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Controlled evaporation-induced phase separation
of droplets containing nanogels and salt
moleculesy

Yuandu Hu@®*

Droplets without protection from surfactants or surfactant-like objects normally experience merging or
a coalescence process since it is thermodynamically favored. However, division or replication of droplets
is thermodynamically unfavored and comparably more difficult to realize. Herein, we demonstrate that
a population of droplets that are composed of nanogels and salt spontaneously undergo a separation
process under a slow solvent evaporation condition. Each individual droplet underwent changes in size,
shape and eventually developed into two domains, which was caused by the screening effect due to the
increased salt concentration as a result of solvent evaporation. The two domains gradually separated into
nanogel-rich and salt-rich parts. These two parts eventually evolved into nanogel aggregates and
branched structures, respectively. This separation was mainly due to the salting out effect and dewetting.
Comparison studies indicate that both the nanogels and salt are indispensable ingredients for the phase
separation. These discoveries may have profound applications in the fields of biomimetics and offer new
routes for self-replication systems.

1. Introduction

Droplets are self-organized structures where one liquid is
dispersed in another surrounding liquid. The two liquids can be
either immiscible or partially miscible.*® Normally, a boundary
exists between the two liquids and sometimes the boundary is
stabilized by surfactants or surfactant-like lipids, polymers or
even colloids.*® The presence of these stabilizers could prevent
droplets from undergoing coalescence.” The droplets are ther-
modynamically unstable and tend to merge without the protec-
tion from those stabilizers. Meanwhile, interfacial tension
between the two liquids tends to force the droplets to display an
energetically favorable configuration, such as being spherical in
shape, which is similar to that of the protocells." Throughout
living systems in our universe, the fundamental behaviors of
protocells is quite contrary to the abovementioned phenomenon
of the droplets. Essentially, the most common and important
feature of living systems is that the building blocks of these
species, such as cells, could replicate and eventually lead to the
growth in population, not only in terms of quantity, but also in
volume. In the origin of life initiatives, a great amount of effort
has been dedicated to explore the division of droplets, vesicles
and other objects. Those attempts in objects' division could

Departments of Materials Science and Engineering, Department of Physics, School of
Physical Science and Engineering, Beijing Jiaotong University, Beijing, China.
E-mail: huyd@bjtu.edu.cn

T Electronic supplementary
https://doi.org/10.1039/d2ra04585k

information (ESI) available. See

© 2022 The Author(s). Published by the Royal Society of Chemistry

eventually result in the quantity growth of the objects, so as to
mimic the behaviors of fundamental units of our living
systems.”"*"*” These approaches to realize an object's replication
either require a rapid mass intake from ambient medium via
a diffusion process or involvement of an external stimulus, such
as a mechanical stimulus, chemical energy, electric field or other
means.”®*?* The endeavors have been implemented both in
theoretical and experimental studies."*** Through those
designs, the objects, such as droplets or capsule-like structures,
start to undergo a switch in status from equilibrium to non-
equilibrium, and further lead to changes in shape or eventually
divisions.?® As a result, the objects display a collective growth in
quantity in the process. However, to date, spontaneous objects’
growth in quantity has rarely been realized via a straightforward
process, particularly a process without the need of feeding
materials into objects or imposing an external stimulus on the
objects. For example, DeSimone et al. reported spontaneous
division and motility of an active droplet from the simulation
point of view. This division and motility behavior was due to the
interplay between active stresses and the defective geometry of
the nematic director.”” Chen, Lee, Keating and Shum et al
respectively reported the division-like behaviors of microobjects
(i.e. droplets or vesicles) by leveraging mass exchange between
the microobjects and an external medium.*"**** All of the
processes in those reports took place in a rapid fashion (normally
within a matter of tens of seconds or a few minutes) and required
mass-exchange. Microobjects' separation in a spontaneous and
better controlled fashion have yet to be achieved. In this report,
we demonstrate that water in oil (W/O) emulsion droplets could
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show spontaneous phase separation through a controlled solvent
evaporation process. The phase separation could lead to the
object growth in a collective manner. The droplets are composed
of two essential components: Ru(bpy); moiety-functionalized
nanogels, a certain amount of salts, such as Sodium Bromate
(NaBrOs) and initiator Potassium Persulfate (KPS) if necessary.
The droplets dynamically change in size and shape, and subse-
quently evolve into two domains: nanogel-rich and salt-rich
domains. Continued water loss leads to the two domains
respectively developing into two separated parts: dumpling-like
gel particle-based superstructures and highly branched crystal-
like structures that are based on the hybridization of nanogels
and salt molecules. The nanogel-based superstructures can be
further immobilized upon gentle addition of tetramethyl ethyl-
enediamine (TEMED) if KPS was premixed with the droplets’
phase prior to the droplets’ manufacturing process. It is found
that each individual droplet in such a two-phase system could
undergo a shape transformation and a subsequent asymmetric
phase separation behavior, which enables the individual droplet
to evolve into two or even multiple separated parts. This process
takes place solely under the driven of solvent (water) evaporation
and without any need of extra stimulus. Our discoveries have
profound implications: on the one hand, this preliminary study
may pave a way for the design and construction of artificial
protocells and to study their evolutions for the origin of life
community; on the other hand, this route also offers new
opportunities for the design of unconventional soft or hybrid
micro-objects and even their further applications in biomimetic,
catalysis and pharmaceutics or other interdisciplinary areas.>***

