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Abstract

Janus particles are popular in recent years due to their anisotropic physical and chemical properties. Even though there are
several established synthesis methods for Janus particles, microfluidics-based methods are convenient and reliable due to low
reagent consumption, monodispersity of the resultant particles and efficient control over reaction conditions. In this work a
simple droplet-based microfluidic technique is utilized to synthesize magnetically anisotropic TiO2-Fe203 Janus microparticles.
Two droplets containing reagents for Janus particle were merged by using an asymmetric device such that the resulting droplet
contained the constituents within its two hemispheres distinct from each other. The synthesized Janus particles were observed
under the optical microscope and the scanning electron microscope. Moreover, a detailed in vitro characterization of these

particles was completed, and it was shown that these particles have a potential use for biomedical applications.
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1 Introduction

Janus microparticles possess different physical and chemical
properties leading to a growing field of scientific research.
In comparison to conventional microparticles with uniform
physical/chemical properties, Janus particles exhibit hybrid
characteristics providing several advantages in applications
such as cell encapsulation and assembly (Zhang et al. 2018),
DNA assays (Lan et al. 2016), biological multiplexing
(Nisisako et al. 2006), targeted drug delivery (Khan et al.
2014; Xie et al. 2012; Feng et al. 2019; Seo et al. 2013;
Indalkar et al. 2013; Yang et al. 2012), noninvasive imaging
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(Song et al. 2018), theragnostics (Rahiminezhad et al.
2020; Zhang et al. 2019), microlenses (Nisisako et al.
2014, 2015; Zou et al. 2024), removal of organic and metal
pollutants (Guix et al. 2018; Shin et al. 2023), and water
decontamination (Chen et al. 2017; Ren et al. 2019).
Several methods have been reported for the synthesis of
Janus particles (Safaie and Ferrier 2020; Saqib et al. 2022).
Categorized broadly, the synthesis techniques are of two
types: batch wise synthesis techniques and microfluidic
based techniques. Under the batch wise category, Janus
particles are generally synthesized via masking, phase
separation and self-assembly techniques (Safaie and Ferrier
2020). Although these batch wise synthesis techniques are
promising, they have inherent disadvantages that limit their
applicability, such as polydispersity, limited control over
reactions conditions, and wasteful consumption of reagents.
In contrast microfluidic-based techniques provide superior
control over reaction conditions, narrow size distribution
of synthesized particles and minimal consumption of
reagents (Saqib et al. 2022). Moreover, it allows precise
control over the reaction conditions and efficient transfer
of heat into and out of the system due to the small size of
the microreactor. Microfluidic reactors can be categorized
as either continuous flow or droplet-based flow systems. In
continuous flow microfluidic systems, the reaction occurs
within the fluid flowing in the channel and due to the
direct interaction of reagents with channel walls, there is a
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possibility of cross contamination, and clogging problems.
Moreover, continuous flow displays a parabolic flow profile
which develops as a result of the no-slip boundary condition
at the wall, which causes fluid at the wall to be slower than
the fluid in the center of the channel. This leads to non-
uniform residence time inside the microchannels which is
not desirable in chemical syntheses and biological analyses.
Furthermore, unless there is a stimulus to enhance mixing,
parallel flowing fluids do not diffuse into each other before
the characteristic diffusion length which depends on the
microchannel geometry.

