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LIQUID DROPLET POLYMER COMPOSITE COMPOSITIONS
AND METHODS FOR THEIR PRODUCTION

The present invention is directed to a method for the controlled deposition of liquid droplets
in polymer compositions for forming droplet polymer composite compositions, comprising the steps
of time-controlled settlement of deposited discrete liquid droplets within an unpolymerized pre-
polymer composition, and controlled polymerization of the pre-polymer composition comprising the
settling discrete droplets. The present invention further relates to droplet-loaded polymer material
prepared by said method as well as to the use of said material for preparing, e.g. drug delivery
materials, synthetic organs, microreactors for chemical reactions, multiunit storage reservoirs, filter
materials, exchange materials, magnetic materials, photonic crystals, data storage devices or simple

substance storage devices.

Background of the invention

The introduction of chambers, channels and cages in materials is a challenging step towards,
for example, complex lab-on-chip architectures, metamaterials, flexible sensors, stretchable elec-
tronics, soft composites, mobile structures, and soft robots. Compartmentalization and miniatu-
rization can benefit biomolecules and reactions, e.g. by confining these in a closed, isolated and thus
contamination-free environment, or by the possibility of easily accessing a large number of samples
each with different reaction conditions. Droplets are indeed complex systems characterized by an
internal high mobility of the component molecules that can be functionalized to acquire life-like
characteristics. By tailoring the composition and the surface tension, ‘active’ droplets of sizes
ranging from nano- to milliliters and able to self-divide, self-replicate, or migrate along chemical
gradients can be assembled. A high-throughput platform for crystallization and screening has been
reported in which nanoliter-scale droplets are deposited on a PDMS (Polydimethylsiloxane) chip
with nanowells while an overlay of oil is applied to prevent dehydration. A similar approach has
been applied for single protein counting and single cell analyses. Single size-controlled drops also
constitute ‘micro-reactors’ in which various components can be enclosed in an isolated environment
and are of high interest in the microfluidics field, which often reverts to PDMS technology.

PDMS is a versatile elastomeric material that is widely used for its ease of manipulation, its
very good contour accuracy (<10 nm), chemical inertness, thermal stability, and homogeneity even

when producing microstructures (see Schneider et al., Sensors and Actuators A: Physical 151, 95-99



WO 2019/076944 PCT/EP2018/078328

(2009); and Mata et al., Biomed. Microdevices 7, 281-293 (2005)). Moreover, PDMS is characterized
by a low curing temperature, high flexibility, and it is a visibly transparent material. However, its
most remarkable feature is its hydrophobicity with a water contact angle of 110°. For these reasons
it is widely used from the electronic to the biomedical field, mechanobiology and microfluidics.
Often modified by chemical or physical means, it has been recently coated with a polydopamine
layer to promote its cytocompatibility and thus its interaction with mammalian cells (Chuah et al.,
Scientific Reports 5, 18162 (2015)).

The inclusion of a liquid or gel phase in a polymeric material allows not only the modification
of the mechanical properties of a material but even the generation of soft liquid composites (SLC)
with special properties and functionalities. The Eshelby’s inclusion theory predicts the mechanical
properties of an elastic material embedded in an elastic host matrix. Extended to consider the role
of surface tension when the embedded material is a liquid, Dufresne’s group (Robert W. Style et al,
Soft Matter, 2015, 11, 672, Robert W. Style et al, Nature Physics 11, 82-87 (2015)) showed that the
inclusion of liquid droplets in the matrix can actually increase the macroscopic apparent stiffness of
a solid. Recent studies are even focusing on the effect of inclusions on the stiffness of the overall
material. Soft bioinspired composite in the form of thin films can provide a wide range of tunable
mechanical properties with features similar to human epidermis and may form the basis of sensing
materials and bio-integrated electronics.

Presently used approaches for generating inclusions in solid materials focus on the use of the
emulsion technique which requires a phase separation process by the combination of water in oil
liquids (or the contrary) for the generation of droplets in the matrix. With this technique, there is no
control of the size and localization of the droplets in the matrix.

Mazurek et al. (Polymer 87, (2016) 1-7) teaches the generation of a green and cheap silicone-
based elastomeric composite material with uniformly distributed glycerol droplets prepared by
mixing a stable mixture of PDMS pre-polymer and biodiesel-originating glycerol.

Gerber et al. (Angew. Chem. Int. Ed. 2012, 51, 11293-11296) describes the incorporation of
penicillin-producing fungi into liquified agar that is subsequently covered with a thin layer of
acrylate polymer for producing sustained antibiotic-releasing surfaces.

Lay and Rogach (ACS Appl. Mater. Interfaces, 2017, 9,11309-11320) review hydrogel-based

materials for the delivery of herbal medicines.
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It is the objective of the present invention to provide new and improved composite inclusion
materials with controlled properties, preferably controlled size, position and/or composition of the
inclusion materials.

This objective is solved by a method for the controlled deposition of liquid droplets in polymer
compositions for forming droplet polymer composite compositions, comprising the steps of:

(i) providing an unpolymerized pre-polymer composition,

(i)  providing a liquid for droplet formation in the unpolymerized pre-polymer composition,

(iii) controlled deposition of the liquid in the form of discrete droplets on the surface of or into the
unpolymerized pre-polymer composition,

(iv) time-controlled settlement of the deposited discrete liquid droplets within the unpolymerized
pre-polymer composition, and

(v)  controlled polymerization of the pre-polymer composition comprising the settling discrete
droplets,

wherein

(a) the liquid for droplet formation and the unpolymerized pre-polymer composition are
immiscible,

(b) the discrete liquid droplets are deposited on the surface of or into the pre-polymer
composition to form a one, two or three-dimensional pattern within the unpolymerized pre-
polymer composition by settlement, and

(c) the density of the liquid for droplet formation at 20 °C is at least 5 % higher than the density
of the pre-polymer composition at 20 °C.

