure of
microorganisms to increasing copper concentrations may favor
their acclimation to the metal. As an example, the regeneration
time for 0.25 h and 0.5 h treatment increased about 17-20 % (in
comparison to the first regeneration time), when the Cu?* concen-
tration in the medium was 2.4 g Cu®*/L (it happened after the sixth
and third etching stages, respectively). Conversely, as far as longer
etching times are concerned, a similar increase in the regeneration
time was recorded at higher copper concentrations (20 % increase
at 42 g Cu**/L in the medium for the 2 h treatment and 24 %

Table 2
Linear equations correlating the regeneration time (tregen, h) and the number of
regeneration stage (R) for each treatment time.

Treatment time (h) Fitting equation R?

0.25 tregen = 4.7 + 0.3.R 0.9074
0.50 tregen = 5.0 + 0.8.R 0.9877
2.00 tregen = 6.4 + 6.4-R 0.9748
6.00 tregen = 12.9 + 3.9-R 0.9928
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increase at 7.9 g Cu?*/L for the 6 h treatment). Along those two
experiments (2.00 h and 6.00 h experiments), the biomass had to
withstand higher copper concentrations since the first stage, which
contributed to microbial acclimation.

In this study, the microorganisms continued regenerating the
oxidant even when copper concentration was as high as 20.6 g
Cu?*/L. Our previous studies revealed that A. ferrooxidans strain
DSM 14882 was able to successfully oxidize all the Fe?* in the pres-
ence of up to 30 g Cu®>" L'! in a significantly lower time than using
unadapted bacteria [37]. Nevertheless, in this study, the experi-
mentation was not prolonged because too long regeneration time
could be to the detriment for the process feasibility.

In sum, the two-stage procedure proposed in this study had
very positive implications for the sustainable fabrication of molds
for PDMS microfluidic devices. The regeneration and reuse of the
BM solution meant a reduction in both chemical reactant con-
sumption and waste generation, with the consequent savings in
process cost. In addition, the spent BM solution is a source of
recoverable copper, which could finally be sold on the metal mar-
ket [38-40].

Fabrication of self-powered PDMS devices

Self-powered devices provide the means to control liquids in
the fluidic network without using any external pumping mecha-
nisms, whereby the devices can be transported to the point of need
and perform in situ analyses [26,41]. The use of a degassed gas-
permeable silicone (such as PDMS) as the base material for the car-
tridge generates a negative pressure inside the microfluidic struc-
ture that permits the autonomous movement of the sample
through the channel. Despite being the most commonly used
self-powered devices [42], their manufacture by casting and mold-
ing is still complex and laborious. The molds produced with the
biomachining process were therefore used for the manufacture of
hybrid PDMS/PSA self-powered microfluidic devices. Fig. 5
describes the fabrication and performance of a microfluidic device
made from a mold obtained after five cycles of 6 h biomachining
plus solution regeneration (channel height 317 + 5 um). Other sim-
ilar devices were also obtained with the molds biomachined in
shorter times.

Surface roughness is a relevant parameter in biomachined
molds [2,14,43,44], as it has an impact on the roughness of the final
PDMS piece. The arithmetic average roughness (Ra) of copper
molds with a simple geometry (circle) was found to be in the
1.9-2.5 um range for a 30 h biomachining treatment, which was

a
Top view
PSA\ Biomachining , PSA
process
Side view S
b
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similar to the range reported by Johnson et al. [43] (1.8-2.6 um
for a 24 h treatment) and Istiyanto et al. [14] (1.5-1.8 um for a
18 h treatment). This parameter has been reported not to vary lin-
early with treatment duration [14], which let us conclude that Ra
values of the molds used for the fabrication of the microfluidic
devices could be lower than those preliminarily obtained for
30 h. However, the surface roughness of the manufactured PDMS
piece hindered the bonding of this replica to other PDMS or glass
surfaces, even after plasma treatment of both surfaces. The PDMS
replica was therefore closed using a PSA layer as a base for the
device. The use of a PSA as the top layer of the device allowed clos-
ing the channel easily without the use of thermal or chemical
bonds or surface treatments. As previously reported by our group,
multi-laminated microfluidic devices adhered by PSA layers can
withstand pressures up to 1000 mbar without suffering any dam-
age [45]. This type of PDMS/PSA configuration should therefore be
suitable for many microfluidic applications that do not require
high pressures. In addition, the normal pressures generated by
self-powered devices are much lower (e.g., 0.05-0.35 mbar) [26].
No leaching was observed for any of the devices investigated using
this protocol.

Finally, the microfluidic piece was degasified to enable the
self-powered device to circulate the liquid through the
microchannel by degas-driven flow [46]. Accordingly, once the
degasification was complete, the device was placed at atmo-
spheric pressure, and one drop of a colored solution was added
into the device. Fig. 5b1-3 and the video (Supplementary Informa-
tion II) show how the liquid subsequently advanced through the
entire serpentine in less than 3 min. This result confirms that
the device’s fluidic properties were not affected, despite the use
of a hydrophobic substrate for the base (the PSA layer) for
increasing flow resistance. Fig. 5b provides three snapshots of
the movement of the red solution over time, though a
317 £ 5 pm high micro-channel obtained with a copper mold after
a 6 h machining process.

The biomachined molding technique is a promising alternative
for the manufacture of a variety of microfluidic devices with pre-
cise microchannel dimensions and a high performance. Neverthe-
less, further research is needed for stablishing the minimum
dimensions that can be reached using this method. In this particu-
lar study, the minimum width of the microfluidic serpentine chan-
nel (100 pwm) was limited by the plotter resolution, although
smaller features could be obtained with other specific plotters.
On-going research will let us deepen into the relevant parameters
for commercial applications, such as: surface roughness, geometry
scale limits, etc.

Fig. 5. Manufacture (a) and performance (b) of a hybrid PDMS/PSA microfluidic device (317 + 5 um height) after five cycles of 6 h biomachining plus solution regeneration.
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Conclusions

The constant search for technologies that reduce the economic
cost and environmental impact of conventional processes has led
to the use of biomachining as an alternative for generating the
molds required in the fabrication of microfluidic devices. The com-
bination of a novel workpiece preparation procedure and the two-
step biomachining process successfully rendered the engraving of
durable and robust metallic molds, which were subsequently used
for producing operative self-powered PDMS microfluidic devices.
The biomachining technique did not require the use of a cleanroom
facility, which is a clear advantage over conventional lithography
methods.

Additionally, the replacement of the mask at different steps of
the process could lead to the etching of more complex structures
than the one presented here, which means catering for a variety
of microstructures with different heights in the same mold. The
particularity of the biomachining for controlling a high-precision
metal removal rate at micrometer level in a short period of time
was decisive for the successful manufacturing of microfluidic
devices.
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