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ABSTRACT: Cold plasma treatment is commonly used for
sterilization. However, another potential of cold plasma treatment
is surface modification. To date, several efforts have been directed
toward investigating the effect of cold plasma treatment in
modifying the surfaces of films. Here, the impact of suspension
properties and parameters of cold plasma treatment on the changes
of surfaces of monodisperse polymeric microparticles is tested. The
plasma treatment did not touch the surface chemistry of the
monodisperse polymeric microparticles. The concentration of
suspensions of 1 mg/mL was determined to relate to a stronger
effect of the plasma treatment on the roughness of the
microparticles. Microparticles with an average diameter of 20 μm
show a roughness increase with the plasma treatment time. However, a plasma treatment time longer than 15 min damages the
microparticles, as observed in particles with an average diameter of 20 and 50 μm. We finally prototyped monodisperse
microparticles to deliver drugs to the nasal mucosa by studying the effect of roughness in their (undesired) self-adhesion and
(desired) adhesion with tissue. A moderate roughness, with an average peak-to-valley distance of 500 nm, appears to be the most
effective in reducing the detachment forces with nasal tissue by up to 5 mN.

1. INTRODUCTION
Cold plasma treatment is a technique commonly used in food
and pharmaceutical science for sterilization for deactivating
germs, bacteria, pathogens, or fungi.1 Plasma ions destroy the
walls of bacteria or spores or the proteins of viruses acting,
thus, of interest as a sterilization tool.2 Cold plasma removes
organic compounds and portions on the surface in materials
like plastic or polymers, usually creating hydrophobic surfaces.
The removal of part of the surface material seems to be derived
from the agitation or the beam energy.3 Low-temperature
plasma procedures take advantage of the narrow focus of the
beam and the strong effect on different bacteria strains, making
it more efficient.4 It has been demonstrated that cold plasma
procedures can damage microbial DNA and surface
structures.5 Moreover, several studies applied cold plasma
techniques to kill airborne viruses, which raises interest due to
the recent pandemic. For instance, Filipic ́ et al. demonstrated
that cold plasma techniques can deactivate almost all types of
enteric viruses, such as norovirus, adenovirus, and hepatitis A
virus, while dispersed in water.6 As with many techniques, the
efficiency of cold plasma in sterilization comes with limitations.
Some examples are a reduction in color, a surge in the
oxidation of lipids, an increase in acidity, a diminishment in the
firmness of fruits, and a degradation of thermolabile medical

devices.3,6−8 The strongest challenge in using cold plasma
techniques is poor control. In fact, the control of the reaction
mechanism is subjected to the reactive species contained in the
plasma state.9−11 It is worth noting that scaling up is also
challenging, making the cold plasma technique poorly
applicable for bulk production.12

Even with its challenges, the technique of cold plasma has
been intensively investigated for bacteria or virus deactivation.
However, there is a minority of references that sought cold
plasma as an alternative application.10,13 There are two main
applications of cold plasma, namely, the synthesis of
nanoparticles and surface modification. Nanoparticles, made
of metal, such as gold or silver, or made of starch, have been
successfully created using a vacuum cold plasma, and several
references extensively discussed the optimization of the cold
plasma parameters in achieving the desired nanoparticle
size.14−19 Similarly, several references introduced the use of
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cold plasma to modify the surface of several materials, such as
fibers of packaging films.3,8,20,21 Cold plasma showed an effect
in altering several characteristics of the surface of a material.
Surface charge and roughness appeared to be impacted when
the materials were exposed to a cold plasma beam.9 For
example, the surface roughness of organic materials highly
increases after exposure to a cold plasma treatment.22 Also, the
cold plasma impacts the roughness of films; through physical
and chemical etching, this treatment increases the roughness
and the contact angle with aqueous solutions.7 The ability of
cold plasma to control the surface properties of films is highly
desirable for packaging among other applications. For instance,
several innovative films have been created recently using Zein,
a class of prolamine protein found in corn (maize).12,23,24

To the authors’ knowledge, cold plasma’s effect on
microparticles’ surface roughness is currently unexplored,
making this project novel. The ability of cold plasma
treatments to control the surface chemistry and roughness in
monodisperse microparticles has a significant impact on several
research areas. For instance, monosized polymeric microbeads
are extensively used in biological and medical applications as
carriers, such as in cell separation and immunoassays, in
nuclear medicine for diagnostic imaging, in site-specific drug-
delivery systems, in affinity separation of biological entities,
and in studying the phagocytic process.25 Microspheres are
also employed as bulking agents or as embolic or drug-delivery
particles.26 Monodisperse polymeric microparticles are pro-
duced by electrospray, atomization, emulsion cross-linking,
precipitation, microfluidics, and 3D printing.27 However, the
techniques cannot be used to add controlled roughness on the
surface of monodisperse polymeric microparticles. Mono-
disperse spray drying or atomization could be used; however,
not on polymers but on salts or sugars.28 Furthermore, scaling
up cold plasma treatment for generating monodisperse
polymeric microparticles can be overcome due to the low
microparticles needed for certain studies.
For example, monodisperse polymeric microparticles with

identical surface properties can be used to study the adhesion
between inhalable drugs and the nasal mucosa.29 In particle
engineering, polymers with high molecular weight encapsulate
otherwise fragile drugs. Therefore, the shell formed by a
polymer would predominantly lead to the adhesion between
inhalable microparticles and nasal mucosa.30 Currently, the