The unpolymerized pre-polymer composition for use in the present invention can be any
composition suitable for forming polymers and/or any composition suitable for changing from a
physical state that allows the droplets to pass through the composition, e.g. a liquid, viscous or gel-
like state, to a physical state in which the droplets are arrested in their position within the
composition, e.g. a solid or gel-like state. Of course, the solid state of the polymer composition can
be rigid, flexible, pliable or elastic. Also, the composition may consist of or comprise further non-
polymeric compounds such as, e.g. clay, glue, particles, fibers, or cement. Additionally, the pre-
polymer composition may comprise the curing agent that might be necessary for or assist

polymerization.
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The droplets may be added on the surface of the pre-polymer composition, e.g. by deposition
of drops from a syringe, or they may be injected into the pre-polymer composition using, e.g. a
needle. In the context of the present invention, adding the droplets “on the surface of the pre-
polymer composition” means that the droplets can be deposited at the interface between the pre-
polymer composition and air/gas or an upper, e.g. standing, liquid that is optionally present on top
of the pre-polymer composition. The term liquid includes gel-like states and semi-solid states.
During or after the time-controlled settlement of the deposited liquid droplets in the method of the
present invention, the droplets may optionally solidify or, e.g. if they consist of or comprise pre-
polymers themselves, polymerize.

The droplets may be added on the surface of the pre-polymer composition, e.g. by deposition
of drops from a syringe, or they may be injected into the pre-polymer composition using, e.g. a
needle. Injecting the droplets into the pre-polymer composition is not meant to replace the time-
controlled deposition process but can be practiced to, e.g. avoid contact of the droplets with air, e.g.
in the case of oxygen-sensitive droplet compositions.

Of course, the speed of settlement, of polymerization of the pre-polymer composition and of
solidification of the droplets can be coordinated and/or each of these speeds can be controlled
separately. The position of the droplets (Fig. 12a) within the polymer composition can be controlled
relative to each other and two- and/or three-dimensionally to form an array of droplets as depicted
in Fig. 12 b) and c).

It is within the scope of the present invention that the pre-polymer composition polymerizes
during the settlement of the droplets or after the droplets have adopted a desired position within
the pre-polymer composition. Fig. 1 schematically shows the inclusion of a compound-containing,
liquid droplet in a polymer composition.

Also, the position of the droplets within the polymer composition may be, e.g. additionally,
controlled by other properties of the material comprised within the droplets, e.g. by magnetic
properties. Fig. 7 shows an example how magnet material-comprising droplets can also be
controlled in their position by application of a magnetic field. Thus, the settlement of the liquid
droplets within the pre-polymer composition can optionally be, e.g. additionally and/or specifically,
guided by other means than gravity or difference in density between the droplets and the pre-

polymer composition.
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In the context of the present invention, the droplets are discrete with respect to the pre-
polymer composition. The term “discrete” as used in the context of droplets for use in the present
invention means that the droplets are substantially immiscible with the unpolymerized pre-polymer
composition. It is preferred that the physico-chemical or activity-based properties of the discrete
liquid droplets within the unpolymerized and polymerized (pre-)polymer composition are preserved
during and/or after settlement of the droplets within the (pre-)polymer composition. It is within the
scope of the term discrete that two or more droplets may touch each other at their circumference,
forming a “double-bubble”, or together form one coalescent droplet (Fig. 11). Also, the difference in
density between the droplets and the pre-polymer composition can cause the droplets to move
through the pre-polymer composition, e.g. by following gravity.

The term “controlled deposition” as used herein indicates that the deposition of the droplets
is controlled with regard to their initial positioning, i.e. spatial allocation, on the surface of or into
the unpolymerized pre-polymer composition.

The term “controlled polymerization of the pre-polymer composition” as used herein indica-
tes that the polymerization of the pre-polymer composition is controlled with regard to the
polymerization speed, the polymerization degree, and/or location of polymerization within the pre-
polymer composition, e.g. within minutes or hours, fully/partially polymerized, homogenous or
heterogenous distribution of polymerization throughout the pre-polymer composition.

Unlike gel electrophoresis that uses an electric field, charged solid particles and a pre-poly-
merized polymer that sieves the charged particles according to their size, the present invention
makes use of an un-polymerized pre-polymer to which liquid droplets are added. Also in contrast to
the present invention, size exclusion chromatography or gel-filtration chromatography makes use of
a pre-polymerized polymer to which solid particles are added which are then separated according to
their size. These prior art methods are not suitable for the controlled deposition of liquid droplets in
polymer compositions.

The advantage of the present invention is that liquid droplets of different compositions and
size can be embedded within a polymer composition (a) under control of the position of the
droplets within the composition and relative to each other and (b) with no risk of unwanted fusion,
mixing with the polymer composition or cross-contamination. Therefore, the present method is
especially useful for the development of functional materials from magnetic materials to photonic

crystals, batteries, storage of solutions, biosensors, microreactors (etc.) as outlined further below.
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In a preferred embodiment of the present invention, the density of the liquid for droplet
formation at 20 °C is at least 10, preferably at least 20, more preferably at least 30 % higher than the
density of the pre-polymer composition at 20 °C. The density of the pre-polymer/polymer compo-
sition is known in the art and some representative densities are provided below.