2. Experimental section
2.1 Materials

N-Isopropyl acrylamide (NIPAAm, =99%), N,N-methyl-
enebisacrylamide (BIS, 99%), potassium persulfate (KPS,
=98%), sodium bromate (NaBrOs;, 99%), tris(2,2"-bipyridyl)
dichlororuthenium(un) hexahydrate (99.95%), acrylic acid (AAc,
98%), 1-decanol (99%), methanol (anhydrous, >99.8%), 2-
hydroxyethyl methacrylate (HEMA, 98%), 1-ethyl-3-(3-dimethyl
aminopropyl) carbodiimide (EDC), sorbitan monooleate (Span
80), N,N,N',N-tetramethyl ethylenediamine (TEMED, =99.5%)
and 2,2-azobis(2-methyl propionitrile) (AIBN, 98%) were all
from Sigma-Aldrich. 4-Vinyl-4"-methyl-2,2-bipyridine (99%) was
ordered from Ark Pharm, Inc. Ruthenium(n) (4-vinyl-4"-methyl-
2,2"-bipyridine) bis(2,2"-bipyridine) bis(hexafluoro phosphate)
(noted Ru(bpy); monomer as below) was synthesized according
to the previous literature with minor modifications.>** All
chemicals were used as received. Double distilled water was
ordered from WaterLab Solutions and was a reverse osmosis
product according to the information from the vendor.

2.2 Synthesis of ruthenium and acrylic acid dual-
functionalized gel particles

Synthesis of the dual-functionalized gel particles was achieved
using emulsification polymerization method based on previ-
ously report with modifications.* Briefly, NIPAAm (2.308 g, 22.1
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mmol), BIS (0.172 g, 0.34 mmol), SDS (0.068 g, 0.24 mmol),
acrylic acid (400 pL) and Ru(bpy); monomer (0.17 g, 0.19 mmol)
were dissolved in 70 mL of distilled water. To remove any
possible granules, a 0.45 um pore-size filter was used to filter the
solution and after that, the solution was transferred into
a 250 mL three-neck flask. The solution was degassed under
nitrogen for at least 30 minutes. The flask was then heated to
70 °C with N, protection. 10 mL of KPS (0.069 g, 0.07 mmol)
solution was added to the flask to initiate polymerization once
the temperature was stabilized at 70 °C. The reaction was
continued for another 6 hours under the same temperature and
N, protection. The flask was immediately cooled down with an
ice bath after the reaction. For purification, a stainless-steel
mesh with a pore size of 15 pm was applied to filter out any
larger aggregates. Then, the filtered gel particle solution was
dialyzed against pure water for one week with frequent water
change.

