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Abstract Micropatterning of hydrogel has brought inno-
vative outcomes in fundamental and applied material sci-
ences. Previous approaches have mainly been dedicated
to fabricate arrays of bulk hydrogel beads, which have
inherent challenges including loading ability, scalability,
specificity and versatility. Here we present a method-
ology to create hollow microcapsule arrays from sessile
microdroplets. The difference in wettability between hy-
drophilic and hydrophobic surfaces enables self-partitioning
of liquid into microdroplet arrays, serving as microreser-
voirs to load complementarily-functionalized host-guest
polymers, cucurbit[8Juril-threaded highly-branched polyro-
taxanes (HBP-CB[8]) and naphthyl-functionalized hydrox-
yethyl cellulose (HEC-Np). The interfacial dynamic com-
plexation between positively-charged HBP-CB[8] and HEC-
Np occurred in the presence of negatively-charged surfac-
tants, resulting in condensed supramolecular hydrogel skins.
The hydrogel microcapsules were uniform in size, and were
developed to encapsulate target cargos in a robust and
well-defined manner. Moreover, the microcapsule substrates
were further used for surface enhanced Raman spectroscopy
(SERS) sensing upon loading of gold nanoparticles. This
facile assembly of microcapsule arrays has potential ap-
plications in controlled cargo delivery, bio-sensing, high
throughput analysis and sorting.

Stimuli-responsive hydrogels are water-swollen three-
dimensional polymer networks, and they have been exten-
sively studied on account of their sensitivity to environ-
mental stimuli including change in pH, light, mechanical
stress, as well as thermal and electric triggers.!! 8 The capa-
bility to engineer bulk hydrogel materials into microarrays
is promising for the development of miniaturized devices
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as controlled delivery systems, sensors, diagnostics and in
tissue engineering.*~'®! Moreover, they enable extremely
small-volume, high-throughput and compartmental manipu-
lations. Such hydrogel compartmentalization can be readily
designed from various stimuli-responsive polymers, impart-
ing the microarrays with responsiveness/adaptability to en-
vironmental changes. Although this fabrication process has
been extensively investigated, considerable efforts are dedi-
cated to bulk hydrogel beads or patterns for capturing chem-
ical or biological samples.!'”-!° Patterned arrays made of
hydrogel microcapsules have been rarely reported, due to the
difficulty of accumulating polymer backbones at the micro-
droplet surface during the gelation process, unless a multiple
emulsion technique is used.”?!1 Such hydrogel microcap-
sules are highly desirable, on account of their unique charac-
teristics such as hollow cavities, well-defined skins as well as
relatively large space available for cargo encapsulation and
isolated reactions.22-26]

In this study we exploit supramolecular building units
to construct patterned hydrogel microcapsules on solid sub-
strates for cargo delivery and chemical sensing. Supramolec-
ular materials are built through non-covalent interactions
such as metal coordination, hydrogen bonding, ionic in-
teractions, -7 stacking or host-guest interactions.!?>%7-2]
In our previous report, supramolecular microcapsules can
be readily fabricated through a one-step microfluidic ap-
proach.3%321 Complementarily-functionalized polymers in
an aqueous phase accumulated at the water/oil interface
with the presence of charged surfactants.??! Dynamic
CB|[8] host-guest complexation between these polymers then
yielded well-defined microcapsule skins. This supramolec-
ular interaction is potentially responsive to a wide variety of
stimuli, such as redox, light, competitive guests and temper-
ature.[22:29.33,34]

Self-partitioned sessile microdroplets are used here to
locally accommodate supramolecular polymers and pattern
the hydrogel microcapsules. In addition to properties asso-
ciated with mobile microfluidic droplets, e.g. low reagent
consumption and high throughput, sessile microdroplets ex-
hibit exceptional advantages such as controllable morphol-
ogy, allowance for facile tracking and manipulation.?3-26]
Briefly, a glass slide was treated with piranha solution to re-
move any possible contaminants (Figure 1a), followed by
the surface functionalisation with trichloro(1H, 1H, 2H, 2H-
perfluorooctyl)silane, yielding a hydrophobic surface with
a contact angle of 110°. A further hydrophilic micropat-
tern was generated through oxygen plasma treatment with
a polydimethylsiloxane (PDMS) mask. Due to the wetta-
bility difference between the non-treated (hydrophobic) and
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Figure 1. Schematic illustration for preparing the patterned arrays of supramolecular hydrogel-based microcapsules. (a) Construction of wettability-
tunable glass substrates to prepare microdroplet arrays and subsequent in situ formation of supramolecular hydrogel microcapsule arrays; (b) interface
self-assembly of supramolecular components to achieve hydrogel microcapsules and (¢) chemical structures of the components used here.