Densities at 25 °C in g/cm3: PDMS: 0.965; PMMA: 1.18; glycerol: 1.26; polypropylene: 0.946;
chitosan: 0.15 - 0.3 {low/high molecular weight); polyvinyl alcohol: 1.19; lipids: HDL 1.063 — 1.210,
LDL 1.006 — 1.063; gelatin: 1.3 — 1.4. Also, the skilled person can determine the density of any given
polymer composition by routine experiments known in the art. The densities of common organic
solvents are provided in the table below (reproduced from http://www.organicdivision.org/orig/

organic_solvents.html)
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Common Organic Solvents: Table of Properties'?3

solubility in

boiling melting density te; Dielectric flash point

Solvent  formula MW point point

cO (0 (g/mlL) (9/100g) Censtarng (°C)
acetic acid GH0, 60052 118 166 10446  Miscible 6.20 39
acetone GH.O 58079 5605  -947 07845  Miscible 21.01 -20
acetonitrile CH,N 41052 8165  -438 07857  Miscible 36.64 6
benzene CHe 7811 801 55 08765 0.18 228 -11
1-butanol CHO 7412 1177  -886 08095 6.3 178 37
2-butanol CH,,O 7412 995  -885 08063 15 17.26 24
2-butanone CHO 7211 796  -866 07999 256 186 -9
t-butyl alcohol CHO 7412 824 257 07887  Miscible 125 1
carbon tetrachloride ~ CCl, 15382 768 -226  15% 0.08 2.24 -
chlorobenzene CHCl 11256 1317  -453 11058 0.05 569 28
chloroform CHCl; 11938 612  -634 14788 0.795 481 -
cyclohexane CHy;, 8416 807 66 07739 <0.1 202 -20
1.2-dichloroethane  CH,Cl, 9896 835  -357 1245 0.861 1042 13
diethylene glycol CHy0; 10612 246 -0 11197 10 318 124
diethyl ether CH,O 7412 345  -1162 0713 7.5 4267 -45
diglyme (diethylene
glycol dimethyl CeHiO03 13417 162 -68 0.943 Miscible 123 67
ether)
L2-dmethoxy CHgO, 9012 845  -692 08637  Miscble 7.3 2

ethane (glyme, DME)
dimethyl-formamide

(DMP) GH,NO 7309 153 -6048 09445 Miscible 38.25 58
ooy R cos 7813 189 184 102 253 47 9
1,4-dioxane CHO, 8811 1011 118 1033 Miscible 2.21(25) 12
ethanol GHO 4607 785  -1141 0789 Miscible 246 13
ethyl acetate CHO, 8811 77 -836 089 8.7 6(25) -4
ethylene glycol CHLO, 6207 195 -13 1115 Miscible 377 11
glycerin CHO, 9209 290 178 1261  Miscible 425 160
heptane CHyg 10020 98 -906 0634 0.01 192 -4
Hexamethylphosph- .

oramide (Mpay CeHsN:OP 17920 2325 72 103 Misble 313 105

7
SUBSTITUTE SHEET (RULE 26)
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Hexamethylphosph-

orous triamide CeHigNsP
(HMPT)

hexane CeHyg
methanol CHO
methyl t-butyl ether

i R Cstha0
methylene chloride ~ CH,(l,
N-methyl-2-

oymrolidnone (uwp) CTEHSNO
nitromethane CH;NO,
pentane GsHyp
Petroleum ether

(ligroine) h
1-propanol GHO
2-propanol CHO
pyridine CeHgN
tetrahydrofuran (THF)  C,H;O
toluene CiHg
triethyl amine CgHisN
water H,0
water, heavy D0
o-xylene CeHyo
m-xylene CgHyg
p-xylene CgHyo

163.20

86.18
32.04

88.15
84.93
99.13

61.04
1215

88.15
88.15
79.10

72.106
9214
10119
18.02
20.03
106.17
106.17
106.17

SUBSTITUTE SHEET (RULE 26)

£

o W
& A

-109
-96.7

8

0.898

0.659
0.791

0.741
1326
1033

1.382
0.626

0.656

0.803
0.785
0.982
0.8833
0.867
0.728
0.998
1.107
0.897
0.868
0.861

Miscible

0014
Miscible

51
132
10

9.50
0.04

Miscible
Miscible
Miscible

30
0.05
0.02

Miscible
Insoluble
Insoluble
Insoluble

PCT/EP2018/078328
7 2%
189 2
2605 1
7 28
9.08 16
32 91
359 35
184 49
30
0105 15
18305 12
12305 17
752 14
23805 4
24 11
78.54 .
7 -
257 32
237 27
227 27
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In a further preferred embodiment, the method of the present invention is one, wherein the
polymer for the polymer composition is selected from the group consisting of
(a) polymers selected from the group consisting of cellulose, dextran, chitosan, collagen, silk,

keratin, elastin, natural rubber, preferably latex, polyvinyl alcohols, styrenes, preferably

acrylonitrile butadiene styrene and styrene ethylene butylene styrene (SEBS), and
combinations thereof;

(b) elastomers, thermoplastics, preferably polypropylene and polyacrylates, more preferably
propylene-ethylene co-polymers and poly(methyl methacrylate) (PMMA), thermosetting
polymers, polysiloxanes, silicones, RTV silicones, polydimethylsiloxanes (PDMS),
polyurethanes, and combinations thereof;

(c) epoxy resins;

(d) gelatinous substances, preferably selected from the group consisting of gelatin, agar, agarose,
collagens and combinations thereof;

(e) hydrogels; and

(f)  combinations thereof;

preferably chitosan, PDMS and combinations thereof, more preferably PDMS.

