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Biomimetic Miniaturized Platform Able to Sustain Arrays of
Liquid Droplets for High-Throughput Combinatorial Tests

Ana I. Neto, Clara R. Correia, Catarina A. Custddio and Jodo F. Mano*

The development of high-throughput and combinatorial technologies is
helping to speed up research that is applicable in many areas of chemistry,
engineering, and biology. A new model is proposed for flat devices for the
high-throughput screening of accelerated evaluations of multiplexed pro-
cesses and reactions taking place in aqueous-based environments. Superhy-
drophobic (SH) biomimetic surfaces based on the so-called lotus effect are
produced, onto which arrays of micro-indentations allow the fixing of liquid
droplets, based on the rose-petal effect. The developed platforms are able to
sustain arrays of quasi-spherical microdroplets, allowing the isolation and
confinement of different combinations of substances and living cells. Distinct
compartmentalized physical, chemical, and biological processes may take
place and be monitored in each droplet. The devices permit the addition/
removal of liquid and mechanical stirring by adding magnetic microparticles
into each droplet. By facing the chip downward, it is possible to produce
arrays of cell spheroids developed by gravity in the suspended droplets, with
the potential to be used as microtissues in drug screening tests.

provide parallel processing and moni-
toring of chemical and biological assays
using low amounts of liquids. The con-
ventional microtiter plate-based assays
have moved away from the conventional
96-well format to the 384 well system, or
even the 1536-well platform or high dense
microfluidic devices.®l Tung et al.’l report
a new technology enabling the culture of
384 spheroids in a hanging drop approach
and in the same platform. However, the
developed platform presents a single pat-
tern and is fabricated by injection molding
technology. The cost associated with the
production of such innovative platforms
can be extremely expensive due to the
requirement of high precision equipment
and expertise. Current developments in
microfluidics, microarray systems, and
microreactor devices are directed towards
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1. Introduction

The development of combinatorial methods can accelerate
the scientific outcome, and thus the expansion of new mate-
rials and processes, when the effect of multiple variables is
required.l!! For example, high-throughput screening has been
employed in the study of interactions between biomaterials,
cells, and soluble factors, helping to identify the optimal con-
ditions for particular biomedical applications.?™ Microarrays
enable the assembly of numerous cell-material or cell-cell
combinations to analyze different parameters, including cell
adhesion, proliferation, differentiation, and gene expression
that can be monitored on a single microarray chip.P~7") Array-
based technologies have broad applications in drug discovery,
microbiology, cell biology, and in many other non-biomedical
fields. The high content and small scale of the microarrays
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further reductions in sample volumes,

increasing analytical throughput, and to
integrate the pre- and post-assay processing. Microarrays, such
as DNA and protein quantification, have shown indispensable
roles in genomic and proteomic research.l'%l However, in chem-
ical microarrays, the evaluation of a large number of chemical
structures and biological targets!!!l has been a slow process.
The problem is associated with the fact that such microarrays
do not allow the performance of individual analyses. In our
group, we made advances in this field by creating an innovative
platform for the individual dispensing of miniaturized bioma-
terials, cells, and culture media based on the use superhydro-
phobic (SH) surfaces patterned with wettable regions.l'2¢ The
topography of these SH surfaces exhibit peculiar features like
micro- and nanohierarchical roughness, leading to a low sur-
face energy, mimicking SH surfaces found in nature, such as
the Lotus leaf. We hypothesize that such SH substrates could
be used to work with individual liquid volumes for a series of
tests. Our main motivation is the handling of small amounts of
liquid volumes, which is an important task in miniaturized bio-
analytical and biomedical systems, since decreasing the size of
the samples can reduce significantly the required time for the
analysis and the associated costs.

