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On-Chip Fabrication of Colloidal Suprastructures by
Assembly and Supramolecular Interlinking of Microgels

Se-Hyeong Jung, Fabian Meyer, Sven Hornig, Michelle Bund, Bernhard Hiifdel,
Luis Paulo Busca Guerzoni, Laura De Laporte, Ghazi Ben Messaoud, Silvia P. Centeno,

and Andrij Pich*

In this report, a versatile method is demonstrated to create colloidal
suprastructures by assembly and supramolecular interlinking of microgels
using droplet-based microfluidics. The behavior of the microgels is
systematically investigated to evaluate the influence of their concentration on
their distribution between the continuous, the droplet phase, and the
interface. At low concentrations, microgels are mainly localized at the
water—oil interface whereas an excess of microgels results, following the
complete coverage of the water—oil interface, in their distribution in the
continuous phase. To stabilize the colloidal suprastructure, on-chip gelation is
introduced by adding natural polyphenol tannic acid (TA) in the water phase.
TA forms interparticle linking between the poly(N-vinylcaprolactam) (PVCL)
microgels by supramolecular interactions. The combination of
supramolecular interlinking with the variation of the microgel concentration
in microfluidic droplets enables on-chip fabrication of defined colloidal
suprastructures with morphologies ranging from colloidosomes to colloidal
supraballs. The obtained supracolloidal structures exhibit a pH-responsive
behavior with a disintegration at alkaline conditions within a scale of seconds.
The destabilization process results from the deprotonation of phenolic groups
and destruction of hydrogen bonds with PVCL chains at higher pH.

1. Introduction

Emulsions stabilized via particles ad-
sorption at fluidfluid interfaces and
resulting in a decrease of the interfacial
energy, 2] were first reported by Ramsden
and Pickering.>*l The so-called Pickering
emulsions have been employed to fabricate
microcapsules by the accumulation of
particles at the fluid—fluid interface and
their assembly using different strategies
such as polymerization,>¢ sintering,!”]
annealing,®l  chemical interlinking,®'?’
and physical interlinking like electrostatic
and van der Waals interactions.l''?] These
hollow capsules with a shell composed
of densely packed colloidal particles are
called colloidosomes by analogy with
liposomes.[''"15] Colloidosomes are gener-
ally spherical and have tunable character-
istics such as size, wall thickness, rigidity,
porosity. Their tunable properties make
them attractive candidates for encapsula-
tion and smart coatings applications.['12]
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Most colloidosomes reported in the early years are nonrespon-
sive with built-in pore sizes that cannot be changed. This limita-
tion results from their construction using hard nanoparticles. To
overcome this poor performance, constraint microgels have been
employed to prepare stimulus-responsive colloidosomes.[16-18]
Microgels are colloidal polymer networks with tunable chemical
composition and controlled size. This enables control over wa-
ter content, mechanical properties, and biocompatibility, open-
ing attractive possibilities for different bio-related applications.
Moreover, the interior of individual microgel networks allows
for the encapsulation of bio-related compounds, such as drugs,
proteins, DNA, and provides a large surface area for multiva-
lent bioconjugation.['®?2] The first example of the utilization
of responsive microgels to prepare sensitive colloidosomes was
reported by Lawrence et al.?3! They demonstrated a method
to fabricate temperature-sensitive capsules based on poly(N-
isopropylacrylaminde-co-acrylic acid) (PNIPAM) microgels in a
water-in-oil inverse emulsion. The stabilization of the microgels
inside water droplets was achieved by adding poly(butadiene-
block-N-methyl 4-vinyl pyridinium diodide) based on ionic
bonds. They could show the thermoresponsiveness of synthe-
sized microgel-based colloidosomes, which can be applied for
delivery systems. In our group, different methods for synthe-
sizing microgel-based colloidosomes were also developed.!?*%]
Berger et al. reported a method to prepare multisensitive
microgel-based colloidosomes using poly(N-vinylcaprolactam)
(PVCL) microgels and bio-based and degradable polymer poly(4-
hydroxybutyrate-co-4-hydroxyvalerate) (PHBV) as interlinking
agent in water/chloroform.?*! Agrawal et al. reported another
method to design hybrid capsules using PVCL-based microgels
and silica precursor hyperbranched polyethoxysiloxane (PEOS)
in water/toluene.!®! In both works mentioned above, the capsule
size was varied by changing the polymer concentration the micro-
gel amount during the interlinking process synthesis. Addition-
ally, they showed the thermoresponsiveness of the designed cap-
sules. However, uniform size distribution of the colloidosomes
remains as a limitation since the control of the droplets sizes be-
fore interlinking could not be controlled precisely.

The average size and size distribution of the synthesized col-
loidosomes are strongly dependent on the polydispersity of the
emulsion droplets during the synthesis process. They are crucial
properties of colloidosomes, since they determine the amount
of encapsulated material and its release kinetics. Unfortunately,
the synthesis methods presented above do not show the possi-
bility of controlling the size distribution. To fabricate microgel-
based colloidosomes that each encapsulates and releases identi-
cal amounts of materials, a droplet-based microfluidic technique
was recently introduced.!?! Tt allows to emulsify precursor sus-
pension as templates with a narrow size distribution. Droplets
are formed in simple microfluidic devices due to the balance of
interfacial tension between two immiscible fluids and the shear
exerted by the continuous flow on the dispersed flow.?’] For a se-
lected system of two immiscible phases, finely tuning the shear
rate can result in droplets with uniform sizes.[?8-3!] To this regard,
Shah et al. designed monodisperse stimuli-responsive microgel-
based colloidosomes based on a droplet-based microfluidics.?!
They interlinked amine-functionalized PNIPAM microgels us-
ing glutaraldehyde at the water/silicon oil interface. A reversible
size-change behavior over and under volume phase transition
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temperature (VPTT) similar to that of their constituent microgels
was successfully demonstrated. Zhang et al. prepared microcap-
sules (colloidosomes with hard spheres) by combining the advan-
tages of droplet-based microfluidic platform and supramolecular
host-guest chemistry. They used cucurbit[8Juril (CB[8]) to bind
naphtol-modified gold nanoparticles and methyl viologen (MV?*)
containing copolymer based on host-guest complexes.[*?] Effi-
cient loading of fluorescein isothiocyanate-dextran (FITC-Dex)
on microfluidic-chip was demonstrated. Stimuli-triggered degra-
dation of the capsules by reduction of the MV2* moiety, leading
to disassembly of host-guest complexes, could clearly show the
release of loaded FITC-dextran. A few years later, the same group
reported a method to fabricate supramolecular colloidosomes
using methyl viologen-functionalized polystyrene, polymer with
naphthol unites and CB[8] based on the same supramolecular
interaction.[**] Colloidosomes were employed as carriers for en-
capsulation of FITC-dextran and demonstrated both a thermo-
and photoresponsive release of encapsulated FITC-dextran. Ide-
ally, a performant drug carrier would allow for an immediate re-
lease of the encapsulated molecules at the target site. The latter
could be achieved by triggering the disassembly of colloidosomes
supramolecular interlinks.