The polymer composition for use in the present invention may also comprise different layers
of differently composed polymers. For example, layers of polymers of different densities or other
physical properties may be comprised within the polymer composition. Furthermore, it is within the
scope of the invention that individual sections or layers of the pre-polymer are polymerized before
or after other sections or layers of the pre-polymer, e.g. by site-specific application of light or heat.

In a further preferred embodiment, the method of the present invention is one, wherein the
liguid is an aqueous liquid, preferably an aqueous liquid comprising glycerol, more preferably an
aqueous liquid comprising at least 20, at least 30, at least 40, or at least 50 % glycerol by weight.

Alternatively, the liquid for use in the present invention can be non-aqueous and/or comprise
organic solvents, e.g. chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs) or hydrofluoro-
carbons (HFCs). Furthermore, ionic liquids are within the scope of the present invention.

In another preferred embodiment, the method of the present invention further comprises
step (lla) of providing a basal layer of a polymerized polymer composition, preferably in a thickness

of 0.01 to 10 mm, more preferably 0.2 to 2 mm, most preferably 0.1 to 1 mm, preferably from the
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polymer composition of step (i), and superimposing the basal layer with the unpolymerized pre-
polymer composition of step (i).

It is also preferred that the layer onto which the droplets are added (the top layer) is pre-
polymerized, preferably in a thickness of 0.01 to 10 mm, more preferably 0.2 to 2 mm, most
preferably 0.1 to 1 mm.

In a further preferred embodiment, the method of the present invention is one, wherein the
unpolymerized pre-polymer composition is PDMS, the liquid for droplet formation is an aqueous
composition comprising glycerol, preferably comprising at least 20, more preferably at least 30 or at
least 40, most preferably at least 50 % glycerol, and wherein the controlled polymerization of step
(v) is done at room temperature, preferably at 16 to 28 °C, more preferably at 18 to 25, most
preferably at 20 to 22 °C, until polymerization is complete, preferably for more than 20 hours, more
preferably for about 2 days.

In a further preferred embodiment, the method of the present invention is one, wherein the
controlled polymerization step (v) is done under conditions selected from the group consisting of: 20
to 30, preferably about 25 °C for 45 to 55, preferably about 48 h; 90 to 110, preferably about 100°C
for 30 to 40, preferably about 35 min; 110 to 140, preferably about 125°C for 10 to 30, preferably
about 20 min; and 130 to 170, preferably about 150°C for about 5 to 15, preferably about 10 min.

The different temperatures during polymerization influence the PDMS mechanical properties
(see Fig. 13) and can therefore be selected according to the desired properties of the polymer com-
position.

In a further preferred embodiment, the method of the present invention is one, wherein the
controlled deposition of the liquid in the form of discrete droplets on the surface of or into the un-
polymerized pre-polymer composition results in discrete droplets of controlled size, controlled
three-dimensional position, and/or controlled substance composition. The term “size” as used
herein refers to the three-dimensional size of the droplet(s) and also encompasses the volume of
the droplets.

The three-dimensional array or pattern can be diligently controlled as depicted in Figs. 8, 10
and 12.

In a further preferred embodiment, the method of the present invention is one, wherein the
liquid for droplet formation comprises a compound selected from the group consisting of water,

lipids, preferably LDL and HDL, polymers, preferably temperature-responsive polymers and light-

10
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responsive polymers, inorganic particles, preferably titanium dioxide particles, oils, light generating

compounds, light sensitive compounds, electrically conductive compounds, biological or synthetic

fluorophores, pigments, magnetic particles, medicaments, peptides, proteins, living tissue, living
organisms, cells, bacteria, fungi and spores.

In a further aspect, the present invention is directed to a droplet-loaded polymer material
prepared by a method according to the present invention, e.g. as described above.

In another aspect, the present invention is directed to a use of the droplet-loaded polymer
material according to the present invention for the preparation of

(a) drug delivery materials, preferably selected from the group consisting of drug delivery
patches, vaccine patches, preferably patches comprising the polymers dextran and chitosan,
optical lenses, preferably eye lenses, and artificial skin;

(b)  synthetic organs, preferably artificial kidneys or lungs;

(c)  microreactors for chemical reactions, preferably for a catalytic or biocatalytic reaction, more
preferably forming part of sensing devices;

(d)  multiunit storage reservoirs, preferably for the storage of therapeutic agents, more preferably
therapeutic molecules, proteins, antibodies or enzymes;

(e) filter materials, preferably for water filtration or body liquids filtration, more preferably blood
filtration;

(f)  exchange materials, preferably liquid/liquid, gas/liquid or gas/gas exchanging materials;

(g) living mats comprising cells, bacteria, fungi and/or spores, preferably living mats for light or
fluorescence generation, for current or conductivity generation or for filtering, preferably
water filtering;

(h)  magnetic materials comprising magnetic droplets, preferably magnetic nanoparticles, nano-
rods, nanotubes, nanofibers or magnetic clusters;

(i) photonic crystals, preferably three-dimensional optical photonic crystals, more preferably for
color generation or pixel generation; and

1] data storage devices, preferably for storing data by the two- or three-dimensional
arrangement of droplets.

Also, the present invention encompasses any of the above materials including a droplet-

loaded polymer material according to the present invention.

11
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The droplet-loaded materials according to the present invention can be used for drug delivery
(see Fig. 8), e.g. to generate an artificial sweating skin by simulating the sweat glands or by using
micro-needles. Also, vaccine patches with controlled drug release properties can be prepared from
droplet-loaded materials of the present invention.