In this work we propose the use of SH platforms to arrange
quasi-spherical aqueous-based droplets with the capability to
support and monitor a series of chemical and biological reac-
tions on a lab-on-chip scale. Such platforms could have several
advantages in comparison with the microarrays presented in
the literature. The size and composition can be easily controlled
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Figure 1. a) Microstructure of polystyrene SH surface observed by scanning electron microscope (SEM; two magnifications). b) Upper view of a SH
platform patterned with micro-indentations to fix water droplets in the desired areas (c). d) Scheme of the water droplet position in the micro-inden-
tations magnifying the effect of the penetration of the liquid in the mark. e) Water contact angle (WCA) measurement of water droplets with different

volumes dispensed in the micro-indentations with different sizes.

in an individual form, and the processes in the liquid state
occur with minimum contact with the solid substrate. Further-
more, the SH platform is solely physically modified polystyrene
(PS),7-1% which guarantees the lack of cytotoxicity and the
chemical stability of the platform.

We demonstrate that it is possible to add an agitation capa-
bility in the developed droplet-based microreactor using mag-
netic microspheres, enabling the creation of mechanical
stresses inside the microliter-size droplets. The droplets are
fixed in defined positions by the action of micro-indentations
patterned with an array arrangement on the polystyrene SH sur-
faces. Different experiments are performed to demonstrate the
suitability of the developed platform, including: (i) the efficacy
of the mechanical agitation tested in a simple physical process,
namely, the dissolution of salt crystals inside the droplets; (ii)
the monitoring of a chemical reaction, namely the crosslinking
of chitosan (CHT) with genipin with different concentrations of
reagents; (iii) the evaluation of cell viability, in this case tested
when cells are in contact with culture media at different pHs,
and; (iv) the evaluation of the cytotoxicity of an antitumor
drug at different concentrations in cell spheroids. For the last
example, we take advantage of the high positional stability and
adhesiveness of the droplets that allow the inversion by 180°
of the SH platform. Therefore, cells initially suspended in the
droplets give rise to spheroids, formed by gravity. The developed
cell spheroids are used as microtissues for a drug delivery assay.
The viability of the cells in the spheroids is assessed using
image-based analysis tools upon adding doxorubicin, a drug
used in cancer chemotherapy, in different concentrations.

2. Results and Discussion

2.1. Preparation and Wettability Characterization of SH
Patterned Chips

Polystyrene SH surfaces were prepared via a phase-separation
methodology, mimicking the extreme water repellency of lotus
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leavse by presenting a water contact angle (WCA) higher than
150°. This feature was achieved by the introduction of micro- and
nanoroughness (Figure 1a), without further chemical modifica-
tion of the polymeric structure. Such substrates present a similar
topography previously observed in polystyrene SH substrates.!'"]
The developed surfaces patterned with adhesive micro-inden-
tations (Figure 1b) were used as support for arrays of aqueous
solution-based droplets. Micro-indentations with different sizes
were produced on the rough surface in order to fix liquid drop-
lets, mimicking the effect of rose petals. In these surfaces, water
droplets show a spherical shape, but they cannot roll off the sur-
face even when the surface is turned upside down,?*-?2l because
of the peculiar morphology characterized by micropapillae with
cuticular folds on top. In contrast to the lotus surface where the
air pockets formed between cell papillae provide low adhesion to
droplets, the rose petal surface prevents air pocket formation and
droplets penetrate into the cuticular folds by capillary forces.!?>24
The micro- and nanostructures of the surface of the rose petals
are larger than those found on the lotus leaves, allowing drop-
lets to penetrate into the larger grooves of the petals, causing the
Cassie impregnating wetting state.l?’]

Water droplets placed on the micro-indentations exhibit a
close spherical shape promoted by the extreme water repellency
of the SH surface, but are fixed by the depression features.
By producing multiple indentations over the SH surfaces one
can generate attachment points to produce arrays of droplets
with any geometrical disposition and distance between them
(Figure 1c). The indentations created on low-surface-energy SH
surfaces present some advantages when compared with highly
adhesive SH surfaces, due to the possibility to confine and sta-
bilize droplets only on the desired places with minimum con-
tact areas between the droplet and the SH surface (Figure 1d).

The WCA was measured for droplets with distinct volumes
placed over indentations of different sizes (Figure le). Small
volumes of droplets in the micro-indentations present WCAs
higher than 150°, showing that the smallest indentations on the
SH surface are able to fix the droplets on the surface, without
compromising the water repellency of the surface.
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Figure 2. Sliding angles of droplets with different water volumes on pat-
terned SH surfaces with different micro-indentation sizes (see legend).
Representative images are shown of water droplets with 4 pL deposited
in micro-indentations with 190 pm size in the surfaces with different tilt
levels.