Tuning the shape of colloidosomes and capsules themselves
toward nonspherical geometry could lead to additional attrac-
tive features like catalytic, optical, electrical, and magnetic
properties.?* For instance, the distinctive shapes could poten-
tially dictate their interactions with cells, leading to their potential
biomedical applications.**! Moreover, nonspherical particles en-
able to pack more densely than spherical ones.!**7] They are ben-
eficial for controlling suspension rheology!*43°] and for engineer-
ing colloidal composites.[*] However, synthesizing uniformly
distributed nonspherical colloidal colloidosomes is challenging
because surface tension favors spherical shapes over all length
scales. Lee and Weitz reported a fabrication method of nonspher-
ical colloidosomes using multiple compartments by a microflu-
idics double-emulsion technique.?”] The morphology of the pre-
cursor droplets (double emulsions) was precisely controlled by
using a glass capillary microfluidic device. Furthermore, they
generated more complex structures, such as asymmetric colloi-
dosomes, where the inner and outer surfaces of the shell are com-
posed of different nanoparticles. This method leads to an interest-
ing library of the colloidosomes shapes, however, the generation
of a double emulsion and control over the evaporation of the flu-
ids to modulate the shape is time-consuming. Therefore, devel-
oping a straightforward and fast approach for shape-modulation
of colloidosomes remains challenging.

In our previous study,*!] we showed the potential of an on-chip
gelation method using microfluidics to produce elongated supra-
macromolecular microgels varying the pH in flow. In this re-
port, we demonstrate a versatile on-chip microfluidic fabrication
approach for synthesizing asymmetric, pH-sensitive microgel-
based colloidosomes and colloidal suprastructures. The synthesis
is achieved by combining the advantages of self-assembly of the
microgels at the liquid-liquid interface, followed by the forma-
tion of supramolecular interparticle interlinks between the mi-
crogels stabilizing the nonspherical shape of the colloidosomes.
Using the microgels as building blocks allows for finetuning of
the shapes and internal structures of the developed colloidal as-
semblies by varying the production parameters.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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2. Results and Discussion

The aim of the present work is to synthesize pH-responsive
supramolecular colloidal suprastructures, based on the PVCL-
microgels and the tannic acid (TA), with different shapes and in-
ternal structures. To achieve this goal, formation of water-in-oil
emulsions with different microgel concentrations had to be pro-
ceeded to examine the concentration-dependent behavior of the
microgels at the interfaces. Any emulsification technique can be
employed to form droplets with the aqueous microgel suspen-
sion in oil. However, since our colloidal suprastructures are de-
veloped using emulsified droplets as templates, their polydisper-
sity is set by the distribution of droplet size. Therefore, droplet-
based microfluidic technique, that can generate monodispersed
population of dropelts is implemented here. Next, the synthesis
of the suprastructures using on-chip gelation on PDMS microflu-
idic chip has followed. The main challenge of this work is to con-
trol the interlinking between microgels in water droplets on mi-
crofluidic chip by varying pH while the droplets flow on a chan-
nel, so that microgels are entrapped and not dispersed in the oil
phase. To show the potential in applications of the soft supra-
particles, forming colloidosomes made of two different compos-
ite (microgels) is demonstrated. The assembly of different micro-
gels into suprastructures might offer the possibility to fabricate
complex larger-scale functional materials and opens up fascinat-
ing chances to fabricate multicompartment structures with tun-
able functionalities.

2.1. Distribution of Microgels in Emulsion Droplets

The suitable choice of microgels is essential to obtain self-
assembly behavior at the interfaces and to interlock them af-
terward for stable colloidosomes and supraballs. PVCL micro-
gels are an excellent candidate due to several advantages of the
polymer building blocks: 1) they show high resistance against
hydrolysis and low toxicity, therefore, they are expected to be
highly biocompatible,[*?! which might be crucial when it comes
to bioapplications, 2) the PVCL microgels were already suc-
cessfully used for formation of colloidosomes in previous re-
search in our group,!?*#! indicating the essential adsorption
property of the microgels at the interfaces, 3) the interactions
between the PVCL and the TA, which will act as supramolec-
ular binders to interlink microgels at the surfaces to form sta-
ble suprastructures in this work have been extensively studied
in the previous literature.[**}] The PVCL microgels with nar-
row size distribution are synthesized using free-radical precipita-
tion polymerization.l*!] Additionally, a small amount of a fluores-
cent Rhodamine B-based comonomer (methacryloxyethyl thio-
carbamoyl Rhodamine B) is incorporated into the microgels.!264°]
The synthesized microgels show an average hydrodynamic ra-
dius of 92 nm with PDI 0.16, which indicates a narrow size dis-
tribution (Figure S1 and Table S1, Supporting Information).[4647]
Since the microgels are based on thermosresponsive polymers:
PVCL, DLS measurements at different temperatures are con-
ducted (between 16 and 50 °C).[*84%] The experimental data sug-
gests that the VPTT is »~ 23-25 °C (Figure S2, Supporting In-
formation). All the microfluidic experiments were conducted at
20 °C, resulting in microgels in a swollen state in water. To in-
vestigate the self-assembly capability of the PVCL microgel at
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the liquid-liquid interface, an aqueous microgels solution is dis-
persed in 1-octanol on the microfluidic device (Scheme 1 (1)).
Unlike other works showing efficient emulsion stabilization by
microgels in bulk systems,[**2] a small amount of surfactant is
needed in the oil phase, which migrates to the oil-water inter-
face and stabilizes droplets in flow systems using microfluidic
chips. Therefore, 2 vol% of span 80 is dissolved as surfactant
in the 1-octanol, which is used as continuous phase. Once the
droplets are formed, microgels absorb at interfaces.['#2653] The
image (a) shows the formation of water-in-oil emulsions at cross-
junction and (b) indicates that the uniformly dispersed popula-
tion of the water droplets flows on the outlet. 1-octanol contain-
ing 2 vol% of span 80 is injected into the inlet (c) as a continu-
ous phase, while the aqueous solution containing microgels is in-
serted into the inlet (d) as a dispersed phase. The water droplets
on the outlet (e) flow to a vial and are collected. The images of
microdroplets at the outlet with two different flow rates (50 and
150 pL h7!) of the water stream at varying microgel concentra-
tions are shown in Figure S3 of the Supporting Information. In-
terestingly, droplets formed with low concentrations of micro-
gels (0.5 and 1.0 mg mL™!) at both flow rates start to coalesce
directly on outlets after leaving the channel. From the microgel
concentration of 2.5 to 20 mg mL~!, no coalescence effects are ob-
served with both flow rates, and all droplets are stable. Scheme 1
(2,3) indicates the expected structure of the emulsions with the
microgels on the microfluidic device. The hypothesis is that the
water droplets are formed at the cross-junction (a) and are sta-
bilized by the surfactant molecules. Therefore, initially, micro-
gels form colloidal dispersion within aqueous droplets (2). After-
ward, the microgels adsorb at the interface and a hollow struc-
ture might emerge with low concentrations of the microgels (3).
On the other hand, the full structure of droplets might be visible
with higher microgel concentrations since the rest of the micro-
gels might stay inside the droplets. To examine the location of the
microgels labeled with Rhodamine B at the interfaces, confocal
laser scanning microscopy (CLSM) is performed directly after the
formation of the droplets (Figure 1 (1)). The fluorescence images
(1) show emulsions formed with a flow rate of water phase 50 uL
h=! while the images (Figure S4a, Supporting Information) are
prepared with that of 150 uL h='. In both cases, different con-
centrations of the microgels are evaluated. In all samples, the
red channel (from Rhodamine B fluorescence emission) is visi-
ble at the interfaces and with a greater fluorescence intensity than
the core, meaning that microgels preferably adsorb and accumu-
late at the liquid-liquid interfaces. At low microgels concentra-
tion (0.5-1.0 mg mL™"), the droplets are not stable and merge,
forming larger droplets 100-600 pum, while that with higher mi-
crogel concentrations (2.5-20 mg mL!) are stable with the both
flow rates. The stable droplets exhibit a uniform size distribution
and comparable size, independently of the flow rate, with an av-
erage diameter of 96 and 103 um for water flow rates of 50 uL h~!
Figure 1 (2) and 150 pL h~! (Figure S4b, Supporting Informa-
tion). Furthermore, once microgels cover droplets, they prefer-
ably disperse in octanol with increasing microgel concentrations
and do not disperse inside the droplets, which contradict our ex-
pectation. Previous studies from other groups showed that the
relatively polar oil octanol has greater interaction with PNIPAM-
based microgels, that have similar characteristic to PVCL mi-
crogels, compared to other apolar hydrocarbon oils.>*%] Even