In droplet-based microfluidics, reagents are contained
within droplets that are carried by an immiscible carrier
fluid within the channel. This type of flow also allows
rapid mixing due to the chaotic advection as a result of the
recirculation zones produced by the two-phase flow inside
a microchannel (Suh and Kang 2010; Baroud et al. 2010;
Ozkan and Erdem 2015). Droplets in a microfluidic system
act as individual microreactors that can be used to perform
reactions with higher efficiency as compared to non-droplet
based (continuous) microfluidic systems (Erdem et al. 2014;
Shang et al. 2017; Wahab and Erdem 2020). For these rea-
sons microfluidic droplet-based synthesis techniques have
gained popularity not only for isotropic particles but also
for Janus particle synthesis (Saqib et al. 2022). There are
several microfluidic-based techniques for the synthesis of
Janus particles reported in the literature that can be broadly
classified into four categories namely co-flowing streams
(Yu et al. 2012, 2016; Nisisako and Torii 2007; Marquis
et al. 2012), phase separation (Jeong et al. 2013; Pang et al.
2014; Shah et al. 2009; Lone et al. 2011; Kim et al. 2013;
Li et al. 2015), and double-emulsion (Chen et al. 2009a, b;
Thiele and Seiffert 2011; Perro et al. 2022).

Even though microfluidic-based techniques provide a
superior pathway for synthesizing Janus particles, the tech-
niques available in literature are faced with fundamental
limitations. Co-flow technique relies heavily on the diffu-
sion length scale to avoid mixing and for the maintenance
of a clear interface between the two parallel flowing phases.
In order to avoid mixing the viscosities and velocities of
the parallel flowing fluids need to be identical which is not
possible in Janus particle synthesis since the two adjacent
parts are inherently different. Secondly, in case of the phase
separation method, the constantly changing volume of the
droplet due to solvent evaporation does not allow the sys-
tem to achieve thermal equilibrium, and therefore predict-
ing the shape of the synthesized particles is difficult (Jeong
et al. 2013). Furthermore, majority of the phase separation
techniques utilize off-chip crosslinking leading to potential
merging of droplets while being stored in off-chip contain-
ers. In case of double emulsion method, the series of two
or three consecutive droplet generation junctions presents a
challenge to fine tune the flow rate combinations to generate
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encapsulated droplets continuously. Apart from that the den-
sity difference between the two droplets causes the inner
droplet to be pushed towards the back of the encapsulat-
ing droplet but this only happens during the flow of the
droplet in the continuous phase fluid while majority of the
techniques utilize off-chip curing. Due to this the resulting
particles might exhibit limited to no anisotropy.

In this research paper we demonstrate a droplet based
microfluidic device for the simple and efficient synthesis of
magnetically anisotropic TiO,/Fe;0, Janus particles where
all steps of the synthesis are carried out within the microre-
actor. TiO,/Fe;0, Janus particles have dual property due to
TiO, content, which is suitable to be used in application such
as medical implants, in production of healthcare products,
as well as bioimaging, whereas due to the Fe;0, content, it
will have a magnetic property which enables it to be manipu-
lated in a magnetic field. In addition, we provide a detailed
biocompatibility analysis of these particles to show their
suitability for future biological applications.

2 Design

Janus particles with magnetic anisotropy could be useful
for many applications, and adding another anisotropy to the
particle would allow the particles to be employed for special-
ized applications. Therefore, the research idea was extended
towards attaining Janus particles with dual properties pro-
vided by two different types of nanoparticles. For this pur-
pose, the most important step was to bring together the two
types of nanoparticles in a controlled manner. The schematic
of the device used for this synthesis is shown in Fig. 1.

In droplet-based devices, droplets are used as micro-
reactors therefore the aim is to merge two droplets having
different types of nanoparticles in the device. For this
purpose, four potential droplet merging geometries were
designed, fabri- cated and tested and the device with the
best performance was chosen for the experiments.
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Fig.1 Schematic of the microfluidic system for asymmetric droplet
generation and merging for Janus synthesis
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t=55ms t=110ms t=165ms

t=0s

Fig.2 Droplet merging sequence in the asymmetric cross-junction
merging device. Please see Video S1

In this design, two dispersed phase inlet channels were
designed to be at a distance of L =560 pm apart, so that
as the droplet of the first dispersed phase is generated it
coalesces with the droplet of the second phase while it is
forming in the channel. This process is shown in Fig. 2. A
wider segment is also added just after the second dispersed
phase channel to facilitate droplet merging (Sivasamy et al.
2010; Jang et al. 2018; Tan and Takeuchi 2006).