To assess the adhesive behavior of the indented points, the
sliding angle was measured at different conditions of indenta-
tion sizes and droplet volumes (see Figure 2). The sliding angle
is defined as the critical angle where a water droplet of a certain
volume and weight begins to slide down the sloping surface.
The results show that, when the liquid volume is lower than
4 pL, the water droplet cannot roll on nor be fixed on the sur-
face for all micro-indentations sizes analyzed, even when the tilt
of the surface is 90°. As expected, increasing the volume depos-
ited in the micro-indentation decreases the sliding angles, since
the capillary forces exert a lesser adhesion effect onto bigger
droplets. Furthermore, the stability of the smallest droplets in
the surfaces allows the WCA to remain unalterable, even after
returning form a tilt of 90° (Figure 2 — representative images).

We hypothesize that the ability to fix high stability arrays of
controlled volumes of droplets, with minimum contact with the
SH surfaces, could be useful in the design of innovative robust
droplet-based microreactors.

2.2. Microdroplet-based Microreactors Built on Patterned SH
Surfaces

Droplet-based microreactor technologies, such as microemul-
sions, array-based microreactors, or microfluidic systems, have
attracted a great deal of interest since they enable the minia-
turization of reactions.l?>=8 These systems have permitted sig-
nificant advances in protein crystallization, enzymatic kinetics,
cell encapsulation, drug delivery, and in other biochemical
reactions?’! using several methods such as electrowetting,?’]
dielectrophoresis, and magnetism.3%3! Shikida et al.}? devel-
oped a magnetic bead-cluster handling system in which the
droplets are driven from one well to the next through a narrow
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Figure 3. Miniaturized droplet-based reactor using water droplets with and
without magnetic microparticles on a patterned SH surface. Crystals of
copper sulphate were introduced inside the droplets at time 0, and the plat-
form, which contains droplets with magnetic particles inside, was placed
over a magnetic stirrer. The dissolution of the crystal was monitored by
following the size of the crystal (h) compared with its initial size (ho).

connection by the displacement of an external magnet. Based
on this technology, SH surfaces have been used to manipulate
the movement of magnetic droplets with a permanent magnet
underneath,?*33 with applicability in biotechnology and bio-
medicine, e.g., for high-throughput biochemical analysis and
microassays.**®! In this work, we present an alternative possi-
bility for creating motion by activating the mobility of magnetic
microparticles in fixed droplets to induce internal mechanical
agitations. Video S1 in Supporting Information shows the pos-
sibility to create an active mixing approach based on magnetic
microspheres incorporated inside microliter-size droplets.
Water droplets with and without magnetic microparticles were
firstly deposited on a patterned SH surface. CuSO, crystals were
introduced inside the droplets at time 0, and the platform was
placed over a magnetic stirrer. The dissolution of the crystal was
monitored by following the size of the crystal (h) with time com-
pared to its initial size (hy) (Figure 3). For the droplets that con-
tained magnetic beads, the crystal with an h,, of about 2 mm was
completely dissolved after 12 min (see Video S2 in Supporting
Information and Figure 3). On the other hand, without mechan-
ical agitation, the dissolution time was double. Obviously, the
agitation power may be easily controlled in the magnetic stirrer.
This result shows that the usual agitation and mixing processes
performed in many chemical and engineering processes may
be miniaturized in microliter volumes using the proposed plat-
forms. Such controlled agitation can be essential in many bio-
chemical and biological processes, allowing the high throughput
and effective study of complex processes on a lab-on-chip scale.

2.3. Monitoring of a Crosslinking Reaction through
Combinatorial Chemical Analysis

One current problem in the development of chemical microar-
rays is that compounds with different structures and properties
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are traditionally screened in a solution phase, and individual
reactions need to be isolated in well plates or tubes. There are
several reasons to use droplets rather than well plates; namely,
smaller volumes, higher speeds, and the isolation of the droplet
content from the solid surface. Small volumes conserve expen-
sive reagents and reduce the time required to assay extremely
large libraries. Hydrogels have attracted a great interest in
many fields, including biomedicine, due to their general high
biocompatibility, ability to encapsulate cells, mechanical and
structural properties similar to soft tissues, and their ability
to be injected as a liquid which gels in situ using minimally
invasive procedures.>*% We have proposed SH-based chips
to assess how cells interact with hydrogels in combinatorial
studies," however, the evolution of the formation of the gels
has never been followed in situ using microreactors.