Figure 2. Supramolecular microcapsule array generated through the
wettability-mediated assembly strategy. (a-c¢) Optical images of the as-
obtained microdroplets arrays with spherical, snowman and cross mor-
phologies, respectively. (d-f) Bright-field images of the dynamic assembly
process for the hemispheric supramolecular hydrogel microcapsules. (g-h)
SEM images of Area 1 and Area 2 in (f), and (i) its cross-sectional view of
the resulting supramolecular hydrogel microcapsules.
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treated (hydrophilic) areas, aqueous solutions could readily
form an array of sessile microdroplets on the patterned hy-
drophilic areas. The microdroplet surfaces were then cov-
ered with a layer of oil, in order to guide the supramolecular
self-assemblies at the oil/water interface and control the wa-
ter evaporation.

Sessile microdroplets containing a mixture of highly-
branched HBP-CB[8] and HEC-Np (chemical structures
listed in Figure 1c) were used here to form the micro-
capsules. To tune the interfacial assembly, Fluorinert oil
(3M, FC-40) containing 1.8 wt.% negatively-charged dopant
of Krytox® 157FS-L was used. On account of the elec-
trostatic interactions between the positively-charged HBP-
CB|8] (microdroplets) and complementarily-charged perflu-
orinated dopant (oil phase), the polymer components pref-
erentially accumulated at the droplet interface.*>33! Addi-
tionally, CB[8]-mediated host-guest complexation between
HBP-CB[8] and HEC-Np promoted the formation of a hy-
drogel skin as well as the supramolecular capsule arrays
(Figure 1b). The strong yet dynamic CB[8] host-guest in-
teractions impart the hydrogel skins with additional proper-
ties, such as stimuli-responsiveness, adaptiveness and self-
healing, which will be explored in the following context.
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Figure 3. Cargo retention capacity of the supramolecular hydrogel microcapsule arrays. (a) An optical image of the rehydrated capsule arrays, showing
high transparency with a Cambridge University logo as background. The optical (b) and fluorescence (c¢) images of the TRITC-dextran-loaded capsules
upon adding a drop of water. Cargo retention capacity of (d) highly-branched HBP-CB[8]@HEC microcapsule arrays, with (e) the linear analogue
LP@CB[8]@HEC as a control, upon immersing into the aqueous ADA solution (1 mM). Competitive guest (ADA) could effectively dissociated the
ternary complexes within the LP@CB[8]@HEC as a control, but not the highly-branched HBP-CB[8] @HEC, on account of the mechanical locking of the

CB[8] host molecules.

Microcapsule arrays with controllable sizes and patterns
could be achieved using sessile microdroplets. As shown

in Figure 2a-c, microdroplet arrays in the shape of spheres,
snowmen and crosses could be readily generated by simply
defining the hydrophilic patterns. This feature makes it pos-
sible to encode useful information within these individual
compartments, removing reliance on fluorescent labelling.
Due to the strong adhesion between the polymeric com-
ponents and the glass substrate, coating with high-density
perfluorinated oil (1.85 g cm—3) does not cause the delam-
ination and floating of the microdroplets, but rather stabi-
lizes the micropatterns and facilitated the interfacial self-
assembly while the water slowly evaporated (Figure 2d-f).
In situ observation shows the evolution from transparent and
homogeneously-distributed microdroplets (Figure 2d, poly-
mer solution), through the appearance of wrinkle and buck-
les at the edges (Figure 2e, formation of supramolecular hy-
drogel shells upon water evaporation), and finally a polymer
skin on the supramolecular hydrogel microcapsules arrays
(Figure 2f, completion of water evaporation).