2.3 Modification of the pNIPAAm-AAc-Ru(bpy); gel particles
with HEMA

The purified pNIPAAm-co-AAc-co-Ru(bpy); gel particles were
further functionalized with HEMA to render gel particles with
multiple vinyl groups. The modification route was based on
previous reports.***> Generally, 60 mL of the purified pNIPAAmM-
AAc-Ru(bpy); gel particles solution was put into a 100 mL flat
bottom flask. The flask was placed in an ice bath for 30 minutes
and subsequently 2.8 g of HEMA was added into the flask. After
another half hour of stirring and reaction in an ice bath, 2.1 g of
EDC in 5 mL water was added to the flask. The stirred reaction
was maintained under the ice bath condition for another 3
hours. After the reaction, the collected product was dialyzed
against pure water for one week with frequent water change.
The purified product was freeze-dried. The obtained product
was stored in a refrigerator for further use. To characterize the
PNIPAAmM-AAc-Ru(bpy); and HEMA-modified pNIPAAm-AAc-
Ru(bpy); gel particles, d°>-DMSO was used as the solvent for both
characterizations. '"H NMR measurement was conducted on
Bruker NMR spectroscopy (Inova500B (I500B)).

2.4 Preparation, purification and characterization of the
colloid-based superstructures

Preparation of the superstructures was achieved through the
spontaneous evaporation of water-in-oil (W/O) emulsions,
which were fabricated via hand shaking and microfluidics
approach, respectively. 1-Decanol solution of Span 80 was used
as the oil phase. A mixture of aqueous solution of HEMA-
modified pNIPAAm-AAc-Ru(bpy); gel particles (3 wt%, 500 pL),
aqueous solution of NaBrO; (2 M, 50 pL) and aqueous solution
of KPS (1 wt%, 83 L) was used as the dispersed water phase. A
glass capillary-based microfluidic device was constructed
according to previous report and used for the fabrication of
emulsion droplets.>** The orifices of injection tubing and col-
lecting tubing are 160 um and 520 pm, respectively. For droplets
with different diameters, the flow rates of the dispersed phase
varied from 100 to 1500 pL h™* while the flow rate of the
continuous phase was fixed at 4 mL h™". The droplets were then

© 2022 The Author(s). Published by the Royal Society of Chemistry
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collected in plastic Petri dishes (BIPEE polystyrene Petri dish 35
x 10 mm) unless specially noted and the sample was covered
with a clean Petri dish cover to slow down the evaporation. For
slow evaporation experiments, the samples were collected in
plastic Petri dishes with another size (diameter x height 50 x
9 mm with a tight fit lid). The evolution of the samples in the
Petri dishes was monitored under optical microscopy (AmScope
IN300TC Long Working Distance Inverted Trinocular Micro-
scope equipped with a PixeLink Colour Camera). The evolution
of droplets was recorded using a Pixelink camera. Zeiss micro-
scope (Axio Observer Al Zeiss, Germany) was used for the
fluorescence microscopy characterizations. The microscope was
equipped with a camera and the fluorescence signal was irra-
diated by blue light (A = 470 nm, 6.65 mW). For bulk emulsi-
fication, 200 pL aqueous solution of HEMA-modified gel
particles was mixed with 30 pL of 1 wt% of KPS solution and the
mixed aqueous solution was dispersed into 1 mL 1-decanol
solution of Span 80 (5 wt%) via handshaking for 10 seconds. All
the optical/fluorescence microscopy observation experiments
were performed at 23.5 £ 0.5 °C.

2.5 Interfacial tension measurement

The interfacial tension measurements were performed on
a home-made setup, which consists of a digital camera (to
capture the image of droplets), a liquid cell and a syringe with
a blunt needle to finely tune the size of droplets. The acquired
images were subsequently processed by MATLAB program to
calculate the interfacial tensions.

2.6 Dynamic light scattering (DLS) characterizations

0.1 wt% of aqueous dispersion of HEMA-modified gel particles
was used as the DLS measurement sample. The gel particle
dispersion was further characterized under a dynamic light
scattering (DLS) machine (Delsa Nano Submicron Particle Size
and Zeta Potential, Beckman-Coulter). A refractive index value
of 1.3331 at 25 °C was used for H,O. Given that the concentra-
tion of gel particles is low, it is supposed that there are no gel
particle interactions. The size measurement was carried out at
23.5 °C. The light scattering angle was chosen as 90°.

Fig. 1

View Article Online

RSC Advances

Cumulative size distribution results were adapted for analysis of
size distribution.