Active lenses with eye pressure monitoring and drug release abilities can be prepared using
the materials of the present invention. Self-reporting materials based on a bio-hybrid polymer-bio-
molecule combination that signals an applied pressure as a change of fluorescence can be used to
monitor eye pressure in a continuous and low-cost manner. Based on the introduction of droplets
comprising fluorescent molecules (e.g. chemical dyes or proteins) into an elastomeric polymer film,
an applied pressure can be correlated to a variation of fluorescence, e.g. intensity, colour, or FRET
signal (Figs. 2-5 and 10). Biocompatible materials such as PDMS, and fluorescent proteins such as
GFP-variants and C-phycocyanin can be combined to develop a self-reporting material able to
monitor pressure in the physiological range found in the eye.

In the context of the present invention, films consisting of bilayered drug delivery patches
composed of a PDMS reservoir containing liquid active principles and a chitosan-dextran film were
used and demonstrated to deliver a drug at controlled times. The composite films investigated
showed excellent potential as a dressing with controllable degradation and release of active princi-
ples to further enhance wound healing. The degradation layer is based on the use of dextran and
chitosan which also display great potential in wound healing.

A new bio-mimicking composite skin can also be prepared using materials according to the
present invention, consisting of an elastomeric, pressure-triggered sweating system and a water-
responsive layer composed of gelatin and textile (see Figs. 9a) and b)). The skin model undergoes
the same skin-specific changes caused by prolonged water exposure; it swells, smoothens, softens
and follows the same changes in the frictional behavior. A water-responsive, pressure-triggered
sweating artificial skin can also be applied instead of or next to the conventional in vivo investiga-
tions focusing on the influence of various atmospheric conditions and sports activities on skin
properties and frictional behavior. Moreover, it can act as a suitable system to better understand
the influence of water on human skin properties and performance.

The droplet-loaded materials can be used to generate new species by mixing substances for

chemical reactions such as, for example, the reaction of enzymes such as lactase (Fig. 6) or the

12
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generation of gold nanoparticles forming a network of gold spheres. Also, nano-micro reactions can
be realized in droplet-size confinements.

The droplet-loaded materials can further be used as reservoirs, for storage of liquids in a solid
phase avoiding alteration, degradation and contamination. By this way the use of preservatives can
be highly reduced or avoided. Several weeks of storage without degradation or reduction of activity
of the introduced substances can be achieved.

Combination of two inclusions separated by a membrane which can be activated by external
stimulation (e.g. by pH, light or temperature) can also be prepared using materials of the present
invention. The activation (switch on/off) of the membrane allows to release or filter liquids or gases
and by this way represents an exchanger consisting of spheres (use of liquid droplets for the genera-
tion of spheres) generated in elastomeric polymeric materials. Exchangers between liquid/liquid,
gas/liquid and finally gas/gas interfaces can be prepared. This filter technique can also be applied for
preparing artificial kidneys (liquid/liquid exchanger) or lungs (liquid/air exchanger).

Living materials (see Figures 14 and 15) can be included in the droplets according to the
present invention. The living materials for introduction into droplets are, e.g. cells, bacteria, fungi
and/or spores to form “living mats”. Applications of these living mats are, e.g. light or fluorescence
generation or energy generation based on living materials able to generate current or conductivity,
e.g. in the context of microbial full cells (batteries) based on bio-electrochemical systems. Living
mats can also be used for water filtration. Also, the living organisms can be released from the
polymeric material in a controlled manner.

Inclusions-loaded mats containing magnetic particles can also be prepared according to the
present invention. The magnetic properties of the magnetic particles in the droplets can, e.g. be
used for the displacement of droplets during the polymerization phase or the organization of
magnetic nanoparticles in droplets following magnetic field lines (see Fig. 7).

3D optical photonic crystals can be realized by adding several stacked layers of droplet-loaded
polymer compositions. Droplet-based photonic devices can be prepared by the addition of droplet-
loaded stacking layers for color generation or pixels for new TV screen displays. The combination of
the Red, Green and Blue colors can be used for the generation of white light.

The materials of the present invention can also be used for data coding by defining precise
sequences or two- or three-dimensional arrays of droplets or by random generations of sequences

or two- or three-dimensional arrays of droplets.
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Generation of droplet-loaded polymer compositions by FluidFM technology (see André
Meister et al, Nano Letters, 2009, Vol.9, No. 6, 2501-2507; Orane Guillaume-Gentil et al, Trends in
Biotechnology, July 2014, Vol. 32, No. 7; Raphael R. Griiter et al, Nanoscale, 2013, 5, 1097)

Based on a classical research grade AFM, the FluidFM technology allows the generation of
controlled micro-nano sized droplets. This advanced solution allows the combination of an AFM with
microfluidics capabilities. Adding the possibility to work in liquid and with cells, the FluidFM techno-
logy integrates an innovative hollow AFM cantilever able to release in a controlled manner liquids or
air (up to femtoliter volume release). This technology can be used to generate droplet-loaded
polymer compositions with unprecedented sizes that are not achievable by prior art methods such
as spotting, nanolithography and micro/nano patterning.

In the following, the present invention is illustrated by way of specific and representative
examples, none of which are to be considered as limiting the present invention beyond the scope of
the appended claims.

Figures

Fig. 1 schematically shows the inclusion of a compound-containing, e.g. a biomolecule-containing,
aqueous solution in PDMS. Above a thin layer of pre-polymerized PDMS, a liquid PDMS mixture is
placed and droplets of compound-containing aqueous solutions are deposited and settle by gravity.
Figs. 2a to d show molecules included in PDMS as droplets in liquid form. Deposited as 6 droplets
with 10 pl volume, aqueous solutions containing the fluorescent protein GFP were stored in PDMS
as micro-sized spherical droplets. Surface hydrophobicity of the fluorescent proteins used in the
study CPC (b, with bilin cofactor as blue spheres), GFP (c), and mCherry (d) were visualized according
to the normalized Eisenberg hydrophobicity scale (Eisenberg et al., J. Mol. Biol. 179, 125-142
(1984)).