The complementarily-charged dopant and the perfluori-
nated oil together play a critical role on the formation of

microcapsules. In addition to providing the interface for
complexation, the oil layer also suppresses the capillary flow
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from the droplet centre to its edge, ensuring uniform distri-
bution, other than the coffee-ring effect, of polymer com-
ponents throughout the entire droplet during water evap-
oration.3%371 Subsequently, supramolecular hydrogel skin
formed at the micropatterned areas (thickness of ca. 300
nm), and appearance of folds and creases was noticed due
to shrinkage during water evaporation (Figure 2g-i). On
the other hand, microcapsules could also be readily accessed
through the free standing microdroplets via the microfluidic
technique (see ESI Figure S1), similar to our previous re-
ports,39-321 further confirming the electrostatic interaction
as a driving force for hydrogel skin generation.
Simultaneous encapsulation of guest molecules during
microdroplet formation provides a facile method for cargo
loading, as well as subsequent controlled release. To
generate cargo-loaded microcapsules, tetramethylrhodamine
isothiocyanate-dextran (TRITC-dextran, 155 kDa) was di-
rectly added with a mixture solution of HEC-Np and HBP-
CBI8] prior to the wettability-based microdroplet deposi-
tion process. Upon loading, the cargos were encapsulated
within the aqueous microdroplets and located within the
core of the microcapsules. Figure 3a shows the as-obtained
cargo-loaded microcapsule arrays after rehydration. Due
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Figure 4. Cargo release performance of the supramolecular hydrogel microcapsule arrays. (a) Fluorescence micrographs of cargo-loaded microcapsule
arrays after rehydration. (b) Release profiles of the cargo-loaded microcapsule arrays including CB[8]@LP arrays and highly-branched HBP-CB[8] mi-
crocapsules arrays, respectively. (c¢) The effect of concentration of supramolecular forming components on the cargo retention capacity of the as-obtained
highly-branched HBP-CB[8] microcapsule arrays. Note: S30, S60 and S90 refer to HBP-CB[8] @HEC microcapsules assembled from 30, 60 and 90 uM

CBJ[8] crosslinking motifs, respectively.

to the similar refractive indices between the glass substrate
and polymer components, these microcapsule arrays became
transparent. After exposure to a drop of water, the pat-
terned areas transformed into hemispherical microdroplet
arrays upon hydration (Figure 3b), with remarkable red
fluorescence observed (Figure 3c), due to the retention of
TRITC-dextran cargo upon rehydration. To evaluate the ro-
bustness of the microcapsules built with highly-branched
HBP-CB[8] backbones, exposure to l-aminoadamantane
(ADA), a competitive guest for MV>*-Np-CB[8] ternary
complexes, 228291 was conducted. Because of the mechan-
ical locking of CB[8] host molecules onto the polymer back-
bone, 38! the ADA molecules could not effectively dissociate
the complexes (Figure 3d). On the contrary, for a control
made of its analogue linear poly(HEAm-co-StMV), addition
of ADA readily destructing the microcapsule structure and
inducing an burst release of TRITC-dextran (Figure 3e).

To further investigate the molecular permeability of the
microcapsule arrays, release kinetics of the TRITC-dextran
cargos were tracked over time. As shown in Figure 4a, cargo
within HBP-CB[8]@HEC microcapsules was retained for a
longer period than the linear controls. The TRITC-dextran
cargo rapidly released from the linear polymer arrays, with

almost 80% release within the first 10 min (Figure 4b). On
the contrary, 20% release was detected in the first 10 min

WileyVCH journal

for the HBP-CB[8]@HEC microcapsules arrays, followed
by a steady release profile with a 50% release over 2 h. This
release character indicates that the highly-branched geome-
try improved the cargo retention capacity substantially. One
of the attractive features of the HBP-CB[8] arises from its
high CB[8] loading capacity, without sacrificing its aque-
ous solubility (Ccpjgy > 20 mM). Moreover, the branched
chain topology remarkably increased the characteristic re-
laxation time (7.) of the hydrogel network by over 5 or-
ders of magnitude through a spatiotemporal tuning, thus en-
hanced mechanical strength, as well as decreased porous size
here.[333%1 A further investigation was carried out to study
the effect of polymer loading amounts on the cargo reten-
tion capacity. S30, S60 and S90 (Figure 4c¢) correspond
to release profiles of HBP-CB[8]@HEC microcapsules as-
sembled from 30 uM, 60 uM and 90 uM CB[8] crosslink-
ing motifs, respectively. A burst release of 20% was also
observed at the early stage of rehydration, with subsequent
sustainable release. Surprisingly, as the amount of polymeric
components increases, a faster release was detected, which
is something that warrants further investigation.

