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ABSTRACT

Polymethylmethacrylate/Poly-tert-butylmethacrylate Janus nanoparticles were synthesized by
the electrohydrodynamic co-jetting method. The Janus character of these nanoparticles was
visualized through super-resolution imaging with Structured Illumination Microscopy. The Janus
nanoparticles, and the corresponding homogeneous sets, were then morphologically
characterized to assess their size, distribution, and concentrations. All nanoparticles presented
high interfacial activity as measured by pendant drop tensiometry at water/decane interfaces. At
high concentrations and compression states, the Janus nanoparticles exhibited higher interfacial

activity than the homogeneous nanoparticles. This is in agreement with theoretical and


mailto:mafernandez@ugr.es

experimental works in which Janus nanoparticles present higher interfacial activity than

homogeneous nanoparticles.

Introduction:

Janus nanoparticles are of interest when designing fluid interfaces covered by nanoparticles due
to their improved interfacial activity over homogeneous nanoparticles (1). Polymeric Janus
nanoparticles can induce spontaneous self-assembly at interfaces due to the contrast between
their spatial domains and can even be responsive to external magnetic/electric fields,
pH/temperature gradients, and light (2; 3; 4; 5; 6; 7). Such nanoparticles have a theoretical higher
stability at liquid-liquid interfaces as compared to their homogenous counterparts and can act as
surfactants to stabilize such systems (1). There are three main strategies to synthesize Janus
nanoparticles with polymeric capping ligands concerning the core and capping ligand
constituents. The first involves the selective functionalization of an inorganic or polymeric core
with different polymers in each hemisphere as capping ligands (8; 9; 10). The second approach
consists of selective polymerization over an inorganic core (11; 12; 13) and the laststrategy
involves the selective polymerization of entirely Janus polymeric nanoparticles (3; 4; 5; 6; 7; 14).
Outside of these methods that focus on controlling the capping ligands, another possible
technique to fabricate Janus nanoparticles is the template-assisted synthesis in which a bulk film
of block terpolymers is cross-linked (15). Depending on the affinity of the polymer constituents
to water or oil, it is possible to produce amphiphilic polymeric Janus particles with enhanced
interfacial activity (14). A more versatile technique for the synthesis of Janus nanoparticle is
Electronydrodynamic (EHD) Co-Jetting, which has been shown to be able to incorporate a

variety of different polymers in each phase (8; 16). This technique can be used to fabricate



nanoparticles and fibers with multiple compartments, each of which can contain a different
polymer or perhaps encapsulate a different molecule (16; 17; 18). With respect to self-assembly
applications, this technique is advantageous due to its ability to incorporate a wide range of
polymers into each hemisphere of the particles regardless of the polymers’ amphiphilic nature or
polymerization techniques, which can be a limiting factor in other particle fabrication techniques
(19; 20; 21; 18).

Previous studies showed that Janus nanoparticles can be used for self-assembly applications (15;
22; 23; 24). Ruhland et al. (15) synthesized polymeric Janus nanoparticles with different
morphologies with the template-assisted technique. They studied the enhanced self-assembly of
their Janus nanoparticles at water/toluene interfaces by pendant drop tensiometry. Similarly, Park
et al. (22) synthesized and studied homogeneous polystyrene (PS) nanoparticles and gold-coated
PS Janus nanoparticles at water/decane interfaces. Whereas the homogeneous PS nanoparticles
exhibited a hexagonal lattice at the water/decane interface, the Janus nanoparticles aggregated in
fractal structures. Furthermore, Nie et al. (23) found that amphiphilic polymeric JPs assembled
into supermicelles. The Janus clusters seem to keep the asymmetry charge and Janus character,

acting as larger Janus nanoparticles (24).