Fig. 3 is a picture showing the inclusion of fluorescent proteins in PDMS by lateral illumination with
an XX lamp. The fluorescence of the biomolecule was also visually detected.

Fig. 4 shows the concentration-dependent fluorescence of GFP embedded in PDMS.

Fig. 5 shows the absorbance and fluorescence spectra of fluorescent proteins GFP, CPC and mCherry
inclusions in PDMS.

Fig. 6 shows the inclusion of the biocatalyst laccase and the concentration-dependent activity of
laccase as included sample (LACC-PDMS) and as untreated enzyme solution (LACC) incubated under

identical conditions.

14



WO 2019/076944 PCT/EP2018/078328

Fig. 7 is a time-dependent set of photographs demonstrating that the movement of nanoparticles
included as droplets can be controlled by an external magnetic field (red arrow) and visualized by
optical microscopy. Droplet volume: 10 pL.

Fig. 8 a) and b) are photographs of droplet-loaded patches ready for release in drug delivery
systems, e.g. for skin wound dressing.

Fig. 9: a) is a photo of an artificial sweating skin patch able to release liquids under applied pressure.
b) is an illustration of the liquid release during friction measurements (left) or on paper by direct
applied pressure (right).

Fig. 10 a) to f) are illustration of PDMS membranes containing protein-loaded droplets for FRET.
Fig. 11 depicts different configurations and three-dimensional arrangements of droplets (depicted
as spheres) in polymer compositions. The droplets are discrete and can, e.g. be spaced apart or can
touch one another at their circumference. The droplets can be separated by a supplementary layer
which can be activated by different stimuli (light, temperature, etc.) for opening or closing.

Fig. 12 a) is a scheme of a single droplet included in a polymer composition and shows how the
deposition of a single droplet on a liquid viscous unpolymerized material allows the control of the
size, position and the substance of the droplet. b) depicts the deposition of multiple droplets
generating organized arrays with control of their sizes, positions and substances. c) depicts a three-
dimensionally organized droplet array.

Fig. 13 depicts the influence of the curing temperature, i.e. the temperature during polymerization,
on the PDMS mechanical properties (reproduced from I. D. Johnston, D. K. McCluskey, C. K. L. Tan
and M. C. Tracey, mechanical characterization of bulk for microfluidics and microengineering, J.
Micromech. Microeng. 24 (2014).

Fig. 14 shows the inclusion of living bioluminescent fungi (Trichoderma harzianum-gfp) in
polydimethylsiloxane (PDMS). Three different concentrations of fungal solutions are used. The
transparent droplets correspond to glycerol droplets used as a blank. Bioluminescent fungi in liquid
solutions are incorporated during the liquid pre-polymerized phase of the PDMS. The fungal
mycelium can grow in this soft liquid composite material and the growth can be monitored by
following the fluorescent intensity. The fluorescent activity can also be used to monitor and control
the release properties of these living microorganisms.

Fig. 15 shows bioluminescent fungal structures (Trichoderma harzianum-gfp) under the microscope.
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Examples

Specifically, the below examples relate to a method for the deposition of biomolecules as
liquid droplets in PDMS films to generate SLC (soft liquid composite) materials. The formation and
storage of these exemplary biomolecules in aqueous droplets is achieved without surfactants or
detergents that might compromise their bioactivity. The method is illustrated for three different
fluorescent proteins and the biotechnologically-relevant catalyst laccase. The methods were carried
out under mild conditions with regards to temperature, pH, and pressure, thus conforming the
suitability of the method for the controlled inclusion of even sensitive biological entities.

Example 1 — PDMS gels preparation and droplet formation

The Sylgard 184 kit including PDMS monomer and curing agent was purchased from Dow
Corning. For polydimethylsiloxane (PDMS) fabrication the base and curing agent were mixed with a
10:1 ratio by weight and poured into a mold. The PDMS is cured for at least 48 h at room
temperature. Paramagnetic particles were purchased from Polyscience (Cat. #18879).

Example 2 - Fluorescent biomolecules production

The fluorescent proteins a-subunit of C-phycocyanin from Synechocystis sp. PCC6803, the His-
tagged version of GFPuv (GFP), and mCherry were recombinantly expressed in E. coli BL21(DE3) as
described in Faccio et al., RSC Adv. 5, 22319-22325 (2015). CPC, GFP and mCherry were all expressed
with a hexa-histidine tag and purified by nickel-affinity chromatography using an Akta Purifier
system and Histrap columns (GE Healthcare) as described in Faccio et al. (see above).

Example 3 - Protein analytics and quantification

Spectrophotometric UV-Vis analyses were with a 96-well plate reader using a 200 ul sample at
22°C. Fluorescence measurements were performed using black half-area multiwell-plates with a 100
pl sample and with Aex=609 nm and Aem=400-700 nm. GFPuv concentration was determined using
Nanodrop (Thermo Scientific) and an extinction coefficient €e=27000 M-1 cm-1 at 280 nm and a
calculated molecular mass of 27862 g mol™. CPC concentration was determined from the absor-
bance at 620 nm using an extinction coefficient €%, = 70. mCherry was quantified using an
extinction coefficient £=35870 M-1 cm-1 at 280 nm, as calculated with the software Protparam40.