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Scheme 1. 1) Schematic of the droplet generation on PDMS microfluidic device. Images show the droplet formation at cross-junction (a) and outlet
(b). 1-Octanol containing 2 vol% of the surfactant “Span 80” is injected as a continuous phase (oil phase) into (c). The microgels in water are injected
as dispersed phase (water phase) into (d). At the outlet (e), microdroplets flow to a collecting vial. The width of microfluidic channel is 80 um. Graphical
depiction of a water droplet on the PDMS device after first cross-junction (2) and at outlet (3) is described. (4) indicates graphical images used for the

depictions. Videos for the droplet generation are available in Video ST of the Supporting Information. The scale bars represent 100 pm.

though there are small amount of additional surfactant in the
system (2 vol% of span 80) and this is not a bulk system where
water, oil and microgels are stirred, this behavior: that microgels
disperse greater in outer octanol phase and stabilize emulsions,
agrees with empirical rules that the outer, continuous phase of
an emulsion usually is the phase in which the stabilizer (micro-
gels in this case) is more soluble (Bancroft rule) or preferentially
dispersed (Finkle rule).[*>657] To understand those phenomena,
more focused study using the PVCL microgels with different con-
centrations via droplet-based microfluidic in presence of the sur-
factant should be conducted in the future. Another interesting
result is that the sizes of droplets with higher amount of micro-
gels show similar sizes independent on their microgel concen-
trations. This indicates that the microgels do not play a central
role in the early stages of the emulsion formation dynamics (at
the first cross-junction) as surfactants do, but in the stability of
the droplets since they might adsorb at the surface after the for-

(1) 0.5 mg/mL 1.0 mg/mL 2.5 mg/mL

7.5 mg/mL

10.0 mg/mL 15.0 mg/mL

mation of the droplets. The similar phenomenon has been re-
ported by Priest at el. where they studied the formation and sta-
bility of droplets in the presence of nanoparticles in a microflu-
idic device.’®! Nevertheless, it has been clearly seen that PVCL
microgels adsorbed at the water—octanol interface, which could
be used to synthesize stable colloidosomes and suprastructures
by interlinking them.

2.2. Fabrication of Colloidal Suprastructures

To fabricate stable colloidal structures, interlinking microgels in-
side water droplets as well as at the interfaces by noncovalent
bonds was conducted. The microgel concentration range used
was the same as from the previous emulsion study. Here, we uti-
lized on-chip gelation with an additional cross-junction to intro-
duce an acid moiety with a second oil phase to entrap microgels

5.0 mg/mL (2)

= 50 yh

20.0 mg/mL

Diameter [um]
g

Microgel concentrations [mg/mL]

Figure 1. 1) CLSM images of water-in-oil emulsions with different microgel concentrations with the flow rates, dispersed phase: 50 uL h™', continuous
phase: 400 uL h~" (x63 objective). The graph (2) indicates the diameters of the droplets. Sizes of 10 random droplets were measured from Figure S5
(X10 objective), and error bars denote standard deviations. The scale bars indicate 100 um.
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+ Span80
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1 vol% acetic
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J |
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» O » O

* PVCL microgel atinterface ~ /~\_~ PVCLchain @ “deprotonated” TA

* PVCL microgel “protonated” TA @&/ Surfactant“span 80"

Scheme 2. 1) Schematic of the droplet generation and pH-triggered gelation on a PDMS microfluidic device. T-octanol containing 2 vol% of the surfac-
tant: span &0 is injected as a first continuous phase (oil phase) into the inlet (a). The polymers and deprotonated TA in water are injected as a dispersed
phase (water phase) into the inlet (b). The dispersed phase is squeezed by the first continuous phase at cross-junction (c) and the image shows the
generation of uniform size population of the water droplets. At the second cross-junction (d), a second continuous phase, which is injected from inlet
(f), provides acidic acid to start the gelation. On outlet (e), formed colloidosomes flow to a collecting vial. The width of microfluidic channel is 80 um
and all optical images show the microfluidic fabrication process of colloidosomes on the PDMS device. The represented reaction is with 2.5 mg mL™!
of the microgel concentration and 3 mg mL~" of the PVCL chain. The video for the synthesis is available in Video S2(1) and (2) of the Supporting
Information. The scale bars represent 100 um. 2) Optical images of gelation process at the start of the gelation (directly after second cross-junction) and
at the end of the gelation on serpentine path (before outlet). 3—6) Illustrations of droplet formation and the gelation process on the microfluidic device.
3) A microwater droplet is stabilized by span 80 in octanol which is formed at the first cross-junction. 4) The PVCL microgels adsorb at the surface
and protons diffuse inside the water droplets and protonate tannic acid. 5) The protonated tannic acid forms hydrogen bonds with the microgels at the
surfaces and stabilizes them. The morphology is deformed by the flow on the microfluidic device. 6) The formed colloidosomes keep the structure and

comes to outlet, which is connected to a vial.

inside microdroplets. This microfluidic device has already been
successfully implemented to tune the shape of PVCL and TA mi-
crogels in our previous study.*!] Scheme 2 shows the schematic
illustration of an on-chip gelation using droplet-based microflu-
idic with a PDMS device using 2.5 mg mL™" of the PVCL micro-
gels to fabricate colloidosomes. The pH of the aqueous solution
containing the PVCL microgels, the PVCL linear chains, and the
TA was adjusted to 10.8-11.0 by adding NaOH (sodium hydrox-
ide) to deprotonate TA and suppress the gelation process. The
deprotonation of phenolic groups in the TA structure is essential
to prevent the undesirable formation of hydrogen bonds with the
carbonyl groups of the PVCL before generating droplets at the
first cross-junction and to avoid clogging issues. Furthermore,
these noncovalent interactions (H-bonds) might also disturb mi-
crogels to self-assemble and adsorb at the surfaces after the gener-
ation of droplets. However, alkaline conditions can alter the struc-
tures of TA due to the oxidation of phenolic groups®*! quickly
which was discussed extensively in our previous report./*!]