In this work, we employed polymethylmethacrylate and poly-tert-butylmethacrylate as the
polymers incorporated into our nanoparticles because they exhibit a large contact angle
difference (of water in a polymer coated silicon wafer): 68° (25) and 108° (26), respectively.
Thus, they are expected to have interfacial activity. We synthesized homogeneous spherical
nanoparticles made of the mentioned polymers and Janus nanoparticles with the polymers

separated in two hemispheres by Electrohydrodynamic co-jetting. The nanoparticles were



characterized by SEM, DLS, and super-resolution imaging with Structured Illumination
Microscopy (SIM) to determine their size, shape, concentration, and compartmentalized nature.
The interfacial activity at water/decane interfaces and interfacial dilatational rheology was

studied by pendant drop tensiometry.

Experimental section:

Materials: Polymethylmethacrylate (PMMA) with a molecular weight of 20 kDa,
hexadecyltrimethylammonium bromide (CTAB), chloroform, dimethylformamide (DMF),
poly(9,9-dioctylfluorene-alt-benzothiadiazole) (green dye), and decane HPLC were purchased
from Sigma Aldrich, USA. Poly-tert-butylmethacrylate(PtBMA) was purchased from
Polysciences, USA, and ADS306PT (red dye) was purchased from American Dye Source,

Canada. ProLong Gold antifade reagent was provided by Life Technologies.

Janus and homogeneous nanoparticles fabrication and characterization: Nanoparticles were
fabricated through the Electrohydrodynamic Co-Jetting process by flowing multiple polymeric
solutions through metal capillaries in a side-by-side configuration (8; 16). The flows were kept
under a laminar regime and at the tip of the capillaries the solutions came together to form a
droplet, to which an electric voltage was applied. The application of the electric field caused the
solutions to form a Taylor cone, which created a spray of individual droplets that accelerated
towards the counter electrode. During this process, the surface area to volume ratio of the
nanoparticles decreased rapidly and the solvents used evaporated quickly resulting in polymeric
nanoparticles deposited on the counter electrode. Due to the rapid evaporation of the solvents
and the laminar regime used, the solvents did not have sufficient time to mix and the resulting

nanoparticles displayed individual compartments made of each polymer solution instead of a



mixture of all solutions used. In this manuscript, Janus nanoparticles were fabricated by using
two laminar flows, each of which contained a different polymer (one flow contained PMMA
while the other contained PtBMA). For the PMMA compartment a polymer concentration of 5%
w/v, a hexadecyltrimethylammonium bromide (CTAB) concentration of 2.5% w/v, and a solvent
ratio of 70:30 chloroform:DMF was used. For the PtBMA compartment, a polymer concentration
of 5% w/v, a CTAB concentration of 2.5% w/v, and a solvent ratio of 85:15 was used. For
homogeneous nanoparticles composed of each neat polymer the same solvent ratios were used,
respectively. The flow rate used for all nanoparticles was 0.1 ml per hour with a distance of 35
cm between the needles and the counter electrode. Once fabricated, the nanoparticles were
analyzed with Scanning Electron Microscopy (SEM) to determine their size and shape, and

ImageJ analysis to determine their size distribution.

Structured Illumination Microscopy (SIM) of Janus Nanoparticles: Janus nanoparticles with a
separate dye in each compartment (red and green) were fabricated as described above. The
nanoparticles were directly jetted onto glass cover slips and were incubated in ProLong Gold
antifade reagents overnight before imaging with a Zeiss Structured Illumination Microscope to

demonstrate their bicompartmental nature.

Nanoparticle Isolation and Characterization: The nanoparticles were collected in DI water and
separated via centrifugation at 3220 RCF for 6 hours to isolate the desired fraction. Their size
distribution was analyzed via Dynamic Light Scattering (DLS) and their concentration was
determined based on Nanoparticle Tracking Analysis (NTA) using Nanosight equipment. The
electrophoretic mobility was measured using a Malvern Zetasizer. Before use for particle

analysis measurements, the nanoparticles were washed multiple times with DI water in glass



containers to remove any trace of CTAB present in the solutions to eliminate any interference

this molecule might have with the experiments.