Example 4 — Imaging

Images for intensity analysis were taken with a LS Reloaded Microarray Scanner (Tecan, Swit-
zerland) equipped with three lasers at 635 nm, 532 nm, 488 nm, Images were also acquired with a

microscope Leica DM6000 fitted with a digital camera (Leica DM6000, Wetzlar, Germany) and
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equipped with a GFP (Aex=450-490 nm, Aem=525-550 nm) and N2.1 filter (Aex=515-560 nm,
Aem>590 nm).

Example 5 - Enzymatic activity

Laccase from Trametes versicolor (product nr. 38429) and chemicals were purchased from
Sigma Aldrich (Buchs, Switzerland). Laccase activity was measured using ABTS as substrate in
Mcllvaine buffer pH 4 at room temperature. Enzymatic activity was calculated with a molar
extinction coefficient of 36000 M~ cm™ for oxidized ABTS.

Example 6 — Inclusion process

The controlled deposition of an aqueous solution within an unpolymerized PDMS polymer
composition required a difference of density between liquid droplet and unpolymerized polymer
material to drive the settling of the liquid droplet (see Fig. 1). Initial screening experiments identified
glycerol as a suitable compound providing both increased density (glycerol density d = 1,26 g/cm3
and PDMS density d = 0.97 g/cm?® at 20°C) and conformational stabilization of the biomolecules
applied. Moreover, PDMS and glycerol were selected for this example for their properties of incom-
pressibility and immiscibility. Glycerol was added at a concentration of 50% to all the aqueous
samples to be investigated. In order to provide a first basal layer of PDMS (0.5-1 mm thickness) the
unpolymerized PDMS composition was poured in the mold and kept at room temperature for curing
under mild conditions, e.g. room temperature (22°C) for 48 h. Once cured, a second unpolymerized
PDMS composition was dispensed to reach an approximate 1:5 volume to volume ratio with the
basal layer. As an alternative to degassing, air inclusions were let spontaneously displace at the
surface and, when no longer visible (after about 30 min incubation), drops of the chosen compound,
i.e. biomolecule-containing aqueous glycerol solutions were dispensed on the surface of the viscous
unpolymerized PDMS composition using a micropipette. The deposition of the liquid droplets was
thus realized before polymerization of the PDMS, during a defined period of time where PDMS
remains in a liquid viscous state and the position of the droplet can be controlled as its reaches the
basal layer. The samples were subsequently incubated at 22°C for 2 days for curing. By controlling
the volume of the droplet (e.g. from 1 to 20 pL), liquid inclusions of spherical shape and different
size can be achieved (Fig. 1).

Example 7 - Inclusion of fluorescent proteins and characterization

Fluorescent proteins were used as representative model compound to investigate the effect

of inclusion on biomolecules. Variants of fluorescent proteins were engineered to respond to
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temperature, oxidative environment, and metabolites. Fluorescent proteins CPC, mCherry, and GFP
(Fig. 2) were selected for different fluorescent properties. This fluorescence can be perturbed by,
among other phenomena, the interaction with a material surface. The fluorescent proteins have a
molecular surface showing, although well distributed, hydrophobic regions that might drive the
interaction with the PDMS surface (Fig. 2). Droplets with volumes of 1-20 ul were deposited giving
raise to inclusions of 0.3-2 mm in diameter. For routine preparations, a drop size of 20 ul was used
as it contained sufficient solution to carry out the characterization.

All CPC, GFP and mCherry deposited as droplets in PDMS retained their characteristic light
absorption and fluorescence properties (Fig. 3), e.g. as reported for the untreated proteins that have
a max of absorbance/fluorescence of 620/640 nm, 395/509 nm, and 587/610. Fluorescence could
be also visually detected in the material upon illumination (Fig. 4). In addition to being measurable
with a fluorimeter, this could be quantified using a microarray scanner. Droplets containing different
concentrations of GFP in a concentration of 0 to 2 mg/ml were deposited and the correlation
between concentration and emitted fluorescence was not affected by the deposition process (Fig.
5).

Example 8 - Inclusion of a biocatalyst

Enzymes are biomolecules carrying out biocatalytic reactions. Solutions of a fungal laccase
with concentrations ranging from 0 to 3.2 mg/ml were included in liquid droplet/PDMS polymer
compositions and the residual activity studied and compared to an identical untreated enzyme
solution. Even if the inclusion process required 2 days for polymerization and incubation at room
temperature, the enzyme solution included in PDMS still showed a statistically significantly
comparable residual activity of the untreated solutions (Fig. 6).

The deposition of laccase (pl = 3.535) in liquid droplets in PDMS did not lead to any loss of
enzymatic activity when compared to the untreated equivalent solution (Fig. 6). The laccase solution
was prepared in 50% glycerol, 100 mM K-phosphate pH 7.5, a condition far from the isoelectric
point of the protein. In addition, the glycerol present in the droplet at a high concentration might
add, with its amphiphilic nature, to the retention of the biomolecules in the liquid phase, as it can
shield the hydrophobicity of the PDMS surface from interacting with the hydrophobic regions of the
proteins.