Herein, we propose to analyze the formation of hydrogels
on the developed platforms, starting with the deposition of
combinations of liquid precursors in the form of droplets. We
designed a combinatorial analysis to follow the crosslinking
reaction of chitosan (CHT) with genipin, a natural crosslinking
agent with low cytotoxicity. CHT hydrogels have been widely
used in different biomedical applications.?** In particular,
crosslinked CHT with genipin has been used in the preparation
of elastics and hydrogels for cartilage substitutes, drug delivery
systems, and the encapsulation of biological products.*?=*!
Results show that the resulting crosslinked complexes are not
cytotoxic.*®! The deposition of different droplet solutions con-
taining different relative amounts of CHT and genipin was car-
ried out in the developed microarray: distinct concentrations of
0.1, 1, 5, 7.5, and 10 mg mL™! of CHT and genipin were ana-
lysed. The prepared solutions were dispensed in each spot with
individual volumes of 10 pL. The same CHT solutions without
genipin were used as a control. The experiment was performed
at 40 °C under saturated humidity to avoid droplet evaporation.
Figure 4a shows the time evolution of the droplets in the array
during the reaction. The dark blue coloration that appears in
the formed hydrogels is associated with the reaction between
the amino groups of CHT and genipin.** Independent calibra-
tion experiments, by reacting known amounts of glycine and
genipin, permitted the production of standard curves relating
the intensity of the blue color of the droplets and the extent of
the reaction of the amine groups. An intensity map is shown
in Figure 4b for the array analyzed, where the evolution of the
extent of reaction of the amine group of CHT is represented as
function of the time for each combination analyzed.

When the concentration of CHT and genipin increased,
more amino groups reacted and the speed of reaction
increased, reaching values above 60% after 3 h of incubation.
The system used could be extended to more complex combina-
tions, for example, by including mixtures of different polymers
able to react with genipin. For example, Silva et al.[*? studied
the crosslinking of the mixture of CHT and silk fibroin. The
primary structure of fibroin chains contains a low percentage
of amine-containing amino acids, such as lysine and arginine,
that contribute to crosslinking sites upon reaction with genipin.

We envisage the possibility to monitor many other reactions
occurring in aqueous media, provided that changes of color
(even outside the visible spectrum) take place, such as addition
or substitution reactions or redox processes.

Adv. Funct. Mater. 2014, 24, 5096-5103
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Figure 4. Combinatorial analysis following the reaction between CHT
and genipin in arrays of droplets microreactors. a) Droplets with different
concentrations of CHT and genipin were dispensed on a patterned SH
surface. b) The intensity map displays the evolution of the crosslinking
reaction between CHT and genipin for each concentration of reagents
analysed. The blue intensity is correlated with the percentage of reacted
amine groups of CHT at different time points.

2.4. High-throughput Screening of Cell-based Assays

Microarray platforms can address in vitro problems by cre-
ating distinct combinations of chemical/biochemical micro-
environments to study cellular behavior.*”] The advantage of
the method proposed is that different biomaterials or even dif-
ferent types of cells can be easily deposited in each liquid spot
with minimum contact with the supporting solid material. As
a simple demonstration of this hypothesis, we evaluated the
influence of the pH in the cellular medium on the viability of
fibroblast-like cells.