In order to prevent this oxidation process, the preparation of
the precursor solution is conducted under argon atmosphere and
the solution is transferred directly into airtight glass syringes.
Also, the addition of the small amount of the PVCL linear poly-
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mers is essential to form the stable and nonspherical colloido-
somes and gels. Regarding the stability of the synthesized colloi-
dosomes and gels with and without the PVCL polymers, the de-
tails are discussed below. For the droplet formation, an aqueous
precursor solution and octanol containing surfactant are injected
into two separate inlets on a PDMS chip (Scheme 2 (1) (a) for the
continuous phase and (b) for the dispersed phase). These two im-
miscible fluids meet at the first cross-junction (c) and water-in-oil
droplets are generated. This process can be observed in the mi-
croscopy image (inset) showing the generation of a uniform pop-
ulation of micro droplets. When they flow to the second cross-
junction (d), an additional octanol phase (which is injected to in-
let (f) and contains 1 vol% of acetic acid emerged) provides pro-
tons to start the interlinking process between the microgels, the
PVCL chains, and the TA at the interfaces. The freshly synthe-
sized colloidosomes flow to (e) which is connected to a collect-
ing vial. Scheme 2 (3)—(6) depicts the fabrication process on mi-
crofluidic devices while (2) displays optical images showing de-
formation of the microdroplets on-chip gelation that are happen-
ing between ((4) direct after addition of the second oil phase and
(5) at the end of the serpentine). Microdroplets in octanol con-
taining the PVCL microgels, the PVCL linear polymers and the
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deprotonated TA are formed at the first cross-junction stabilized
by span 80 (3). After the droplets leave the first cross-junction
(c), the microgels adsorb at the interfaces between water and oc-
tanol and might stabilize further the water droplets. At the sec-
ond cross-junction, additional octanol phase containing 1 vol%
of acetic acid provides protons to activate TA (4). The protonated
TA and the PVCL linear polymers build supramolecular interac-
tions (mostly hydrogen bonds), which can act as binder between
the microgels at the surfaces (5) forming stable supramolecular
colloidosomes. In this step, the structure of the colloidosome is
deformed due to the hydrodynamic stress from the flow. The de-
formed particle could be visible on the outlet (e), and they are
stable after leaving the channel (6). All the deformation process
of the microdroplets and particles with on-chip gelation could
be seen in the optical images (2). According to the literatures,
hydrodynamic forces and boundary confinement lead to a large
deformation of capsules, which can take either a parachute or a
slug shape.[%2] In their studies, deformations of the capsules
in flow (inside a microfluidic device) have been estimated and
confirmed dependent on capillary number change (Ca = uV/o,
where u is a dynamic viscosity of the liquid, V is a characteris-
tic velocity, and o is a surface tension or interfacial tension be-
tween the two fluid phases.) at the same diameter of the capsules
and the width of the microfluidic channels. In our study, we have
gelation over time that changes the elasticity of the droplets (soft
particles at the end of the gelation process) as well as not uni-
formed hydrodynamic force as we add the second continuous
phase (see Figure S6, Supporting Information). To understand
those behaviors, more detailed experiments considering the pa-
rameters mentioned above have to be conducted in the future.
The use of the PVCL linear is essential to form stable gels. To
show the necessity of the PVCL chain, an identical synthesis with-
out them was conducted. Figure S7 of the Supporting Informa-
tion indicates CLSM images of the microgel-based colloidosomes
(hollow structure) and supraballs (no-hollow structure) using the
TA and different concentrations of the PVCL microgels (between
0.5 and 10 mg mL™!) in the absence of the PVCL linear poly-
mers after one-day gelation in octanol. The colloidosomes with
the low concentration of the microgels (0.5-1.0 mg mL™!), they
show hollow architectures as expected, no uniform distribution
since the droplets are merged due to the instability. As microgel
concentrations increase (2.5-10 mg mL™') microparticles show
less hollow morphology and the size distribution is becoming
uniform. The phenomena are similar to the study of the emul-
sions in the first part. It is also confirmed that the microgels do
not disperse in the continuous phase in the case of higher mi-
crogel concentration, unlike we have observed with emulsions
in Figure 1. This proves that we could successfully entrap the
microgels inside microdroplets (and at the surfaces) using the
on-chip gelation of the microfluidic device. Nevertheless, the col-
loidosomes and supraballs synthesized without the addition of
the PVCL chains are not stable after purification when they are
dispersed in fresh water or EtOH. To stabilize colloidal particles,
a small amount of PVCL polymers (3 mg mL™!) is added to the
water solution as described in Scheme 2. The morphology varia-
tions of the resulting colloidosomes and suprastructures derived
from changing microgel concentrations during the microfluidic
fabrication with optimized parameters (dispersed solution at pH
10.8-11.0, gelation after one day) were observed under CLSM and
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listed in Figure 2. The optical images (top) and fluorescence (bot-
tom) show the shape of the suprastructures dependent on the
concentration of the microgels after one day further gelation in
octanol. Generally, the synthesized soft colloidal particles show
nonspherical shapes. The one with 1 mg mL™! of the micro-
gels represents hollow buckled cone (or parachute) shape, which
might be result of the hydrodynamic stress in the flow on the
microfluidic device during the gelation step. Furthermore, the
particles are hollow since the microgels inside the water droplets
might absorb at the interface. When the microgel concentration
increases to 2.5 mg mL™", they show hollow structures, which
might be resulting from self-assembly of the PVCL microgels at
the surfaces as could be seen in emulsion formations only with
microgels (Figure 1). To have a closer look into the structure, a
widefield fluorescent image was acquired with Thunder Imager
with computational clearing (Leica), which efficiently differenti-
ates between signal and background.