3. Results and discussion

An aqueous phase that was composed of (hydroxyethyl) methac-
rylate (HEMA)-modified poly(N-isopropyl acrylamide)-co-(acrylic
acid)-co-(Ru(bpy);) (note as HEMA-m-pNIPAAm-co-AAc-co-
Ru(bpy);) nanogels, NaBrO; and potassium persulfate (KPS), and
an oil phase of Span 80 in 1-decanol solution were used as
dispersed phase and continuous phase, respectively. The addition
of Span 80 in the oil phase assists to prevent droplets from
undergoing coalescence. By using appropriate emulsification
method, water in oil (W/O) emulsion droplets can be obtained.
The droplets preparation process in the present study was mainly
achieved through microfluidics so as to obtain droplets with
uniform size, despite handshaking method was also utilized to
test the generality of the droplet behaviors. The HEMA groups and
Ru(bpy); moieties in the nanogels respectively provide gel parti-
cles with further intercross linking capability (due to the intro-
duction of multiple vinyl groups) and facile tracking property (due
to the orange color and different refractive index). The synthetic
routes and chemical structures of gel particles are shown in
Fig. S11 and 1. Fig. S2 and S31 show the "H NMR characterizations
of the nanogels. The appearance of peaks at 5.6 ppm and 6.0 ppm
after HEMA modifications indicates that the successful intro-
duction of vinyl groups onto the backbone of the gel particles.
Fig. S41 shows the dynamic light scattering (DLS) results of the
HEMA-modified gel particles in pure water solution. The nanogels
have an average hydrodynamic diameter of ~235 nm with a PDI
(polydisperse index) of ~0.15. Fig. 1(a) shows the droplets gener-
ation process inside a glass capillary based microfluidic appa-
ratus, which has been widely used for droplets preparation in
many other reports.**¢ Fig. 1(b) shows the droplets just after
collection and displaying uniform size. The droplets settled at the
bottom of the container due to their higher density (~1 g cm™)
than that of the surrounding decanol medium (~0.83 g cm ).
Fig. 1(c) illustrates the composition of the nanogel-containing
droplets and the schematic structure of the gel particles.
Fig. 1(d) depicts the chemical structure of the gel particles.

(a) Optical microscopy image of the process of generating nanogel-containing droplets inside the microfluidic device; (b) optical

microscopy image of the collected droplets in a transparent plastic Petri dish; (c) illustration figures of the nanogel-containing droplets and the

nanogels; (d) chemical structure of the nanogels.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.1 Evolution of droplets containing both gel particles and process, which can consequently induce the growth of pop-
salt molecules ulation and eventually thrive civilization. Here we demonstrate

how our gel particle-containing droplets spontaneously

Scientists in the origin of life community have been actively . .
undergo a phase separation process, which may have

searching for systems that could achieve the self-replication
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Fig. 2 (a-l) Optical microscopy images of the droplets containing gel particles and salt molecules evolved solely under the influence of solvent
evaporation (T = 23.3 + 0.5 °C). (m) Diameter change of the droplets as a function of time. The dot-line square region shows the measured
diameter change of the droplets when the droplets started flatten phase. (n) Fitted plot of the diameter change of the droplets as a function of
time. The dot-line square region shows the fitted diameter change of the droplets when the droplets started flatten phase. (o) The molar
concentrations of NaBrOsz(blue curve) and KPS (orange curve that is close to the x axis) change as a function of time during the evaporation
process. The molar concentration changes were calculated based on the diameter measurement change in the plot (m). The dot-line square on
the right side indicated that the concentration changes were no longer the actual concentration changes inside the droplets. (p) Illustration figure
shows the evolution of the droplets containing gel particles and salt molecules.

27980 | RSC Adv, 2022, 12, 27977-27986 © 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04585k