Pendant drop tensiometry: This is an extensively employed method for characterizing surface
and interfacial tension of liquids (27). The pendant drop experiments were performed in a similar
way as previous work with gold Janus nanoparticles (28): first we deposited a given amount of
nanoparticle dispersion with a microsyringe on an initial 20 pl MilliQ water pendant drop in air.
Next, the pendant drop was shrunk down to 10 ul to immerse the capillary in decane (see Fig. 4a
and 4b). The immersion in decane provided a lower bare interfacial tension and thus a better
adsorption of the particles at the interface (29). Next, the pendant drop was grown to 45 pl inside
the decane phase (see Fig. 4c) and the interfacial tension was monitored during a one-hour period
to reach the stabilization of the interfacial tension. This interfacial tension stabilization was
performed for three initial concentration of nanoparticles deposited at the pendant drop interface
in separate experiments. Each sample was normalized to have the same total surface area at the
pendant drop interface (assuming that all nanoparticles assembled at the interface in a close-
packed configuration) by taking into account the individual surface area of each nanoparticle and
the concentration of each sample as measured by NTA analysis. The two total surfaces areas
explored were (3.08+0.08)-10° m? and (6.15+0.16)-10° m?. Finally, we performed growing and
shrinking experiments in which the interfacial pressure [1=yq-y (where vy is the interfacial tension
of pure water/decane, 52.3 mN/m, and vy is the interfacial tension) was plotted against the

pendant drop area.

Additionally, interfacial dilatational rheology was performed by performing growing and
shrinking of the pendant drop at different periods and amplitude of 1 pl. The phase and

amplitude difference between the input sinusoidal wave and the output interfacial tension wave



can be expressed as a complex dilatational modulus which accounts for the change in the surface

tension y when there is a change in the interface area A.

dy 2_7t
d(n4) E+i ~l (1)

Equation 1 enables to estimate the interfacial dilatational elastic modulus E and viscosity 1, for a
given period of oscillation T, as in previous works (30). These measurements were made at the
water/air interface because the behavior was the same in both water/air and water/decane

interfaces but the signal-to-noise ratio was higher at water/air interfaces.
Results and discussion:

The homogeneous nanoparticles made of polymethylmethacrylate (labeled as PMMA), poly-tert-
butylmethacrylate (labeled as PtBMA), and the Janus nanoparticles with PMMA in one
hemisphere and PtBMA in the second hemisphere (labeled as Janus particles or JPs) were
synthesized by Electrohydrodynamic (EHD) co-jetting (8; 16). This technique was represented in
Fig. 1a. Briefly, polymeric solutions were flown in a laminar regime through metal capillaries.
An electric current was applied to the tip of the capillaries and the charged solutions formed into
a Taylor cone. At the tip of this cone, a spray of droplets accelerated toward the counter
electrode. Due to the rapid evaporation of the solvents, the reduction in the surface to volume
ratio, and the speed of the jet, the solutions did not have sufficient time to mix and the resulting
particles retain their flow-determined configurations. As a result, particles with individual
compartments were deposited on the counter electrode. To create the nanoparticles instead of
microparticles, the solution parameters were changed to increase the dielectric constant of the

jetted material. Specifically, a higher ratio of dimethylformamide (dielectric constant of 38) than



chloroform (dielectric constant of 4.81) and a charged surfactant (CTAB) were employed to
change the solution characteristics. Based on these changes, the nanoparticles obtained had
significantly monodispersed populations as it can be observed by SEM imaging (Fig. 1b-d). The
as fabricated nanoparticles had the following average diameters and distributions based on
ImageJ analysis of Scanning Electron Microscopy (SEM) images of over 500 nanoparticles: (i)
PMMA homogenous nanoparticles: 101 £ 51 nm; (ii) PtBMA homogenous nanoparticles: 82 +

33 nm; (ii1) Janus nanoparticles: 90 £ 40 nm.