It is known that the effect of the pH in cell culture media
plays many critical roles in cell biological processes, such as
viability, proliferation and apoptosis, ion transport, and multi-
drug resistance.*® Irregular pH values are usually associated
with many diseases such as cancer.*”) Tumor microenviron-
ments are often acidic, with pH levels as low as 6.2.° Inside
the cells, the variations in the pH can denature proteins or
activate enzymes that normally are inactive around neutral pH.
Knightom et al.”!l showed that acidic conditions promote the
angiogenesis of injured tissues. Figure 5 shows the viability
of 1929 cells suspended in culture media with different pH at
different incubation times. Figure 5a shows the corresponding
live/dead cell staining, obtained by the direct observation of
the array of droplets dispensed in the platform (Figure 5b). As
expected, and according to the literature,b?-* the fluorescence
images confirmed that the favorable pH for cells to survive
is between 6 and 8. In very acid and very alkaline media, all
cells died before 5 min. High-throughput image analysis of the
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Figure 5. a) Fluorescence microscope images of the microarray com-
posed of culture medium droplets at different pH values (vertical axis),
containing 1 x 10% L929 cells/droplet, taken at different incubation times
(horizontal axis). b) Representative top-view image of the microarray
where 10 mL of solution of individual cells suspension were dispensed
in patterned SH surfaces. c) Intensity map for the relative amount of live
(green)/dead (red) cells per spot corresponding to the same microarray
tested with different pHs and culture times.

micrographs permitted an intensity map of the values of the
percentage of live/dead cells of the individual conditions to be
built (Figure 5¢), in which green and red colors represent the
relative amount of living and dead cells. The results suggest
that the proposed droplet-array chip may potentially be used
to follow the cellular behavior of non-adherent cells, any cells
in suspension, or to investigate the effect of the surrounding
atmosphere.

Most cell-based assays are currently performed on monolayer
cultures (2D substrates)l or array plates,”>>3¢ where cells
adhere over a solid substrate, spread, and form stress fibers
between focal adhesions. The use of microarrays for combina-
torial analysis presents several advantages: high stability, good
control with a homogeneous cell environment, and facilitated
microscope analysis and medium changes. However, in native
tissues, many types of cells interact with other cells and with an
extracellular matrix (ECM) within 3D structures. The cell—cell
and cell-ECM interactions provide mechanical and biochemical
cues that can influence cellular functions and differentiation.
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Figure 6. a) Scheme of SH surfaces patterned with micro-indentations
able to suspend arrays of droplets containing cells; upon 24 h, spheroids
are formed and drug-screening tests may be performed on the individual
droplets. b) Fluorescent images of L929 spheroids obtained from a con-
focal microscope 24 h after the addition of various concentrations of
doxorubicin. c) Percentage of live (green)/dead (red) cells per spot in the
different conditions shown in (b).

Herein, we propose a new process for the formation of arrays of
3D cell agglomerates to be used in drug screening. In the devel-
oped platform, the cells are maintained in suspension, confined
within a miniature liquid cage surrounded essentially by the
gaseous environment of the device. The micro-indentations pro-
duced on the SH surfaces promote the fixation of the droplets
over the highly water-repellent surfaces, even when the surface
and cell suspension droplets are turned upside down. Therefore,
it is possible to produce an array of microliter volume droplets
with an inverse configuration that could be useful for high-
throughput monitoring. Extending the screening of cells in sus-
pension of the last example, we employed the new arrangement
to test the behavior of cells in an aggregated form (see Figure 6).

Commonly used methods to produce uniform cellular sphe-
roids include: the hanging drop culture, microfluidic spheroid
formation, non-adherent micropatterned surfaces, and culture
in microwell plates.®-°! With the proposed platform it is pos-
sible to produce arrays of sedimented spheroids and test them
in the same platform (see the scheme in Figure 6a). Under this
configuration, the cells in the suspended droplets give rise to
spheroids formed by gravity. In this case, the cells do not have
any contact with a solid substrate, and the clusters of cells cul-
tured in this environment allow cell-cell interactions to domi-
nate over cell-substrate interactions. The gravitational force
applied to the cells in the hanging drop suspended cultures
caused sedimentation, and aggregates became visible after 24 h.