Open Access Article. Published on 30 September 2022. Downloaded on 12/9/2025 5:39:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

potentially implications for further exploring this fundamental
puzzle within the origin of life community. The nanogel-
containing droplets began to evaporate once being collected
in a container. Fig. 2 shows optical microscopy images of
a population of the droplets evolving in a Petri dish. The
droplets contained homogeneously distributed nanogels (the
homogeneous fluorescence signal intensity in the Fig. S5
indicates that there is no microscopic visible nanogel aggre-
gates) and firstly displayed a decrease in size, from ~270 pm to
~230 um (as shown in Fig. 2a-c), which was due to the evapo-
ration of solvent (water in our case) at room temperature in the
droplets. As the evaporation proceeds, at some point (depends
on the size of droplets), it looks like that the droplets display an
increase in diameter (as shown in Fig. 2d-e and the right part of
the curve in Fig. 2m). However, this trend does not reflect the
actual scenario of what the droplets have experienced, but
rather likely due to a shape transition of the droplets, specifi-
cally droplets’ morphology transformed from spherical to oblate
(termed as flatten process here).*”** This shape-transition
process was likely caused by the formation of nanogel gradi-
ents within the individual droplets (from the bottom to the top
part) under the effect of water evaporation. This nanogel
particle ingredient inside individual droplet resulted in an
interfacial tension ingredient, which together with the gravity to
result in the deformation of the droplets.”® Consequently, the
oblate droplets displayed larger in diameter than their actual
diameters when being observed from the top view of the
microscopy observation.” Fig. 2f-g show the droplets display-
ing a size decrease trend again due to the diminishing of
interfacial tension ingredient as the evaporation process
continues (also shown in the Fig. S6 in ESI and Supporting
Video 11). Despite the actual size change of the droplets can't be
directly determined from the optical microscopy images, the
real size evolution trend for this period could be fitted and
projected since the evaporation rate of droplets in this size
range is constant (as shown in Fig. 2n).”> Meanwhile, accom-
panied with the diameter change, the salts’ concentration
change as a function of time in the droplets can be also calcu-
lated for the evolution period prior to the droplets' flatten
taking place. Fig. 20 shows the concentrations of NaBrO; (blue
curve) and KPS (orange curve) change as a function of time. The
concentrations of NaBrO; and KPS increased from an initial
value at ~0.155 M and ~0.008 M to a peak value at ~0.25 M and
0.012 M prior to the droplets' flatten phase, respectively. The
concentration of KPS is negligible when compared with that of
NaBrO;. After reaching the peak values, both concentration
changes displayed a decrease trend (as shown in dot-line square
part in Fig. 20), which doesn't reflect the real concentration
change. An interesting phenomenon, the separation of the
droplets emerged when the evaporation process proceeds into
a specific stage and this phase separation process gradually
passed onto adjacent droplets, and further advanced to the
entire population of the droplet sample (as indicated in Fig. 2h-
i and Supporting Videos 1 and 2%). Assuming the phase sepa-
ration of the droplets in Fig. 2 happened at 14 hours of obser-
vation, the droplets average diameter was around 186 pm
according to the fitted curve in Fig. 2n, then the final

© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentration of salt just prior to phase separation was about
0.474 M. Typically, the phase separation process led to the
spontaneous evolving of each individual droplet into two
separate parts: nanogel-rich part (with relatively more intense
orange color from the Ru(bpy);-functionalized nanogels) and
salt-rich part (further confirmed by Fig. S7 and S8 in ESI, where
droplets were prepared by handshaking method and with
relatively smaller diameters and each droplet after evolving
displayed a fluorescence intense domain and less fluorescence
domain). It is worth mentioning that droplets with wide size
distributions in Fig. S7 and S8t also showed a similar transition
process as that of the droplets with uniform size distribution.
This phenomenon indicated that the droplets evolution process
was independent of their initial sizes and size distributions in
our observation range (note: there may be a size range that allow
the droplets for experiencing the phase separation. The lower
limit of the droplets’ diameter could be smaller than 50 um.
However, I am not sure the upper limit of the droplets’ diameter
for allowing such kind of phase separation, given that the
diameters of droplets were all below ~500 pm in our studies.
We will figure out the threshold in our future investigations).
This is different from phase separation phenomenon in some
other droplet system.”® The evolution of the two separated parts
then followed two completely different pathways upon the
continued evaporation of water. On the one hand, despite the
gel particle-rich part underwent a shape deformation, the
deformed structures gradually recovered to a spherical shape
(gel particles’ aggregate) due to the minimization of interfacial
energy and self-organizing of the gel particles (as can be seen in
ESIVideo 1 and also in Video 21 when another batch of droplets
were under relatively slow evaporation mode). The gel particle-
rich part with spherical shape continued to evolve into
deformed colloids-based superstructures due to the continued
water loss (as shown in Fig. 2i-j and another batch of droplets’
experiment in Fig. S9 in ESIf). On the other hand, the salt-rich
part with relatively brighter contrast gradually faded with their
spherical outline as well as the orange color, and eventually
formed crystal like structures. This phenomenon was mainly
due to the evaporation of water in the salt-rich domain, which
consequently induced the crystallization of salt molecules,
specifically NaBrO; molecules and tiny amount of KPS (as
shown in Fig. 2k-1and also confirmed in another two batches of
droplets’ experiments in Fig. S6 and S9 in ESIt). Given that the
salt-rich domain contained a large portion of salt molecules, the
resulting structures of the salt-rich domain was completely
dominated by the salt crystallization guided structure forma-
tion. Fig. 2p depicts the entire evolution of the droplets upon
the influence of water evaporation.