To demonstrate the compartmental nature of the Janus particles, super-resolution imaging with
Structured Illumination Microscopy (SIM) was done. These particles contained a green dye in
the PtBMA compartment and a red dye in the PMMA compartment. As demonstrated in Fig. 2,
the dyes were in two distinct regions of these particles, signifying the two separated

compartments.

To create a more monodispersed solution of particles and remove any potential aggregates,
fractionation via centrifugation was used. In this technique, the larger particles were removed at
lower centrifugation times/durations, while the smaller sized particles were isolated at longer
durations and higher speeds. To isolate the nanoparticles for this study, nanoparticles were
centrifuged at 3220 RCF for 6 hours, followed by several washes with DI water at the same
settings. The average hydrodynamic size after fractionation was similar for each nanoparticle and
in the range of 200 nm in diameter, as measured by DLS (see Fig.3) and Nanoparticle Tracking
Analysis (NTA) (table in Fig. 3). Specifically, based on NTA measurements the nanoparticles
averaged at a diameter of 163+39nm for PMMA nanoparticles, 217+40 nm for PtBMA

nanoparticles, and 172+28 nm for the Janus nanoparticles. The total concentration of the



nanoparticle, which was then used to determine the surface area of each sample, was measured

via NTA analysis.

The main differences between classical surfactants and Janus nanoparticles come from their size,
rigid character and wettability contrast. Thus, the adhesion energy increases with the squared
radius of the object attached at the interface (1), the rigid character also difficult the spatial
reconfiguration of the nanoparticles at the interface compared to the classical surfactants when
the interface become shrunk or subjected to dilatational rheology and it is possible to design a
specific wettability contrast to maximize their interfacial activity in a given interface. Those
factors support the idea of the Janus particles presenting higher interfacial activity compared to
classical surfactants. The interfacial activity of the nanoparticles was characterized by pendant
drop tensiometry (see Fig. 4) (28). The interfacial tension for different total surface areas of
nanoparticles was represented in Fig. 5a and 5b. As explained in the Experimental Section, for
all experiments, the pendant drop was maintained to a constant drop volume of 45 ul during 1
hour previous to the growing and shrinking experiments. Since the spreading solvent was water,
as well as the pendant drop, we could expect a Gibbs monolayer in which the nanoparticles were
placed in the bulk and had to reach the interface in a slow process compared to laboratory
timescales (31). However, in the laboratory timescale the growing and shrinking experiments
showed closed hysteresis cycles (see Fig. 5a and 5b). Thus, the interfacial tension evolved in
such a slow pace that for the entire experiment this change was negligible. The PMMA
nanoparticles showed the lowest interfacial pressures and the PtBMA and Janus nanoparticles
exhibited the similar interfacial pressure at the right end where it coincided with the more
expanded area of the pendant drop. Nevertheless, upon compression, the Janus nanoparticles

reached higher interfacial pressure than the PtBMA nanoparticles. This was in agreement with



the theoretical prediction that a Janus nanoparticle with equal hydrophilic and hydrophobic areas
present three times more surface activity than the corresponding homogeneous particles at a
water/oil interface and previous experimental results in which Janus nanoparticles presented
higher interfacial activity than homogeneous nanoparticles (1; 28; 30). In our case, despite the
Super-resolution images in Fig. 2, we cannot confirm that our particles have equal hydrophilic
and hydrophobic areas and it is expected slightly lower interfacial activity compared to Janus
particles with equal hydrophilic and hydrophobic areas (1). Nevertheless, putting double number
of particles to obtain an estimated double area coverage at the pendant drop surface did not result
in an enhanced interfacial activity probably due to the fact that these nanoparticles already self-
assembled at the interface with the lower number of nanoparticles deposited, offering an
enhanced interfacial activity. Thus, the PMMA/PtBMA Janus nanoparticles seemed to be better
emulsifiers than the homogeneous PtBMA or PMMA nanoparticles because of their enhanced
interfacial activity. Given the quantity of studies devoted to PMMA and PtBMA laden interfaces,
we were interested in developing a deeper characterization of the PMMA/PtBMA Janus behavior
at interfaces. As explained in the Experimental Section, the interfacial dilatational rheology was
performed for different area per particle (i.e. different monolayer compression states) at water/air
interfaces after testing that the behavior was the same at both water/decane and water/air
interfaces but with lower signal-to-noise ratio at water/decane interfaces. The results of
interfacial dilatational elastic modulus E and viscosity n were plotted in Fig. 6 against different
periods for different areas per particle. It could be seen that E decreased and n increased with
increasing periods. This could be explained in terms of the perturbations, where higher periods
produced slower perturbations that resulted in less elastic and more viscous interfaces. Moreover,