In addition, the microcapsule arrays were capable of im-
mobilizing gold nanoparticles onto their surfaces, facilitat-
ing SERS sensing (Figure 5a).1*’! Gold naoparticles (diam-
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Figure 5. (a) Surface enhanced Raman spectroscopy (SERS) substrate derived from gold nanoparticles (Au NPs) attached to microcapsule arrays. (b and
¢) SEM images for patterned capsules after immersing into an aqueous solution containing Au NPs. (d) SERS spectra of capsule arrays with no Au NPs
(black line), Au NPs covered capsule arrays (red line); (e) SERS spectra of TRITC-dextran encapsulated microcapsules without (black line) and with Au

NPs (red line).

eter: 60 nm) were immobilized onto the microcapsule skins
(Figure 5b and 5c¢). The Raman spectra were recorded in a
backscattering geometry (wavelength of 633 nm, power of
55 uW and acquisition time of 100 ms). The Raman spectra
of the microcapsule sample without Au NPs (control, black
line in Figure 5d) shows a very low-intensity Raman band.
Nevertheless, with Au NPs immobilized, enhanced signals
centred at ca. 830 cm™! (characteristic peak for CB[8]),
1630, 1560 and 1308 cm ™~ (characteristic peaks for MV2*)
were readily detected (red line in Figure 5d).*! Signifi-
cantly, the cargo-loaded capsules (TRITC-dextran, 5 uM)
could also be probed by SERS. Figure Se shows the SERS
spectra of TRITC-dextran encapsulated microcapsules be-
fore and after Au NP immobilization. It reveals that the
characteristic peaks of TRITC-dextran cargo centered at 962,
1260 and 1367 cm ™! could be readily distinguished after the
immobilization of Au NPs. It is also worth pointing out that
immobilization of Au NPs did not interfere with capsule for-
mation or the cargo-loading process, which would be impor-
tant for sensing in application involving cell culture and/or
precise microreactions.

We have developed a sessile microdroplet deposi-
tion method that allows for preparing patterned arrays of
supramolecular hydrogel microcapsules on a solid sub-
strate. This methodology is based on the difference in
wettability between the hydrophilic and hydrophobic pat-
terned areas, where self-separated microdroplets can be gen-
erated in a facile and high throughput manner. By com-
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bining dynamic cucurbit[n]uril host-guest chemistry and
electrostatically-directed interfacial self-assembly, the for-
mation of a supramolecular hydrogel skin at the micro-
droplet interface has been demonstrated. The simultaneous
delivery of capsule-forming building blocks and cargo en-
ables encapsulation of cargo during microdroplet formation.
Furthermore, the microcapsule arrays provide a methodol-
ogy to perform parallel detection, as demonstrated by SERS
measurements. Given the wide range of dynamic chemistries
that can be exploited for supramolecular assemblies, we en-
vision that this sessile microdroplet platform will inspire a
number of supramolecular fabrication techniques. More-
over, the miniaturization of conventional analytical systems
for novel diagnostics or therapeutics, which require a high-
throughput cargo loading and encoding capacity, may benefit
from this approach.

Experimental section

General: images of microdroplet formation were captured
using a Phantom v7.2 camera, attached to an Olympus IX71
inverted microscope. Laser scanning confocal microscope
(LSCM) measurements were carried out using a Leica
TCS SP5 confocal microscope. Microscopic images and
fluorescence images were obtained using an Olympus IX81
inverted optical microscope coupled with a camera of Andor
Technology EMCCD iXonEM+ DU 897. Scanning electron



microscopy (SEM) measurements were made and images
recorded using a Leo 1530 variable pressure SEM with
InLens detector. 'H NMR spectra (500 MHz) were collected
on a Bruker Avance QNP 500 MHz ultrashield spectrometer,
equipped with a 5-mm BBO ATM probe with a z-gradient.
All starting chemicals were purchased from Sigma Aldrich
and used as received unless stated otherwise. Microfluidic
devices were designed according to our previously reported
method.[3%311 All aqueous solutions were prepared with
deionized water treated with a Milli-Q TM (18 mQ cm™!).

Synthesis of HEC-Np: the HEC-Np was prepared fol-
lowing the previously-reported protocol.?3 Specifically,
hydroxyethylcellulose (HEC, 1.00 g) was dissolved in N-
methylpyrrolidone (NMP, 120 mL) at 110 °C overnight. The
solution was cooled to room temperature and 2-naphthyl
isocyanate (Np-NCO, 29.7 mg, 0.18 mmol) and dibutyltin
dilaurate (TDL, 3 drops) were added, and the mixture was
left stirring for overnight at room temperature. The crude
product was then purified by precipitation into acetone for
three times, filtered, and dried overnight under vacuum at 60
C (1.01 g, 98%). For the synthesis of rhodamine B-labeled
HEC-Np, rhodamine B isocyanate (1 mg, 2 pumol) was
added, during the reaction between the reaction of HEC and
2-naphthyl isocyanate, following the same protocol.