Although the device exhibited great merging efficiency
it was important to ensure that the Janus orientation of the
droplets was maintained during and after the merging pro-
cess. For this reason, the orientation of droplet interaction
during the merging process was observed. Figure 3(a) and
(b) show how the angle of droplet interaction affects the
mixing procedure in the droplets. In Fig. 3(b) the angle of
interaction is low and therefore the droplets merge in an
almost sideways orientation resulting in a Janus configura-
tion. This Janus configuration is further maintained by the
chaotic advection mixing inside the droplet due to the two-
phase flow which is brought about by the presence of the
immiscible interface between the continuous phase and the
dispersed phase. The velocity profile of a droplet flowing
inside an immiscible fluid is different from a single-phase
flow velocity profile. The droplet experiences recirculation
zones due to this modified flow profile. The recirculation
zones inside the droplet are symmetric if the flow conditions
are symmetric with reference to the center of the droplet
as show in Fig. 3(a). These symmetric recirculation zones
ensure that the two constituents of the droplet, which are
separated along the center of the droplet, do not merge.

On the other hand, if the angle of interaction is high as
shown in Fig. 3(b), the droplets merge in an almost head on
orientation and the constituents mix in a chaotic manner
till the contents of the droplet become homogenous. This
chaotic mixing is also assisted by the recirculation zones
but since the contents of the droplet were not symmetrically

t=55ms t=110ms t=165ms

t=110ms t=165ms
(b)

t=55ms

Fig.3 a A low angle of interaction results in a symmetric distribution
of the two constituents. b A high angle of interaction results in a cha-
otic mixing of the constituents

separated at the beginning, they are mixed homogenously
unlike the first case.

The angle of interaction is governed by the ratio
(@ =0,/0,) of the volumetric flow rates of the dispersed
phase (Q,) and the continuous phase (Q,) fluids. If the value
of @ is low, the droplet size is smaller therefore giving the
second droplet to completely exit the channel without inter-
acting with the first droplet and finally the two droplets
interact just at the edge of the main channel as shown in
Fig. 3(a). In contrast when the value of ¢ is high the droplet
size is larger, and the second droplet is blocked by the first
droplet and the second droplet is unable to exit the main
channel. As a result, the two droplets interact almost head-on
at a high interaction angle as shown in Fig. 3(b).

3 Experimental methods

3.1 Materials

A mixture of olive oil 64% (v/v), hexadecane 30% (v/v) and
hexane 6% (v/v) is used as the continuous phase with 2wt%
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Span80 surfactant which is added to avoid droplet merging
in the downstream channel.

Both of the dispersed phase fluids are composed of the
monomer Poly(ethylene glycol) diacrylate (PEGDA 575) 80.6%
(v/v), photo initiator -hydroxy-2-methylpropiophe- (HMP) 13%
(v/v) and Tween 20 3.2% (v/v). One of the dispersed phases
contains ferrofluid with 0.25 g/mL SPIONs suspended in
deionized water 3.2% (v/v) and the other contains titanium
dioxide nanoparticles (sigma Aldrich-914576) 0.2% (v/v).

Poly(ethylene glycol) diacrylate (PEGDA) average molecular
weight (Mn) 575, n-hexane, hexadecane Reagent Plus 99%,
Tween 20, Span 80 surfactant, and 2-hydroxy-2-methylpropiophe-
(HMP), TiO, nanoparticles were purchased from Sigma-
Aldrich. A polydimethylsiloxane (PDMS) SYLGARD 184
silicone elastomer kit was purchased from Dow Corning GmbH,
Germany. Photoresist SU-8 2050 and the SU-8 developer were
purchased from Microresist Technology Germany.