upon compression (i.e. lower area per particle) E and n increased clearly, pointing out an elastic
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shell behavior of the particle-laden interface. This elastic shell behavior pointed out the ability of

these particles as emulsifiers as they were strongly adsorbed at the interfaces.

Conclusions:

Polymethylmethacrylate/Poly-tert-butylmethacrylate (PMMA/PtBMA) Janus nanoparticles were
fabricated via the Electrohydrodynamic co-jetting process. The Janus character of the
nanoparticles was demonstrated by super-resolution imaging with Structured Illumination
Microscopy, in which the two compartments were observed in separate regions. The Janus
nanoparticles, and the corresponding homogeneous nanoparticles of PMMA and PtBMA, were
characterized by SEM, Nanoparticle Tracking Analysis, and DLS, which revealed relatively
monodispersed nanoparticle dispersions with diameters in the range of 160-200 nm. The
interfacial activity of these nanoparticles was studied via pendant drop tensiometry by the
deposition of nanoparticles in water pendant drops and subsequent immersion in decane. The
Janus nanoparticles and PtBMA homogeneous nanoparticles exhibited similar interfacial activity
for the more expanded state of the pendant drop and were always higher than the PMMA
homogeneous nanoparticles. Nevertheless, upon compression the Janus nanoparticles reached
higher interfacial pressures for growing and shrinking pendant drop experiments, demonstrating
their capability as emulsifiers. Moreover, the interfacial dilatational rheology of such
nanoparticles showed an elastic shell behavior that also demonstrates the ability of these particles
as emulsifiers. With these characteristics, such Janus nanoparticles could potentially be used to

replace traditional emulsifiers in the future.
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Figure 1: Fabrication of nanoparticles and their size characterization. (A) Schematic of
Electrohydrodynamic co-jetting of Janus nanoparticles. (B-D) SEM images of the as-fabricated

PMMA, PtBMA, and Janus nanoparticles, respectively. All scale bars are 500 nm.
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100 nm

Figure 2: Super-resolution imaging of Janus nanoparticles with Structured Illumination
Microscopy. (A-H) Images of specific Janus nanoparticles demonstrating their bicompartmental
nature, where the green and red dyes are in separate regions of each nanoparticle. All images are

from the same original file and have been resized to the same pixel width.
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Figure 3: Particle analysis after fractionation into a specific size range via centrifugation. Top:
Size distribution of each set of nanoparticles based on DLS (Dynamic Light Scattering) analysis.
Bottom: Table with average diameter based on NTA (Nanoparticle Tracking Analysis)

measurements for each particle set.
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Figure 4. (A) Experimental setup. (B) A 10 ul water pendant drop with Janus nanoparticles just
before immersion in decane. (C) Same pendant drop as (B) is grown to 45 pl immersed in

decane.
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Figure 5. Growing and shrinking cycles corresponding to water pendant drops immersed in

decane with different surface area coverage [(3.08+0.08)-10° m? for 5a and (6.15+0.16)-10° m?

for 5b] of PMMA, PtBMA and Janus Nanoparticles (JPs). The interfacial pressure is plotted

against the pendant drop area.
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Figure 6. Interfacial dilatational (a) elastic modulus E and (b) viscosity 1 against different

periods and 1 pl amplitude for different areas per PMMA/PtBMA Janus nanoparticle at the

water/air interface.
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