The colloidosomes with the microgel concentration
2.5 mg mL~! have been chosen since they show hollow structures
under confocal microscopy. The image (Figure S8, Supporting
Information) presents the hollow core of the colloidosomes
while the densely packed red fluorescent color is visible at
the surfaces. The white dashed line in the image was used to
calculate and plot the fluorescence intensity profile (inset). The
intensity of the shell is significantly higher than that of in the
core indicating that the colloidosome has a hollow structure.!®!
Furthermore, at this microgel concentration of 2.5 mg mL™?,
colloidosomes are obtaining increasing stability thus, they do
not deform as significantly as those with the lower concentration
(1 mg mL™!) of the microgels do. The deformation process can
be observed during the microfluidic reaction (optical microscopy
images in Scheme 2d,e and in Video S2 (1) and (2), Support-
ing Information). As can be seen in the videos, the spherical
templates gradually developed into anisotropic colloidosomes
after the droplets were leaving the second cross-junction. At a
higher concentration (with 10 mg mL™!), the resulted in colloidal
supraballs indicate close to full structure in the CLSM image
as well as less deformation of the architecture. Moreover, all
synthesized suprastructures are stable after purification in water
as can be seen in bright field and fluorescence images in CLSM
(Figure S9, Supporting Information). This experiment clearly
shows that the amount of the PVCL microgels inside water
precursor droplets has an influence on their stability during
the on-chip fabrication process, which can give control over
the shape resulting from the gelation of the precursor droplets.
The chemical composition of the colloidosomes (with 2.5 mg
mL™" of the microgels) has been analyzed via FTIR (Figure
S10, Supporting Information). The strong absorption band at
1615 cm™ (PVCL linear chain) and 1616 c¢cm™' (PVCL-BIS
microgels) corresponds to carbonyl stretching vibrations of
the caprolactam ring of the PVCL polymers. In colloidosomes,
the peak overlaps with carbon—carbon stretching vibrations of
the aromatic rings of TA (1608 and 1517 cm™).[%] Furthermore,
the peak at 1718 cm™ of the colloidosomes is associated with
carbonyl stretching vibration of the ester groups in TA molecules
in presence of hydrogen bonds.I®! Those characteristic peaks
of the colloidosomes indicate the chemical composition of the
PVCL linear chain, PVCL-BIS microgels and TA as well as the
formation of the hydrogen bonds. To check the influence of flow
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Figure 2. Bright field images (top) and fluorescence images (bottom) by CLSM show the synthesized colloidal particles with different microgel concen-
trations in octanol one day after the synthesis. Insets show fluorescence intensity profiles, which are derived from cross-sections of the fluorescence
images. All scale bars represent 50 um (images using the X 10 objective and the images of the insets are recorded using the X63 objective).

rates on morphologies of obtained structures during on-chip
gelation, the flow rate of the water phase was increased to 150 pL
h=!. Previous other studies!®®’] reported that the viscosity
changes in the dispersed phase in microfluidics flow focusing
devices play an important role in the emulsification as well as in
the droplet formation and break-up mechanism. The dispersed
phase in the present study contains the PVCL chain, the PVCL
microgels as well as the TA. Those molecules (between the TA
and the PVCL) form supramolecular interactions (hydrophobic
interactions) even though the preparation was conducted at high
pH (10.8-11) where most of the TA were deprotonated meaning
the absence of the hydrogen bonds. Therefore, it is expected that
the flow rate increase of the dispersed phase results in different
sizes in comparison to that of emulsions studied in the first
part (Figure 1; Figures S4 and S5, Supporting Information).
The soft supraballs with the PVCL microgels (10 mg mL™)
were formed with two different flow rates of the water stream
with 50 and 150 pL h~!. After purification, they are redispersed
in fresh water and the colloidal suprastructures synthesized
with both flow rates are presented in the optical microscopy
images in Figure 3a,b. There is a clear morphology change from
the low to the high flow rate and in the latter case, rod-shaped
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supraparticles with aspect ratio of 1.81 could be obtained. Also,
the gels with different concentrations of the microgels show a
rod-shape in CLSM (Figure S11, Supporting Information) while
the hollow morphology is not visible. In the previous study,
the method to synthesize rod-shaped supramolecular microgels
based on hydrogen bonds between the PVCL linear polymers and
the TA was presented.[*!] There, higher polymer concentration
(PVCL) was necessary (150 mg mL™") to hold the nonspherical
shapes. It is noticeable that the on-chip microfluidic method
combining the PVCL linear polymer, the PVCL microgels, and
the TA lead to the formation of the stable rod-shaped microgels
with significantly lower concentrations. This might lead to the
notable alternation of the elastic and mechanical properties
of the microgels such as stiffness, elasticity, and rigidity,!%¢]
which might play an important role in different fields such as
biomedical applications.!”°!

Moreover, we varied the flow rate of the continuous phases to
evaluate their functions. In Figure 3c,d, images represent soft
particles on outlet directly after gelation in octanol. In both cases
(1 and 10 mg mL™), the length of the particles increase with
decreasing the flow rate of the continuous phases as the capil-
lary number decreases (only the velocity of the dispersed phase
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Figure 3. Shape modulation by varying flow rates. a,b) Optical microscopy images of the spherical- and rod-shaped soft colloidal particles synthesized
with different flow rates of water stream (50 uL h~" for (a) and 150 uL h™ for (b) with 10 mg mL~" of the PVCL microgels) after purification in water. The
image in panel represents the rod-shaped structure with width and length. 20 random particles are measured and the standard deviation is provided.
c,d) Optical images of the formed colloidal structure with different PVCL microgel’s concentration and flow rates of the dispersed phases on the outlet
direct after the synthesis in octanol. The flow rates are addressed in the order: (the dispersed phases, the first continuous phases, the second continuous
phases) in uL h~'. In the panel on each of images, magnified image of the particles in blue circles are presented. The scale bars represent 100 um.

increases while the interfacial tension between dispersed phase
and first continuous phase and viscosity of the dispersed phases
keep the same)."172] We assume that the volume of the micro-
droplets are set at the first cross-junction where droplets are
formed. Another interesting factor is the buckling behaviors dur-
ing the gelation. With 1 mg mL™! particles, greater deforma-
tion at higher flow rates of the continuous phases could be ob-
served while that with 10 mg mL™! does not seem significance.
This experiment clearly indicates that the length of the asym-
metrical shape can be varied with different volume of the micro-
droplets/particles and the flow rate of the second dispersed phase
has also impact on the deformations besides microgel’s concen-
trations.