The platform used in this work presents several advantages
compared to conventional methods used for spheroid formation:

Adv. Funct. Mater. 2014, 24, 5096-5103
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the use of microsize droplets for cell growth assays allows a
drastic reduction of the volume in which the cells are grown;
the use of SH surfaces, mimicking the effect of rose petals, per-
mits a minimum contact of the liquid to the surface, avoiding
any interferences such as protein adsorption or the release of
molecules from the platform to the liquid media; cell culture
media can be changed easily without destroying the microtis-
sues; drugs or other molecules can be added at any time, and if
precautions are taken, the mechanical impact in the spheroids
is reduced; the platform is compatible with or easily adapted
to many analysis techniques, such as inverted confocal micro-
scopes, in which droplets of cell suspensions remain inverted
on the SH surface; high-throughput combinatorial analysis
may be performed in situ using different cell densities or drug
concentrations. For the proof-of-concept, droplets containing
fibroblasts-like cells with two densities (30 000 and 40 000 cells/
droplet) were dispensed on the inverted platform in order to
promote the spheroids formation. After 24 h, different amounts
of doxorubicin were introduced into the droplets to assess the
dose-dependent response of the formed tumor spheroids to this
anticancer drug. The viability of the cells in the spheroids was
measured after 24 h using live/dead staining images by con-
focal microscopy (Figure 6b). Images were selected out of the
confocal stack to avoid overlapping of the same cells between
images. Figure 6c shows the resulting analysis of the fraction
of live and dead cells in the different conditions. As expected,
with the increase of the doxorubicin concentration, cell viability
decreased in both types of spheroids. The percentage of living
cells is higher in the smaller spheroids. This should be due to
the fact that assessing nutrients and the release of waste is less
efficient in the larger and denser spheroids, giving rise to more
extensive cell death. The images of the Figure 6b clearly show
that dead cells are mostly accumulated in the inner regions of
the spheroids.

3. Conclusions

A new concept of substrates for anchoring aqueous-based
microliter droplets was developed based on the use of supe-
rhydrophobic flat substrates with controlled positional adhe-
sion. Such microarray chips are proposed to be used as a new
low-cost toolbox for high-throughput analyses in aqueous-
based media. The platforms permit the screening of physical,
chemical, and biological processes involving a combination
of distinct elements and conditions, confined in spherical
liquid minireactors. Events taking place in both homoge-
neous and heterogeneous environments can be monitored
inside the fixed droplets onto which relevant manipula-
tions can be made including: mechanical agitations, mixing,
adding/removal of liquids and molecules or positioning the
droplets at any angle relative to the platform. Besides fol-
lowing more conventional chemical reactions, the developed
supports may also have potential to be used in biology or
biomedical applications, including in the field of tissue engi-
neering/regenerative medicine, biochemical and biological
reactions, diagnosis, analytical analysis, drug discovery, and
drug delivery monitoring.
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4. Experimental Section

Fabrication of Patterned SH Surfaces: Smooth polystyrene (PS)
sheets, purchased from Goodfellow, UK, with 0.19 mm of thickness,
ref. ST311190/1, were modified into SH substrates using a one-step
phase-separation methodology under ambient condition. The surface
modification was produced by dissolving 70% v/v solution of PS
(Styrolution PS 158 K) in tetrahydrofuran (THF, from Sigma-Aldrich)
solvent for approx. 2 h to form a pre-solution. Then, 1.4 mL of ethanol,
from Panreac, was added into 2 mL of PS pre-solution and the mixed
solution was stirred. A necessary volume to cover the PS substrate
with this mixture was dipped onto a cleaned PS smooth sheet. After
several seconds in air, the substrate with the mixture was immersed in
ethanol for 1 min in order to force the polymer precipitation, leading
to the formation of a rough and porous topography at both the nano-
and microscale levels. Afterwards the surface was dried at ambient
temperature.

Micro-indentations over the SH surfaces were produced using a
microhardeness tester equipment (Leica VMHT 30) applying loads of
2942 mN, 4903 mN and 19610 mN with a dwell time of 10 s. A sharp
rigid Vickers diamond pyramid indenter (included angle o = 136°)
penetrated into the surface with a constant load during a complete
loading—unloading cycle producing individual indentations. To produce
the pedestals able to sustain arrays of droplets, the indentations were
placed in the surface at a distance of 5 mm from each other, with a
square configuration.