Synthesis of highly branched CB[8]-threaded polyrotax-
anes, HBP-CB[8]: a semi-batch RAFT polymerisation was
conducted to synthesize the HBP-CB[8] copolymers.383]
Specifically, N-hydroxylethyl acrylamide (HEAm) and
chain transfer agent benzyltrithiocarbonyl propionic acid
(BCPA) were added into a flask with a feeding molar ratio
of 50:1 (HEAm:BCPA). After N, was bubbled through
the solution for at least 30 min, the polymerisation system
was heated to 70 °C. A mixture of St-MV2"-St and CBJ[8]
(1:1 mol.) mixture was continuously fed into the reaction
system at a constant rate during the polymerization. Upon
the completion of adding St-MV?*-St/CB[8] mixture, the
polymerisation was continued at 70 °C for another 2 h,
prior to quenching with liquid nitrogen. The crude polymer
solution was precipitated in acetone, and further dialysis in
a Spectra/Pro® membrane (MWCO: 6000 g mol~!) against
1-adamantane amine solution (2 days) and subsequently,
milli-Q water (3 days). Purified polymer was further
freeze-dried, yielding a yellow amorphous solid (yield, ca.
90%). For FITC-labeled HBP-CB[8], HBP-CB[8] polymer
(0.4 g) and fluorescein isocyanate (0.1 mol.% of hydroxyl
group in HBP-CB[8]) was dissolved in DMSO, and reacted
for overnight with TDL as catalysis. The crude product was
purified through 3-day dialysis (MWCO: 6,000 g mol~!),
followed with freeze-drying (yield, ca. 95%).

Synthesis of linear poly(HEAm-co-StMV), LP: HEAm
(2.00 g, 17.00 mmol), St-MV2* (0.382 g, 0.85 mmol), 2,2’-
azobis-(2-methylpropionitrile) (16.8 mg, 0.1 mmol) and
BCPA as CTA were dissolved in a mixture of DMSO:EtOH
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(10:4 vol. to make a total volume of 14 mL). The solution
was bubbled with N, for 30 min and then heated to 70 °C
for 48 h. The polymer was then precipitated in diethyl ether
and then THF before vacuum drying to yield yellow solid
(yield, 89%).

Preparation of supramolecular microcapsules through
microfluidic chips: two different liquids, loaded on two
separated syringe pumps (PHD, Harvard Apparatus), were
injected into a microfluidic device to generate water-in-oil
microdroplets. Flourinert oil (3M, FC-40) containing a 2.0
wt.% fluorous surfactant (XL-171, Sphere Fluidics Ltd.)
and 1.8 wt.% Krytox® 157FS-L was used as the continuous
phase. Discontinuous phase was prepared by dissolving
certain amount of HBP-CB[8] and HEC-Np in water. The
continuous phase and discontinuous phase solutions were
loaded into two separate 1 mL syringes, before connecting to
the microfluidic chip. Syringes with needles were mounted
on syringe pumps and fitted with polyethylene tubing, while
the other end of the tube was inserted into the appropriate
inlets of a microfluidic chip. In order to generate micro-
droplets, Flourinert FC-40 was first pumped into the device
at a rate of 200 uL h™! to fill the appropriate channels. The
aqueous dispersed phase was then pumped into the device at
100 uL h~!. Monodispersed microdroplets were generated
as the oil phase sheared off the aqueous phase. In a typical
experiment, the concentration of HBP-CB[8] and HEC-Np
were set at 30 uM of CB[8], with an equal molar ratio of
CB[8]:Np. The as-obtained microdroplets were transferred
to petri dish, followed by a further 5-h dehydration, yielding
isolated microcapsules.

Molecule permeability evaluation: to evaluate the molecular
permeability, the cargo-loaded microcapsules were washed
with HFE-7500 three times to remove the residual surfac-
tants after drying on a glass bottom dish. The glass bottom
dish was sealed with parafilm and mounted on the fluores-
cence microscope after a few drops of water were smeared
over the dried microcapsules. The fluorescent images were
taken every 10 min over 2 h. For the quantitative analysis of
the cargo release, fluorescent intensities recorded from three
different locations within a fluorescence image were used to
give an averaged value.
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