Although the above-mentioned droplets mainly displayed
a process that evolved from one individual droplet to two
separate parts, we were also aware of another type of droplet
evolution process: an individual mother droplet (the droplets
directly produced from microfluidics) evolved from one
integrity to multiple daughter parts (more than two different
parts, namely one-to-multiple separation process, as shown in
Fig. S10 in ESI and Video 3f%), pretty like the continued
developing of a budding process.>® Unlike the droplets showed

RSC Adv, 2022, 12, 27977-27986 | 27981
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one-to-two separation behavior, the one-to-multiple separa-
tion process only took place in the context of droplets con-
taining a relatively higher amount of salts (however, at this
moment it is not clear the exact threshold value of the salt
concentration in the droplets that could trigger the one-to-
multiple separation, but we will figure it out in our future
studies).

To compare whether the evaporation velocity affects the
droplets’ evolution process, we also carried out experiments
that the droplets were evolved under a slow solvent evaporation
condition (as shown in Fig. S11 in ESI and Supporting Video 27).
The droplets evolution processes took place slightly less than
two weeks and displayed a clear phase separation phenomenon,
indicating that the occurrence of the phase separation process
is prone to take place under slow solvent evaporation condition.
In addition, we carried out experiments when the initial drop-
lets with deformed shapes, which means that the droplets were
not spherical in shape. The droplets in this case still displayed
clear phase separation phenomenon (as shown in Fig. S12 in
ESI and Supporting Video 471).** This phenomenon indicates
that the occurrence of phase separation is independent of the
initial shapes of the droplets.

View Article Online

Paper

3.2 Evolution of droplets only containing gel particles or salt
molecules

To explore which components inside the droplets played the key
role to ensure the occurrence of phase separation phenomenon,
we carried out experiments where the droplets only containing
gel particles or only containing salt molecules. Fig. 3 shows
a group of droplets only containing gel particles and evolving
solely under the influence of solvent evaporation. The droplets
in this case didn't show any phase separation phenomenon, but
rather a pure drying process, ending up with dried orange
residues (also as shown in Supporting Video 5t). Similarly,
when the droplets only containing gels particles and evolved in
a slow evaporation mode (where the evolution process lasted
slightly less than two weeks), the droplets still didn't show any
scenario of phase separation phenomena (as shown in
Fig. S131). In addition, when the droplets only contained salt
molecules, they only experienced a pure solvent evaporation
and drying process (as shown in Fig. S14 in ESI and Supporting
Video 61). These phenomena indicated that both the gel parti-
cles and salt (NaBrO; or NaBrO; and KPS combined) are
essential ingredients to ensure the droplets to successful expe-
rience the phase separation process.

e |
A PO0DR S
09500 5000
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O

5550

@)
/ 18 hours
later

Fig.3 Microscopy images of gel particles-containing droplets free of NaBrOs evolved at ~23.3 + 0.5 °C. The droplets were in 1-decanol solution
of Span 80 (the droplets' transformation process took place within 20 hours). It is clear that the droplets free of NaBrOsz didn't show any
separation phenomenon. Unlike the evolution of droplets containing both gel particles and NaBrOs, the evolution of these salt-free droplets
ended up with an almost blank background (with very small amount of orange gel particle residues), indicating that the presence of salt (NaBrOz)

played an essential role for the occurrence of phase separation.
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3.3 Explore the underlying mechanism behind the droplets’
evolution