2.3. Properties of the Colloidosomes

The structure of the colloidosomes with 2.5 mg mL™! of the mi-
crogels after the purification was observed further under field
emussion scanning electron microscopy (FESEM) in a dry state
and cryo-field emission scanning electron microscopy (cryo-
FESEM) in a frozen state. The images (Figure 4a) indicate a colloi-
dosome shrink under vacuum and crumpling surface morphol-
ogy, characteristic of a soft microcapsule in a dry state.?673] It
is noteworthy that on the FESEM images of the supramolecular
microgels that were synthesized from only the PVCL chain and
the TA (in the absence of the microgels) do not show that crum-
pled surface.!l Furthermore, no clear single microgel structure
is visible in the insets but only homogeneous polymer layers.
This can be explained that the PVCL microgels being bonded
by the TA and the PVCL linear polymers which might stretch
microgels on the surfaces. More detailed inside structure of the
colloidosomes could be observed via a cryo-FESEM technique
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(Figure S12, Supporting Information). The image shows that a
void space is present inside the particle, however, some polymer
fractions can also be detected and the particle do not show a well-
defined core-shell structure. This might be due to the fact that
some PVCL chains are linked by TA inside microdroplets with-
out PVCL microgels that absorb at the surfaces. The PVCL-based
microgels synthesized by precipitation polymerization show ther-
moresponsiveness with their VPTT (Figure S2, Supporting Infor-
mation). However, in the presence of the TA the resulting PVCL-
based suprastructures do not show the thermoresponsiveness
between 20 and 50 °C (Figure S13, Supporting Information) as
observed in our previous studies with PVCL-TA microgels.[*!**]
This might be due to the fact that the formation of the hydrogen
bonds between the TA and PVCL chains might interrupt inter-
actions between the polymers and the water molecules. To esti-
mate the porosity of the colloidosomes, diffusion study using dif-
ferent molecular weights of FITC-Dex (4, 40, and 500 kDa) was
performed (Figure 4b). These polymers are known to present a
globular structure in water with hydrodynamic diameters of 3.3,
8.7, and 28.8 nm, respectively.”*) CLSM was used to examine
the dextran diffusion inside the colloidosomes in water as pre-
sented in different previous works (Figure 4c).7>7%) Permeabil-
ity is represented as ratio of fluorescence intensity in the colloi-
dosomes and the surrounding water solution. In case of 4 and
40 kDa FITC-Dex, the fluorescence intensity inside the colloido-
somes and in water shows no differences whereas with 500 kDa
shows a dissimilarity of the fluorescence intensity is visible. This
indicates that the pore sizes of the colloidosomes might be be-
tween 8.7 and 28.8 nm. The colloidosomes are formed by inter-
linking microgels by hydrogen bonds. Therefore, breaking the
interlinks by pH-change is expected to trigger cleavage of the
colloidosomes. Figure 5a shows the optical images of the disas-
sembly process of the colloidosomes with 2.5 mg mL™! of the
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Figure 4. a) FESEM images of the colloidosomes synthesized with 2.5 mg mL~" microgels. b) The schematic illustration of diffusion study with a
colloidosome in the presence of FITC-dextrans. c) The CLSM images during incubation in water in the presence of FITC-dextrans with three different
molecular weights (4, 40, and 500 kDa). Images on top show green fluorescence pointing out the FITC-dextrans, and those on the bottom depict red

fluorescence indicating the microgels labeled with Rhodamine B inside the colloidosomes.

microgels by time as illustrated in the image (b). The colloido-
somes are disassembled by adding a basic buffer (pH = 11) (Video
S3, Supporting Information). The hydrodynamic radius of the
microgels after the disassembly at pH 11 shows 87 + 4 nm with
PDI = 0.16 + 0.02 by DLS (b), which indicates similar sizes of
the microgels before the fabrications (compare with Figure S1
and Table S1, Supporting Information). On the other hand, in
acidic and neutral conditions (pH = 3, 5, and 7), colloidosomes
are stable in the buffer solution. We used the same ionic strength
of 10 mwm of the buffers in order to examine solely the influence of
the pH values on the structure stabilities (Figure S14, Supporting
Information). This unique property of our microgel-based colloi-
dosomes could be studied further for the multi-component mi-
croreactors as published in recent years.[”778] The principle is that
two or more separated colloids can build a larger unit while pre-
serving their functions and structures.””7*#! This flexible strat-
egy can be extended to the gels containing other cargoes, for ex-
ample, with a series of enzymes for multicompartment microre-
actors as cell mimics.®82] With other methods, the realization
requires either multiple emulsification steps to generate double
emulsion droplets or additional postchemical reactions to form
the compartments which are quite complex and time consuming
steps.[8384]

In this part, we are demonstrating multicompartmentalization
in our microgel-based colloidosomes. Another batch of PVCL mi-
crogels was synthesized and labeled with FITC in addition to
the PVCL microgels labeled with Rhodamine B which are uti-
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lized to synthesize suprastructures already. The hydrodynamic
radius of the new microgels is 343 nm (Table S2 and Figure S15,
Supporting Information). For the multicompartmentalized col-
loidosomes, both of the PVCL microgels in a 1:1 weight ratio are
mixed in the preparation of the dispersed phases. After the pu-
rification, CLSM images are recorded in fresh water (Figure 5d).
With both lasers (488 nm for FITC and 561 nm for Rhodamine
B), expected fluorescence emitted light is detected. Merging both
fluorescence images indicates that both of the microgels are dis-
tributed in the colloidosomes homogeneously. The multicom-
partmentalized colloidosomes are cleaved in a basic condition (in
pH =11 buffer) (c). In the DLS measurement, two different sizes
(=100 and 360 nm) are visible, which indicates the two initial
microgels. This experiment demonstrates the simplicity of the
fabrication for building a larger unit with two or more separated
colloids as well as obtaining the single particles after the cleavage
that can be studied further for designing complexed materials.

3. Conclusion

In this study, a straightforward on-chip fabrication of nonspheri-
cal microgel-based suprastructures was demonstrated. The abil-
ity of the PVCL microgels to self-assemble at the liquid-liquid
interfaces combined with interparticle supramolecular cross-
linking enables to control over the morphology and properties
of the colloidal suprastructures.
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Figure 5. a) Optical images of the disassembly in an alkaline condition of the colloidosomes with 2.5 mg mL™" of the PVCL microgels (see Video S3,
Supporting Information). b) Schematic illustration of the disassembly of the colloidosomes and size distribution of the disassembled solution at pH
11 by DLS. c) Schematic illustration of the disassembly of the supramolecular multicompartmentalized colloidosomes and the size distribution after
disintegration at pH 11 by DLS. d) CLSM images detect emission from the different microgels.

First, the PVCL microgels (hydrodynamic radius 92 nm, PDI
= 0.16) with 2.5 mol% BIS as cross-linker and labeled with a fluo-
rescent active dye (Rhodamine B) were successfully synthesized.
Following this step, water (containing the PVCL microgels) in oil
(octanol) emulsions were formed on a microfluidic device and
the localization of the microgels in the system was studied. Self-
assembly of the microgels at the liquid-liquid interfaces could
be observed for all concentrations of the microgels (0.5 to 20 mg
mL~!). Moreover, unstable droplets with broader size distribu-
tion were formed when low concentrations of the microgels were
used. Contrary, at high microgel concentrations droplets exhibit
uniform sizes (96-103 um) and were stable in octanol. There
were no significant size differences of the droplets formed with
microgel concentrations between 2.5 and 20 mg mL™! indicating
that the presence of the microgels did not play a crucial role in
the early stages of the emulsion formation dynamics (at the first
cross-junction in Scheme 1). The microgels influence, however,
the stability of the droplets indicating that they might adsorb at
the interfaces after the formation of the droplets. Furthermore,
when the microgels cover the surfaces of the droplets they prefer-
ably disperse in the octanol fluid, which is a type of polar organic
solvent.

In the next part, different types of the nonspherical suprastruc-
tures were synthesized using on-chip gelation. Different parame-
ters were altered such as microgel concentrations and flow rates.
By changing microgel concentrations, the buckled shaped (1 mg
mL™), hollow (2.5 mg mL™") colloidosomes and full supraballs
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(10 mg mL™") were formed. Varying the flow rates (dispersed and
continuous phases) enabled additional particle’s deformation as
well as alternation on the lengths of the rod-shaped supraparti-
cles. The colloidosomes synthesized with 2.5 mg mL~! microgels
were used for further studies and their hollow structures could
be proven by different microscopy techniques. The synthesized
colloidosomes were disassembled at an alkaline condition (pH
11) within 20 s and disintegrated into the initial microgels. This
unique property of our colloidosomes could be studied further for
the multicomponent microreactors as published in recent years.