The wettability of the smooth and polystyrene SH surfaces was
assessed by contact angle measurements. Static water contact angle
(WCA) measurements were carried out using an OCA15+ goniometer
(DataPhysics, Germany) using the sessile drop method. Distilled water
(4 pL) was dropped on the surfaces and pictures were taken after
stabilization of the water drop. The adhesion of droplets with different
volumes in the micro-indentations with different sizes of the SH
surfaces were also studied: the sliding WCA of droplets with different
volumes was analysed in each micro-indentations by sloping SH
surfaces until 90°.

The surface morphology of the SH samples was analysed by scanning
electron microscopy, SEM (Leica Cambridge, UK).

Preparation of Microreactor Based on Patterned SH Surfaces: Micro-
indentations with 190 pm of size were produced in the SH surface using
an indentation force of 2942 mN. Magnetic beads (Fe;O,4 diameter
ranging from 5-50 pm) were suspended and stirred until homogeneity
in water with a concentration of 10 mg mL™". A 10 pL water droplet
with magnetic microspheres impregnated was deposited over a micro-
indented SH surface using a microdispenser. The droplet suspension
was subjected to a magnetic field by placing a magnetic stirrer (Fisher
Scientific) with variable speed below the SH surface. The experience
started with an increasing speed until 100 rpm allowing that the
magnetic microspheres form chain-like structure under the influence
of the imposed magnetic field. A cooper sulphate crystal was then
incorporated into the droplet. Images and movies of the droplets during
the dissolution of the crystal were obtained using a Stereo Microscope
+ Lamp Schott KL 200 (model Stemi 1000 PG-HITEC, Zeiss) with 2.5X
magnification, equipped with a digital camera with 5x optical zoom.

Chemically Crosslinked Hydrogels: Water-soluble highly purified chitosan,
CHT (Protasan UP CL 213, viscosity 107 mPa.s, molecular weight
Mw = 2.7x10° g mol™', 83% degree of deacetylation) was purchased
from NovaMatrix. Genipin was purchased from Wako chemicals (ref no.
078-03021). Solutions of CHT were prepared using 1% v/v of acetic acid
at concentrations of 0.1 mg mL™', 1 mg mL™", 5 mg mL™", 7.5 mg mL™
and 10 mg mL™". Genipin solutions were prepared in ultra pure water at
concentrations of 1 mg mL™", 5 mg mL™", 7.5 mg mL™" and 10 mg mL™".
Both materials were mixed using the same quantity of the different
concentrations leading to 20 different combinations. CHT solutions with
the same concentrations without genipin were used as control.

The solutions were dropped in the chips prepared using the SH
surfaces patterned with micro-indentations (190 pm size). The polymeric
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solutions were dispensed over the micro-indentations in a drop-by-
drop logic in individual volumes of 10 pL. Each droplet separated by
5 mm, represents a different combination of CHT and genipin. After
dispensing the solutions, the SH chips were placed in a desiccator with
saturated humidity at 40 °C. Images of the chip were captured in each
30 minutes until one of the conditions being completely crosslinked,
confirmed by the unchanging of the color intensity. The percentage of
reacted amine groups of CHT for each combination with genipin was
quantified by colorimetric assay using the WCIF Image | software. A
standard calibration curve (logarithmic curve, r? = 0.98) of pixel color
intensity vs. glycine concentration was made. Different quantities
of soluble glycine, ranging 0.2 to 2 mg mL™" were prepared including
genipin at a concentration of 10 mg mL™". The measurements of the
pixel intensity from each glycine concentration were performed over a
total of 6 samples. The intensity of the pixels, grey scale 0-255, in which
0 correspond to dark color and 255 white color, was used to associate
the color intensity of the solutions. The intensity color of the droplets of
CHT with genipin was correlated with the pixels intensity of the standard
curve. The percentage of reacted amine groups in each droplet was
determined: the number of reacted amino molecules of the repeating
unit of CHT obtained by the calibration curve was divided by the initial
number of amine molecules.