To further explore and understand this process, we need to get
a deep insight to the mechanisms behind those series of
phenomena. At the very beginning, when the droplets were just
produced from the microfluidic device and immediately
collected in the container, the droplets system was considered as
a two phases system: an oil phase (Span-80 in 1-decanol solution)
and an aqueous phase (aqueous solution of nanogels and salts).
The gel particles were homogeneously distributed inside the
droplets due to the repulsive forces among nanogels (as
confirmed by fluorescence microscopy images in Fig. S5, where
there were no notable nanogel aggregations under the fluores-
cence microscope). However, as water evaporation and the
evolution of droplets emerged, the two phases system gradually
transformed into three parts: the continuous oil phase, nanogel-
rich phase (predominately by the aqueous solution of HEMA-
modified pNIPAAmM-AAc-Ru(bpy); gel particles) and salt-rich
phase (predominately by the aqueous solution of salt). Particu-
larly, the droplets with homogeneously distributed gel particles
gradually evolved into two separate parts: nanogel-rich part and
salt-rich part. This transition was plausibly caused by the

(a) Gel particle—ric‘r(lﬂ_;_r

Oil phase with
surfactant

© @)

(2)

Augeous solution of gel
particles in decanol
solution of Span 80

Augeous solution of
NaBrO, and KPS in decanol
solution of Span 80
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redistribution of gel particles under the driven of solvent evapo-
ration. Solvent evaporation results in the concentration increases
of each component in the droplets. Specifically, the increased salt
concentration could lead to counteraction of repulsive force
among nanogels.”>* And consequently, the nanogels start to
aggregate. As the evaporation continues, gel particle aggregates
gradually developed due to screening effect and moved towards
the water/oil interface due to their amphiphilic properties. A
direct consequence of this development eventually leads to the
flocculation of gel particles. As the gel particles aggregation
approached to a critical point, the gel particle-rich domain and
salt-rich domain began to emerge. It is not difficult to image that
the salt-rich domain and gel particle-rich domain get denser and
lighter, respectively. So, the screening effect, gravity force on the
salt-rich domain and buoyancy force on the gel particle-rich
domain could synergically advance the evolving of the two
domains. Meanwhile, the electrostatic repulsive force between
gel particles gradually decreased due to the increased screening
effect as the evaporation proceeds. According to the DLVO theory,
the van der Waals force among gel particles also gradually
became the dominant force and further advanced aggregation of
gel particles.”® The development of the two domains put the
droplets to an extreme situation, where the separation

(b)

r Fom Interfacial tension between oil
o8 AT e e
ro-s phase and salt-rich domain
Fom Interfacial tension between oil
rO-M _mmmphase and gel particle-rich domain

Interfacial tension between salt-rich

droplet and gel particle-rich domain

) (4)

Lower concentration of
gels, NaBrO, and KPS
Augeous solution of gel particles,
NaBrO, and KPS in decanol
solution of Span 80

High concentration of
gels, NaBrO, and KPS
Augeous solution of gel particles,
NaBrO, and KPS in decanol
solution of Span 80

Number 1) (2) (3) (4)
. 5 wt% Span 80 5 wt% Span 80 5 wt% Span 80 6 wt% Span 80
Outer Oil Phase in decanol in decanol in decanol in decanol
3 wt% gel particle 0 500 500 500
solution (pL)
Droplet 2Mm l_\laBrO:, 50 0 50 50
solution (uL)
Composition 1 wt% KPS
solution (L) Bg 0 83 8s
H,0 (uL) 500 0 0 175
Density difference between the
aqueous droplet and oil phase 0.194 0.154 0.186 0.182
Interfacial Tension (mN/m) 3.7 1.6 1.6 1.8