As perspective, controlling further the gelation process would
lead to fine-tuning the hollow-shell structures by varying thick-
ness of the shells. Nevertheless, considering the noncovalent
nature of the microgel networks, hollowness, controllable non-
spherical shape and pH-degradable property, this technology
can become a powerful tool for the fabrication of compart-
mentalized soft materials for different bio-, food-, and medical
applications.

4. Experimental Section

Materials:  PVCL was obtained from BASF as Luviskol (30% in EtOH
and Isopropanol). The number average molecular weight (M,)) was deter-
mined using GPC and is 27 500 g mol~. Alcohol contained in the prod-
uct was removed using rotary evaporator and lyophilization before use.
TA (99.5%<), acetic acid (99.8%<), 2,2-azobis(2-methylpropionamidine)
(AMPA, (97%), N’-methylenebisacrylamide (BIS, 99%), fluorescein-O-
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acrylate (95%), Span 80 (60%<), and N-vinylcaprolactam (VCL, 98% sta-
bilized) silicone isolators, press-to-seal (8 well, 0.5 mm x 9 mm, sili-
cone/silicone, round), 1 m of sodium hydroxide (NaOH), ethanol (EtOH,
99.8%), water (HPLC), Span 80 (>60%), fluorescein-isothiocanat isomer
I (FITC, >90%), 1-Octanol (>99%), 1 m of phosphoric acid, natriumphos-
phat (NaH,PO,, >99%), disodium hydrogen phosphate (Na,HPO,,
>99%), potassium hydroxide (KOH, >85%), and monopotassium
phosphate (KH,PO,, >99%) were purchased from Sigma-Aldrich. VCL
was purified by distillation in vacuo and subsequent recrystallization from
hexane. Methacryloxyethyl thiocarbamoyl Rhodamine B (Rhodamine B,
95-100%) was obtained from Polysciences. All of the reactants were
used without further purifications. HFE (Novec 7500) was obtained from
3M and Krytox 157 FSH was purchased from Chamours. Silgard 184 kit
was purchased from Dow Corning. PE Tubing (ID = 0.38 mm, OD =
1.98 mm) was obtained from Smiths Medical. Aquapel was provided from
Schutzprofi. Sampling tool (type 0.75 mm) was obtained from EMS-Core.

Device Fabrication: Microfluidic devices were fabricated by soft lithog-
raphy. AutoCAD (Autodesk, USA) software was used to design the mi-
crofluidic channel in a 2D drawing, which was printed on a high-resolution
(25 000 dpi) dark-field photomask. Photolithography was applied to pat-
tern an epoxy-based photoresist (SU-8) on a silicon wafer using the printed
photomask as template. Soft lithography on the patterned silicon wafer
was used to produce PDMS-based microfluidic devices. Briefly, Silgard 184
kit was employed to prepare a mixture containing 1 part of curing agent
and 10 parts of PDMS base. The mixture was poured on the previously
prepared silicon wafer and excess of air was removed under high vacuum
for 1 h. The system was heated at 65 °C overnight before the cured PDMS
mold was peeled off from the silicon wafer. The PDMS mould and a glass
slide were treated with oxygen plasma and covalently bound together via
a condensation reaction. The device was heated at 65 °C for total comple-
tion of the bonding for 1 h. After finalization of the bonding process of the
PDMS to the glass slide, the silane (Aquapel) was used to render the mi-
crofluidic channels hydrophobic. The device was placed in a high-vacuum
desiccator with 200 L of the silane and left overnight to enable the chemi-
cal vapor deposition of the silane and its consequent covalent bond to the
surface of the channels, after which it was heated at 65 °C for 1 h.

General Workflow for Microfluidic Devices: Microfluidic experiments
were conducted on a microfluidic station consisting of two syringe pumps
(PHD Ultra, Harvard Apparatus, Holliston, MA, USA), to control the flow
rates of the two different phases. An inverted microscope (Motic AE2000,
TED PELLA, INC., Redding, CA) equipped with a camera (Flea3, Point Grey,
Richmond, CA) was applied to observe flow and droplet formation. The
PDMS microfluidic device was connected to the system using fine bore
polyethylene tubing. The microchannels had a rectangular cross-junction
with a uniform height of 80 um.

Synthesis of the PVCL Microgels and the Labelings with Fluorescent Dyes:
Microgel preparation was carried out by the free-radical precipitation poly-
merization method. Recrystallized (with hexane) VCL (1.56 g, 11.3 mmol,
97.5 mol%) as monomer, the cross-linker BIS (45 mg, 0.29 mmol, 2.5
mol%), and the fluorescent dye Rhodamine B (7.5 mg, 0.1 mol%, for
the microgels to label with FITC for multicompartmentalization no Rho-
damine B was incorporated) were added to 73 mL of the HPLC water in
a 100 mL round bottom flask. In a separate snap cap tube, the initiator
AMPA (5.66 mg, 0.02 mmol, 0.16 mol%, for the microgels to label with
FITC for multicompartmentalization: 56.6 mg, 0.2 mmol, 1.6 mol%) was
mixed with 2 mL of the HPLC water. Both reaction vessels were degassed
with nitrogen for 45 min at 70 °C. Then the aqueous AMPA solution was
added to the mixture of monomers and reacted for 3 h or the purifica-
tion of the microgels, a ZelluTrans dialysis tube (12-14 kDa) was used to
remove unreacted reactants and not cross-linked polymers. Dialysis was
performed for seven days in a 5 L beaker against distilled water. The water
was changed daily twice. The microgel solution was protected from light
via aluminum foil. The remaining solvent was removed by freeze-drying
with the LyoQuest laboratory freeze dryer. For this purpose, the microgel
dispersion was first frozen using liquid nitrogen and then completely dried
for three days. Second microgels for the multicompartmentalized colloido-
somes were synthesized with 1.6 mol% AMPA. They were labeled further
with FITC. For this, 10 mL of the microgel solution after the purification
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step was mixed with fluorescein-isothiocanatisomer | (2.0 mmol, 10 equiv.
to AMPA) and stirred at RT for two days. For purification, the mixture was
dialized against distilled water for seven days in a 5 L beaker and the mix-
ture was covered by aluminum foil for storage.

Study of the Microgel’s Behavior at Emulsions: A solution of T-octanol
with 2 vol% of Span 80 as stabilizer was used as the oil phase and trans-
ferred into 10 mL of the glass syringe. The addition of the oil phase was
done via the 10 mL glass syringe in combination with the syringe pump at
a flow rate of 300 uL h~. For the aqueous solution the microgel concen-
tration (0.5, 1.0, 2.5, 5.0, 7.5, 10.0, 15.0, 20.0 mg mL’1) was adjusted by
addition of the HPLC water. The solution was dispersed by ultrasonifica-
tion for 5 min and filtered using a syringe filter (1.20 pum, filter-a: 25 mm).
The addition was carried out with a 1 mL of glass syringe in combination
with the Syringe pump. Flow rates of 50 and 150 uL h~" were used for the
dispersed phases. The resulted emulsions were corrected in a vial using
PE tubing and the emulsion was observed directly under CLSM to check
the behavior of the microgels.