3.2 Methods

The microfluidic chip was created using the traditional soft
lithography method. Initially, an SU-8 master mold was pro-
duced through photolithography and subsequently developed
with a resist developer. A mixture of PDMS base and cur-
ing agent was prepared in a 10:1 ratio. This blend was then
poured onto the SU-8 mold and subjected to vacuum degas-
sing to eliminate air bubbles. The mixture was cured in an 80
°C oven for 2 h. After curing, the PDMS layer was detached
from the SU-8 mold, and inlet and outlet holes were created
using a 2.0 mm microfluidic chip hole puncher. To seal the
channels, the PDMS was bonded to another flat PDMS sur-
face using oxygen plasma treatment for 60 s. The finished
devices were placed in an 80 °C oven overnight to restore
the hydrophobic properties of the channel walls.

The experimental setup consisted of an optical micro-
scope, two syringe pumps, a microfluidic device, and an
ultraviolet source. The Ultraviolet radiation exposure setup
consisted of a UV lamp and an aperture placed on top of the
device to expose only the specific parts of the device to UV
radiation. After the particles were collected in a centrifuge
tube, excess oil was removed, and the particles were washed
with pure ethanol (to remove oil) multiple times (at least five
times) and DI water (to remove uncured monomer) alter-
nately at a centrifuge speed of 500 rpm. The particles were
transferred on top of a SEM stub covered with conducting
tape using a micropipette. The sample was then coated with
around 5 nm of gold and then observed under the SEM.

3.3 Invitro characterizations of the TiO,/Fe;0,
Janus particles

L-929 fibroblasts (Sap Enstitiisii, 92123004) were used to assess
biological characterizations of the Janus particles, in accordance
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with ISO 10993 standards. The cells were cultured in DMEM
(Dulbecco's Modified Eagle F-12) medium supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin under
standard cell culture conditions (37 °C, 5% CO2). Simultane-
ously, TiO,/Fe;0, Janus particles were sterilized in 70% ethanol
and UV-C irradiation each for 1 h. Then, these particles were
weighed and incubated in the culture medium at 37 °C for 72
h to obtain extracts having 1 and 0.01 mg/ml concentrations.
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT), lactate dehydrogenase (LDH), and total protein
assays, as well as morphological analysis were performed.

To assess cellular proliferation, fibroblasts were seeded
in 96-well plates at a density of 10,000 cells/well and cul-
tured under standard conditions for 24 h. At the end of 24
h, the culture medium was replaced with the Janus particle
extracts (0.01 and 1 mg/ml) and fresh culture medium as the
control group. Experiments were performed for 5 days, and
the media were changed every 2 days. At the end of the 1st,
3rd, and 5th days, the media was removed, and the cells were
rinsed with 1xPBS. MTT solution was added to the cells and
incubated for 4 h (37 °C, 5% CO2). Then, formazan crystals
formed by the reduction of MTT by metabolically active
cells were dissolved with 37% isopropyl alcohol containing
0.77% HCI, and optical density (OD) values were measured
at 570 nm. Standard curves were drawn to correlate the opti-
cal density values to cellular proliferation.

The cytotoxic of the Janus particles was assessed using
an LDH assay kit. For these experiments, cells were seeded
in 96-well plates at a density of 10,000 cells/well and inter-
acted with the regular culture medium for 24 h. Then, the
culture medium was replaced with the Janus particle extracts
(0.01 and 1 mg/ml), and fresh culture medium for the control
group. LDH measurements were performed at 24, 48, and
72 h of culture. For low control measurements, the amount
of LDH released from the healthy cells using standard cul-
ture medium was measured. For high control measurements,
standard media were replaced with media containing 1%
Triton-X. Absorbance measurements were made at 492
nm following the manufacturers’ instruction (Cytotoxicity
Detection Kit (LDH)-11644793001 Roche).