Example 9 - Inclusion of hanoparticulate material
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The possibility of including liquid droplets in a material, paves the way for the inclusion of
traceable elements whose behavior can be influenced by external triggers. Nanoparticles have been
introduced into static droplets for stirring at a microliter scale within seconds and to control droplet
motion on surfaces. By including aqueous solution in PDMS compositions containing superparamag-
netic nanoparticles, the localization and orientation of these were externally controlled with a

magnet to swirl the solution within the droplet (Fig. 7).
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Claims

Method for the controlled deposition of liquid droplets in polymer compaositions for forming

droplet polymer composite compositions, comprising the steps of:

(i) providing an unpolymerized pre-polymer composition,

(i)  providing a liquid for droplet formation in the unpolymerized pre-polymer composition,

(iii) controlled deposition of the liquid in the form of discrete droplets on the surface of or
into the unpolymerized pre-polymer composition,

(iv) time-controlled settlement of the deposited discrete liquid droplets within the
unpolymerized pre-polymer composition, and

(v)  controlled polymerization of the pre-polymer composition comprising the settling
discrete droplets,

wherein

(a) theliquid for droplet formation and the unpolymerized pre-polymer composition are
immiscible,

(b) the discrete liquid droplets are deposited on the surface of or into the pre-polymer
composition to form a one, two or three-dimensional pattern within the unpolymerized
pre-polymer composition by settlement, and

(c) the density of the liquid for droplet formation at 20 °C is at least 5 % higher than the

density of the pre-polymer composition at 20 °C.

The method of claim 1, wherein the density of the liquid for droplet formation at 20 °C s at
least 10, preferably at least 20, more preferably at least 30 % higher than the density of the

pre-polymer composition at 20 °C.

The method according to any of claims 1 and 2, wherein the polymer for the polymer compo-
sition is selected from the group consisting of
(a) polymers selected from the group consisting of cellulose, dextran, chitosan, collagen,

silk, keratin, elastin, natural rubber, preferably latex, polyvinyl alcohols, styrenes,
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preferably acrylonitrile butadiene styrene and styrene ethylene butylene styrene (SEBS),
and combinations thereof;

(b) elastomers, thermoplastics, preferably polypropylene and polyacrylates, more
preferably propylene-ethylene co-polymers and poly(methyl methacrylate) (PMMA),
thermosetting polymers, polysiloxanes, silicones, RTV silicones, polydimethylsiloxanes
(PDMS), polyurethanes, and combinations thereof;

(c) epoxy resins;

(d) gelatinous substances, preferably selected from the group consisting of gelatin, agar,
agarose, collagens and combinations thereof;

(e) hydrogels; and

(f)  combinations thereof;

preferably chitosan, PDMS and combinations thereof, more preferably PDMS.

The method according to any of claims 1 to 3, wherein the liquid is an aqueous liquid,
preferably an aqueous liquid comprising glycerol, more preferably an aqueous liquid

comprising at least 20, at least 30, at least 40, or at least 50 % glycerol by weight.

The method according to any of claims 1 to 4, further comprising step (lla) of providing a basal
layer of a polymerized polymer composition, preferably in a thickness of 0.01 to 10 mm, more
preferably 0.2 to 2 mm, most preferably 0.1 to 1 mm, preferably from the polymer composi-
tion of step (i), and superimposing the basal layer with the unpolymerized pre-polymer

composition of step (i).

The method of any of claims 1 to 5, wherein the unpolymerized pre-polymer composition is
PDMS, the liquid for droplet formation is an aqueous composition comprising glycerol,
preferably comprising at least 20, more preferably at least 30 or at least 40, most preferably at
least 50 % glycerol, and wherein the controlled polymerization of step (v) is done at room
temperature, preferably at 16 to 28 °C, more preferably at 18 to 25, most preferably at 20 to
22 °C, until polymerization is complete, preferably for more than 20 hours, more preferably

for about 2 days.
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The method according to any one of claims 1 to 6, wherein the controlled deposition of the
liguid in the form of discrete droplets on the surface of or into the unpolymerized pre-polymer
composition results in discrete droplets of controlled size, controlled three-dimensional

position, and/or substance composition.

The method according to any of claims 1 to 7, wherein the liquid for droplet formation
comprises a compound selected from the group consisting of water, lipids, preferably LDL and
HDL, polymers, preferably temperature-responsive polymers and light-responsive polymers,
inorganic particles, preferably titanium dioxide particles, oils, light generating compounds,
light sensitive compounds, electrically conductive compounds, biological or synthetic
fluorophores, pigments, magnetic particles, medicaments, peptides, proteins, living tissue,

living organisms, cells, bacteria, fungi and spores.

Droplet-loaded polymer material prepared by a method according to any of claims 1 to 8.

Use of the droplet-loaded polymer material according to claim 9 for the preparation of

(a) drug delivery materials, preferably selected from the group consisting of drug delivery
patches, vaccine patches, preferably patches comprising the polymers dextran and
chitosan, optical lenses, preferably eye lenses, and artificial skin;

(b)  synthetic organs, preferably artificial kidneys or lungs;

(c)  microreactors for chemical reactions, preferably for a catalytic or biocatalytic reaction,
more preferably forming part of sensing devices;

(d)  multiunit storage reservoirs, preferably for the storage of therapeutic agents, more
preferably therapeutic molecules, proteins, antibodies or enzymes;

(e) filter materials, preferably for water filtration or body liquids filtration, more preferably
blood filtration;

(f)  exchange materials, preferably liquid/liquid, gas/liquid or gas/gas exchanging materials;

(g) living mats comprising cells, bacteria, fungi and/or spores, preferably living mats for
light or fluorescence generation, for current or conductivity generation or for filtering,

preferably water filtering;
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(h)  magnetic materials comprising magnetic droplets, preferably magnetic nanoparticles,
nanorods, nanotubes, nanofibers or magnetic clusters;

(i) photonic crystals, preferably three-dimensional optical photonic crystals, more
preferably for color generation or pixel generation; and

1] data storage devices, preferably for storing data by the two- or three-dimensional

arrangement of droplets.
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