Synthesis of the Nonspherical Suprastructures: Two continuous phases
and one dispersed phase were used for the nonspherical colloidosomes
and gel synthesis. The preparation of the first oil phase was conducted
with T1-octanol and 2 vol% of Span 80. The second oil phase contained
1 vol% of acetic acid in octanol. The addition of the oil phases was done
via the 10 mL glass syringes in combination with the syringe pumps. The
flow rate for the first oil (continuous) phase is 400 uL h~! and for the sec-
ond oil (continuous) phase 300 uL h™' unless no additional information
had been given. To prepare the aqueous phase, a solution of TA (32.0 mg,
16.0 mg mL™") was first prepared with 2 mL of the HPLC water in a 3 mL
snap cap tube and degassed with argon for 5 min to avoid oxidation of TA.
Then the pH was adjusted with NaOH to 10.8-11. Under argon conditions,
the PVCL microgels were added according to the desired concentration
(1.0, 2.5, and 10.0 mg mL~" and for the multicompartmentalized particle
1:1 ratio of two types of the microgels and the sum is 2.5 mg mL~") and
PVCL-chains (6.0 mg, 3.0 mg mL™'). Homogeneous distribution of the re-
actants in the solution was achieved by shaking three times on the rotex
shaker followed by 5 min of ice-cooled ultrasonification. Under inert gas,
the solution was filtered with a syringe filter (1.20 um, filter-: 25 mm) and
transferred to the 1 mL glass syringe. Flow rates of 50 and 150 uL h™" were
used for the dispersed phases.

DLS Measurements of the PVCL Microgels: The microgel characteriza-
tion via DLS was performed using an ALV/CGS-3 Compact Goniometer
System with an ALV/LSE 5004 Tau Digital Correlator and a DS Uniphase
laser operation at 632.8 nm. A fixed scattering angle of 6 = 90° was used.
Before the measurements, the microgel samples were filtered through a
syringe filter (polyester) with a pore size of 1.2 um, and the solid concentra-
tion was set to 0.1 mg mL~" with HPLC grade water. Single measurement
was carried out at 20 °C.

Scanning Electron Microscopy Measurements: ~ For the FESEM measure-
ments, the microgel solution was air-dried under ambient conditions on
carbon grids (Carbon Film 200 Mesh Copper Grids, Electron Microscopy
Sciences). Ultrahigh Resolution Scanning Electron Microscope SU9000
(Hitachi-High Technologies) was used for the measurements. The cryo-
FESEM measurement was carried out using the S4800 FESEM by Hitachi-
High Technologies. A drop of microgel solution was placed in metal rivets
(or tubes) and frozen in liquid nitrogen. The rivets containing the frozen
sample were inserted into the electron micros cope under vacuum while
keeping the same temperature in their frozen state. Before the measure-
ment a sublimation process was executed on the top surface of the sam-
ple. The sample was uncovered from the surrounding ice by #2—-4 nm in
depth, allowing a better view on the colloidosomes. The measurement was
done by using the secondary electron-detector at an accelerating voltage of
1kV and an emission current of 2 uA. The scanning electron microscopy
experiment was performed by Stefan Hauk at DWI-Leibniz Institute for
Interactive Materials.

Thermoresponsiveness Study via Optical Microscopy: Images for ther-
mosresponsiveness of microgels were recorded using a microscope (Ax-
joplan 2, Zeiss). A drop of the colloidosome solution was placed in a sil-
icon isolater that was placed between two glass slides and the measure-
ment was performed. Two optical images were taken once at 20 °C and
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the other one at 50 °C. For temperature control, a self-made hot plate with
polyimide ThermofoilTM heaters, PT100 IEC 751 tolerance class 1/3B tem-
perature sensor, and LakeShore Model 330 Autotuning Temperature Con-
troller (Lake Shore Cryotronics, Inc., USA) were used.

CLSM Images: 20 uL of the solutions was placed in a glass slide
with a silicone isolator and performed the measurements. CLSM imag-
ing was performed using a TCS SP8 setup from Leica Microsystems. The
fluorescein moieties incorporated in the microgels was excited using an
Argon Laser filtered to a wavelength of 488 nm. The resulting fluorescent
emission was detected using a HyD detector in the range of 500-550 nm.
The Rhodamine B moieties incorporated in the microgels were exited us-
ing a visual light filtered to a wavelength of 561 nm. The resulting fluo-
rescent emission was detected using a HyD detector in the range of 575—
610 nm. For the imaging two main objectives were used: 1) HCX PL Fluotar
10x/0.30 (air) and 2) HC PL APO 63x/1.40 Oil CS2.

Preparation of the Buffer Solutions:  For the buffer solutions, stock solu-
tions were prepared and then mixed with proper amount. For pH 3 buffer,
0.23 mL of phosphoric acid (1 m), 0.074 mL of NaCl (1 m), 0.1 g of sodium
phosphate, and 99.7 mL of HPLC water were mixed. For the pH 5 buffer,
38.12 mL of succinic acid solution (0.02 m), 16.8 mL of KOH (0.05 m),
and 45.08 mL of HPLC water were mixed. For the pH 7 buffer, 13.96 mL
of monophotasium phosphate (0.02 m), 24.05 mL of monosodium phos-
phate, and 62 mL of HPLC water were mixed.

FTIR Measurements: The chemical composition of the colloidosomes
was characterized by ATR-FTIR spectroscopy on a PerkinElmer Spectrum
3 equipped with a GladiATR diamond frontier. All measurements were per-
formed within a spectral range from 4000 to 400 cm~" with a spectral reso-
lution of 4 cm™" and a sample scan time of 4 scans at room temperature.
The data analysis was carried out with the software Spectrum (Version
10.7.1) from PerkinElmer. For the measurements, the colloidosomes so-
lution (100 uL) was dried in an oven over night. The dried sample was
transferred on ATR of the FTIR for the measurements.

GPC Measurement: Number-average molecular weights (M), weight-
average molecular weights (M,,) and dispersities (D, M,,/M,,) were deter-
mined by GPC using dimethylformamide (DMF) as an eluent for the PVCL
homopolymer. The measurements of the samples dissolved in DMF were
performed using an Agilent 1260 infinity system equipped with a refractive
index detector (SECurity?, PSS). The eluent contained 1 g I=! lithium bro-
mide (LiBr, >99%, Sigma-Aldrich). The solvent of the samples contained
traces of toluene as an internal standard. The used sample concentration
was ~5 mg mL~1. One precolumn (8 mm x 50 mm) and three PSS GRAM
gel columns (8 mm x 300 mm, Polymer Standards Service) were used at
a flow rate of 1.0 mL min~" at a temperature of 60 °C. The diameter of
the gel particles was 10 um, and the nominal pore widths were 30, 1000,
and 1000 A. Calibration was achieved using narrow distributed poly methyl
methacrylate standards. The results were evaluated using the PSS WinGPC
UniChrom software (Version 8.3.2).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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