Fig. 4

(@) Illustration figure shows the droplet-shifting from a droplet with homogeneously distributed gel particles inside to an object

composing two domains: gel particle-rich domain and salt-rich domain. (b) Illustration figure shows three different interfacial tensions among
the external medium, gel particle-rich domain and salt-rich domain. (c) Interfacial tension measurements of droplets with different compositions
and their corresponding values. The table at the bottom part is the compositions of droplets and their corresponding interfacial tensions.
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phenomenon starts to emerge. Despite multiple factors, such as
salt-out effect and buoyance force, may play roles at this stage,
the dominate factor is supposed to be the wetting-to-dewetting
transition of the droplets. This transition can be interpreted
from the point view of the spreading parameters between
different phases, as shown in Fig. 4. Basically, there were one and
three interfaces before and after the emergence of the phase
separation, respectively. Before the phase separation process, the
sole interface was the one between the droplet and the oil phase.
The corresponding interfacial tension is denoted as v,_,. Whilst
at the moment of the emergence of phase separation, the
number of interfaces increased from one to three, which were the
interfaces: between oil phase and the gel particle-rich phase (o-
m), between oil phase and the salt-rich phase and between the
salt-rich phase and the gel particle-rich phase (s—-m), respectively.
The corresponding interfacial tensions were vo_m, Yo-s and v m,
respectively. Before and after the phase separation process, the
gel particle-rich phase can be considered as completely wetted
and partially dewetted by the saltrich phase, respectively.
Therefore, the spreading parameter can be expressed as eqn (1):
~ Yom 1)

S= Yo-s — Vs-m

To ensure the droplets successfully undergo a phase separa-
tion process, it is required that the S < 0.>*° At the moment of the
phase separation began to emerge, the interfacial tensions can be
measured since the concentrations of gel particles in the gel
particle-rich phase and salt-rich phase can be fitted and deter-
mined from the curve. Despite the interface tension vy, s between
the gel particle-rich phase and the saltrich phase can't be
measured directly since they are both miscible aqueous solutions,
the value is normally in the range of 0.01-10 pNm ™" (1 x 10 * to
10"2 mN m™ %) according to previous reports.®®> The interface
tension between droplets with relatively higher amount of gel
particles and oil phase (v,-m) and the interfacial tension between
droplet with relatively higher amount of salt (y,_s) are 1.6 mNm ™"
and 1.5 mN m ™, respectively (as shown in Fig. 4c). Assuming the
interfacial tension between the salt-rich phase and gel particle-
rich phase is the minimum value of 10~* mN m ™. The value of
the spreading parameter § = 1.5-1.6-10"* = —0.1 mN m™},
which indicated the dewetting phenomenon can be spontane-
ously triggered after a certain period of evaporation process, just
like what we have observed in our experiments. As the water
evaporation process proceeds, the 7v,s would incrementally
increase and therefore resulted in the S value moving towards
a more negative direction (as shown in Fig. 4c(1) in the case of gel
particle-free droplet). This move would further advance the phase
separation process. This droplets' system may have important
implications in the realms of self-replication systems and prob-
ably can be extended to some other applications as well.

4. Conclusions

In this study, we have successfully demonstrated a controlled
evaporation-induced phase separation behavior of droplets
system. Aqueous solution of droplets containing nanogels and
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small molecules (such as NaBrO; or K,S,0;3) were prepared by
two different methods: microfluidic technique and handshak-
ing approach, so as to produce droplets with uniform and
polydisperse sizes for comparison study. Upon solvent (water)
evaporation, the droplets can undergo a phase separation
process that induced the evolution of each individual droplet
into two separate parts: gel particle-rich part and salt-rich part.
Further systematical study reveals that the initial droplets
experienced a consecutive procedure: size decrease, shape
flatten, two domains emerging and phase separation. These
phenomena are likely due to the screening effect caused by the
evaporation-induced salt concentration and consequently
induces a phase separation due to the salt-out and dewetting
effects. The initial droplets eventually evolve into two separate
parts when the dewetting process proceeds. Comparison
experiments indicate that the simultaneous presence of salt and
gel particles plays an essential and critical role for the emer-
gence of this phenomenon. The phase separation process is
prone to take place under slow solvent evaporation condition
and independent of initial droplet shapes and droplet sizes in
our experimental observation range. After the phase separation
process, the gel particle-rich part evolved into objects with
different shapes, which have potential applications in the field
of preparation of gel particle-based superstructures with
different morphologies, specifically preparation of superstruc-
tures in an energy input-free manner rather than previously
reported heating-cooling method.**** The regulation of nanogel
based superstructures via this evaporation approach will be our
future research emphasis.®® In addition, the phase separation
process has profound implications for future studies in the
fields of design biomimetic self-replication systems. The
current study perhaps lays out a possible explanation for the
emergence of protocells replication on earth.
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