Cell Expansion and Cell Culture: The immortalized mouse lung
fibroblast cell line L929 was purchased from the European Collection
of Cell Cultures and was used as well established cell line for viability
studies. Cells were expanded in low glucose Dulbecco’s Modified
Eagle’s Medium (DMEM), from Sigma-Aldrich, supplemented with
3.7 g L' sodium bicarbonate, 10% heat-inactivated fetal bovine serum
(FBS, Invitrogen) and 1% antibiotic/antimycotic (final concentration of
penicillin 100 units mL™" and streptomycin 100 mg mL™"; Gibco) at pH
7.4. Cells were grown in 75 cm? tissue culture flasks and incubated at
37 °C in a humidified air atmosphere of 5% CO,. Every 3—4 days, fresh
medium was added. At 90% of confluence, L929 cells grown in tissue
culture flasks were washed with PBS and subsequently detached by a
chemical procedure with 0.05% trypsin-EDTA solution for 5 min at 37 °C
in a humidified air atmosphere of 5% CO,. To inactivate the trypsin
effect, cell culture medium was added.

On-Chip Biological Testing: Combinatorial analysis of fibroblasts-like
cells on patterned SH surfaces was performed. Cells were re-suspended
in culture medium with different pHs (pH ranging from 1-14) adjusted
with HCl and NaOH solutions. Droplets of 5 pL with 1 x 10® cells were
seeded in the micro-indentations of patterned SH surfaces. Specimens
were incubated at different times (5, 30, 60, 90, and 120 minutes) at
37 °C in a humidified 5% CO, atmosphere. The cell viability was
evaluated by a non-destructive live/dead assay. 2 pL of phosphate buffer
saline PBS (Sigma-Aldrich) containing calcein-AM (1:500) and propidium
iodide (1:1000) was placed at each droplet. Calcein-AM and propidium
iodide dyes were purchased from Molecular Probes-Invitrogen. Samples
were then incubated at 37 °C for 10 min and protected from the light.
Droplets were visualized in the dark by fluorescence microscopy
(Axioimage RZ1M, Zeiss). Living cells appeared in green and dead cells
in red.

3D Hanging Droplet System: A hanging drops system used for the
formation of spheroids was also performed using SH surfaces patterned
with adhesive micro-indentations. Prior to cell seeding, the SH surfaces
were sterilized by UV radiation for 30 min. Suspensions with different
fibroblasts-like cell densities (6 x 10 and 8 x 10° cells—=mL™") were
prepared. Droplets of 5 pL of each cell suspensions (in triplicate) were
placed over the micro-indentations of the platform. Then, the platform
was inverted 180° and incubated for 24 h at 37 °C in a humidified 5%
CO, atmosphere. The platform containing droplets of cell suspensions
was fixed into the lids of polystyrene petri dishes, and the bottom
part was filled with cell culture media, in order to create a saturated
environment and avoid the evaporation of the droplets. After 24 h of
cell culture for spheroids formation, 2 pL of doxorubicin (Doxorubicin
hydrochloride, ~ Sigma-Aldrich)  with  different  concentrations
(0.1 mg-mL™", 0.01 mg mL™" and 0.001 mg mL™") were dispensed in the
different droplets. The chip was again incubated for 24 h at 37 °Cin a
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humidified 5% CO, atmosphere. The liquid content of the droplets with
cell aggregates were carefully exchange with PBS. Afterwards, live/dead
assay was performed. 2 pL of PBS containing calcein-AM and propidium
was added to each condition to staining the spheroids. Pictures of the
formed aggregates were taken in the confocal microscope to provide an
accurate quantification (Olympus FluoView FV 1000).

Cell Behaviour Analysis: Image analysis tool (WCIF Image | software)
was used to evaluate the percentage of live/dead cells of each droplet
condition. Each image of stained cells with culture medium with different
pHs obtained from fluorescent microscope was divided in green and
red channels and transformed in a gray scale. The same procedure
was made for each image of stained spheroid obtained from confocal
microscope. The number in each channel (grey scale intensity 0-255, in
which 0 correspond to black colour and 255 white colour) was counted
and divided for the number of total analysed area (300 x 300 pixels?).
The same threshold criterion was used in all images.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author. Video 1 shows the possibility to create an active
mixing approach based on magnetic microspheres incorporated inside
microliter-size droplets. Video 2 shows the dissolution of a crystal in
a water droplet with magnetic beads inside controlled by an external
mechanical stirrer.
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