Total protein measurements indirectly assessed the Janus
particles’ effect on cellular activity. Similar to MTT and LDH
experiments, cells were seeded in 96-well plates using a stand-
ard medium at a density of 5,000 cells/well, and cells were
allowed to adhere and proliferate for 24 h. Then, the culture
medium was replaced with the Janus particle extracts (0.01 and
1 mg/ml), and fresh culture medium for the control group. At
the end of the 3rd day, the cells were rinsed with 1xPBS. Total
protein measurements were carried out using the Bradford kit
(Ozbiosciences) according to the manufacturer’s instructions.

To examine the effect of Janus particles on cellular mor-
phology, cells were seeded in 96-well plates at a density of
2,000 cells/well and cultured for 24 h. Then, the cells were
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exposed to the Janus particle extracts at 1 mg/ml concentra-
tion for 3 days. At the end of the 3rd day, optical microscope
images of the cells were captured. Then, the media was
removed, and the cells were rinsed with 1xPBS, followed by
fixing them with 4% paraformaldehyde solution for 20 min.
Afterward, they were permeabilized with 1xPBS containing
0.1% Triton-X for 10 min. Then, the cells were stained with
rhodamine-phalloidin (stains f-actin filaments) and DAPI
(stains cell nuclei), respectively. Stained cells were exam-
ined under a confocal microscope (Leica TCS SP8 DMIS),
and cellular spreading was quantified using ImageJ software.
The in vitro experiments were repeated three times, and the
statistical analyses were carried out using t-test.

4 Results and discussion

4.1 Synthesis of TiO,/Fe;0, Janus particles
Experiments were performed to utilize the asymmetric
cross-junction geometry for Janus particle synthesis using

monomer solutions mixed with SPIONs (brown colored) and
titanium dioxide nanoparticles (white colored) as the two

t=55ms
(a)

t=0s

Droplet flow downst
[EEEE———

(b)

Fig.4 a, b Optical microscope image showing the microfluidic
device for Fe,04/TiO, Janus particle synthesis. Please see Videos S2
and S3

dispersed phases. It can be clearly seen that the two semi-
circular parts of the droplet are clearly distinct from each
other giving the droplet its Janus configuration. The merged
droplets then continue to flow in the wider channel in a syn-
chronized manner while maintaining the Janus configuration
as shown in Fig. 4. At the same time a UV lamp, placed on
the device, exposes the droplets to UV radiation which initi-
ates polymerization of the droplets into solid particles due to
the presence of photo-initiator in the dispersed phase. The
average size of particles calculated from the experiments
was 95.4+ 1.4 pm. The synthesized Fe203/TiO2 Janus
particles are imaged under SEM as shown in Fig. 5. The
EDX spectra, shown in the figure confirm that the particles
observed under are indeed PEGDA polymer particles since
the EDX is characteristic of PEGDA. Unfortunately, EDX
is not capable of showing the content of the particles as the
measurements are made from the surface, therefore it is not
possible to see the Fe;0, or TiO, content.

The volumetric flow rates used in Janus particle syn-
thesis are Q, = 0.2uL/min for the dispersed phases and
Q, = 4.5uL/min for the continuous phase. Under these
conditions the frequency of droplet generation is 180 drop-
lets/min. This corresponds to approximately 13 uL of Janus
formation per minute.

— Weight % by Elemept———
Filename CK OK
79.63 20.37

genspc.spc

— Atomic % by Elemept———

Filename CK OK
genspc.spc 83.89 1610
oK
0.20 0.30 0.40 0.50 0.60 0.70 0.80 keV

Fig.5 SEM image of the synthesized Janus particle and the corre-
sponding EDX data of the synthesized Fe,0;/TiO, Janus particles
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5 Invitro characterizations of the Janus
particles

The biological properties of the TiO,/Fe;O, Janus parti-
cles were assessed using 1.929 fibroblasts. To do this, Janus
particle extracts were prepared using a regular cell culture
medium. The particles were immersed in the medium for
72 h at 37°C at 0.01 and 1 mg/ml concentrations (regular
cell culture medium was used as the control group). Then,
the Janus particle extracts’ effect on the fibroblast prolif-
eration was assessed using an MTT assay kit up to 5 days
of culture. The results are shown in Fig. 6(a). The Janus
particles did not cause any adverse effect on fibroblast pro-
liferation both at 0.01 and 1 mg/ml concentrations up to 5
days of culture. An LDH assay kit was used to assess the
cytotoxicity of the Janus particles. LDH assay is a com-
mon method to determine cytotoxicity by measuring the
cytoplasmic enzyme activity released by the damaged cells
(Smith et al. 2011). In the experiments, fibroblasts were
exposed to Janus particle extracts having 0.01 and 1 mg/

ml concentrations for up to 72 h, and the results are shown
in Fig. 6(b). The %LDH release from the cells exposed to
Janus particle extracts was comparable with the control
group. This result indicated that the Janus particles did not
show any cytotoxic effect against fibroblasts at the desig-
nated time points and concentrations. The cellular activity
of the fibroblasts exposed to the Janus particle extracts was
also assessed indirectly by measuring the total protein con-
tent of the cells after 3 days of culture. The results, shown
in Fig. 6(c), indicated no significant difference in the total
protein content of the cells cultured with the Janus particle
extracts and the regular culture medium.

The Janus particles’ effect on cellular morphology was
assessed using optical and confocal microscopy (Fig. 7). The
morphologies of cells exposed to the regular cell culture
medium and 1 mg/ml Janus particle extract were charac-
terized on the 3rd day of the culture. The captured images
showed that fibroblast morphologies were similar for both
groups. In addition, the average spreading of cells exposed
to the regular medium and the Janus particle extract were
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Fig. 6 Fibroblast a proliferation, b cytotoxicity, and ¢ total protein assessments upon interaction with the TiO,/Fe;0, Janus particle extracts at
the designated time points (total protein measurements were carried out after 3 days of culture). ns: not significant
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Control

1 mg/ml

Fig.7 Optical and confocal microscope images of L929 fibroblasts exposed to the regular culture medium (control) and the Janus particle

extract having 1 mg/ml concentration for 3 days

measured as 857 +170 um and 870+ 217 pm, respectively,
similar to our previous findings (Durukan et al. 2024). This
result showed that the Janus particles did not lead to any
adverse effect on cellular spreading. Similar cellular mor-
phologies and spreading, together with the aforementioned
proliferation, and total protein content results suggested that
the cellular functions were not negatively affected by the
Janus particles in the designated time points and concen-
trations. Collectively, in vitro cellular interactions of the
TiO,/Fe;0, Janus particles showed that these particles have
potential for use in biomedical applications and can further
be investigated for in vivo studies.

6 Conclusions

In this work a microfluidic device for the synthesis of mag-
netically anisotropic Janus particles was reported. Janus
particles are known to provide multi- functionality and
orientation dependent physical and chemical properties
that are much superior to conventional isotropic particles.
The microfluidic device had an asymmetric cross-junction

geometry having an expanded section to facilitate the merg-
ing of droplets. The distance between the two asymmet-
ric droplet junctions was fixed such that the first droplet
approached the second droplet just as it got pinched off from
its dispersed phase stream. The separation of the contents
of the two hemispheres was achieved by having the drop-
lets merge in a sideways orientation instead of a head-on
orientation. The angle of merging was the deciding factor
in maintaining the Janus orientation of the droplets. As the
droplets were transported further downstream the contents
of the two hemispheres remained separated. During this time
the droplets were exposed to UV radiation to initiate polym-
erization of the droplets into solid particles. Particles were
then collected at the outlet and imaged under the optical
microscope and the SEM. The obtained results show that the
synthesized particles underwent complete polymerization
and were magnetically anisotropic in nature. Furthermore, a
detailed in vitro characterization of these particles was car-
ried out and it was shown that the TiO,/Fe;O, Janus particles
have potential for use in biomedical applications.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10544-024-00711-4.
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