experimental work related to the adhesion between micro-
particles and a flat surface is limited due to the complexity of
the required techniques.28,31,32 Even more limited is the
evaluation of the impact of inhalable microparticles’ morpho-
logical properties on the nasal mucosa’s adhesion. While it is
well known that the material properties, such as mucoadhe-
sivity, of inhalable microparticles’ surfaces are fundamental for
efficient nasal delivery, other morphological aspects have been
poorly investigated.33−35 For example, the size of inhalable
microparticles is linked to the deposition location, suggesting
important physical scaling. As previously observed, inhalable
microparticles with a diameter between 50 and 150 μm deposit
mostly in the nasal cavity.28,36 Furthermore, surface roughness
can affect microparticles’ self-adhesion and microparticles’
adhesion to the nasal tissue.37 While the influence of the size
on the delivery of inhalable nasal microparticles has been
highly determined,38 the impact of roughness has been poorly
investigated experimentally. A deeper investigation of the
impact of roughness on the efficacy of nasal delivery could
highlight the importance of engineering and tuning inhalable
microparticles. The abovementioned physical scaling involves
adhesion, which is known to be impacted by surface
roughness.39,40 Hence, there is a need for control of the
surface finishing of these particles. The procedures commonly
used to produce monodisperse microparticles are suspension,
emulsion, dispersion, and sedimentation polymerization.26

These methods usually involve surfactants or detergents as
stabilizers, which can create hazardous chemical waste. In
addition, these methods tend to produce mostly monoshaped
or smooth microspheres. Further introducing surface rough-
ness in these microparticles can generate chemical waste or
require complicated chemical procedures.41,42 Using cold
plasma to create monodisperse rough polymer microparticles
is beneficial and innovative thanks to reducing or eliminating
the side effects observed in the competing techniques. We also
analyzed a critical application of polymeric monosized
microparticles: the adhesion of these particles to the nasal
mucosa for nasal drug delivery. A visual representation of the
cold spray technique and its use in microparticles for nasal
delivery is reported in Figure 1.

Figure 1. Representation of the two main goals of this study. (1) Analysis of the effect of cold plasma timing and dispersion concentration on the
surface morphology of polymeric monodispersed microparticles. It is expected that both variables can have an effect in increasing the surface
roughness of polymeric microparticles dispersed in water. (2) The behavior of monodisperse polymeric microparticles with different roughness on
the process of adhesion to the nasal mucosa. Based on previous references, an average microroughness is expected to generate the lowest adhesion
forces.
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2. MATERIALS AND METHODS
2.1. Microparticles. Nonfunctionalized polystyrene (CAS

No. 500-008-9) microparticles were purchased from Alpha-
Nanotech with 50, 20, and 5 μm diameters. These micro-
particles showed a nonfunctionalized surface. Microparticles
were dispersed in water (>99%, CAS No. 231-791-2). Three
concentrations of the microparticles were later prepared: 0.5, 1,
and 5 mg/mL. The reason for having different concentrations
is to verify the impact of the cold plasma technique on the
surface of dispersed monosized microparticles made of
polystyrene. Therefore, a matrix of nine formulations,
including three different concentrations and sizes of the
microparticles, were tested. Dispersions of microbeads were
placed in glass vials with a height of 5 cm and a diameter of 20
mm. The vials were filled with microparticle dispersion.
2.2. Surface Treatment. An open-air cold plasma

treatment system (PlasmaTreat) was used to modify micro-
particles’ surface roughness. The parameters used for all of the
formulations were a distance between the vial and plasma
probe of 1 cm and a temperature of 25 °C. The distance was
selected to avoid drops from the dispersion to the plasma
probe. More considerable distances were not considered since
a lower effect of the plasma treatment on the microparticles
was expected.11,24 The effect of the plasma time is the only
parameter that was tested. Different times were considered: 0,
1, 5, 15, and 20 min.
2.3. Characterization Techniques. 2.3.1. Effect of the

Plasma Treatment on Dispersions of Monosized Micro-
particles. 2.3.1.1. Morphology. Dried microparticles were
placed on a scanning electron microscopy (SEM) stub, on
which double-sided tape and a filter (0.2 μm pore size and 13
mm diameter, GSWP04700, EMD Millipore, Etobicoke, ON,
Canada) were attached. The samples were covered with a 3 nm
layer of gold using a coat sputter (Cressington 208HR High-
Resolution Sputter Coater, Cressington Scientific Instruments
Ltd., Watford, UK). A Helios NanoLab 650 Focused Ion Beam
Scanning Electron Microscope (SEM; FEI Company, Hills-
boro, Oregon, USA) was used under 13 mA and 5 kV
conditions. Previous publications described this imaging
procedure in more detail.43−45 The gold sputtering procedure
was normalized so that the SEM could be used for a qualitative
analysis of the roughness, as explained in a previous
reference.46

The project area equivalent diameter (da) was extracted by
analyzing the SEM images. We then used ImageJ software to
analyze the visual data. More details on the SEM analysis for
extraction of da are listed in previous publications.43

The profile and surface roughness of treated and nontreated
microparticles were analyzed using two confocal microscopes,
an Olympus LEXT OLS3100 and an Olympus FV1000 Laser
Scanning/Two-Photon Confocal Microscope. The first was to
generate a 3D profile useful for qualitative comparison. The
second one was used to derive the average roughness (Ra).

2.3.1.2. Stability. The electrostatic or charge repulsion and
attraction between particles was measured through the zeta
potential. The last has been analyzed by using a Litesizer 500
Particle Size Analyzer. Before analyzing zeta potential,
suspensions were exposed to a 5 min agitation using a
sonication bath. This process was performed for only this test.
More experimental details are shown in a previous reference.47

The surface chemistry of nontreated and treated micro-
particles’ stability was verified using Fourier transform infrared

spectroscopy (FTIR). Suspensions were dried in a vacuum
chamber for 2 days at room temperature. The FTIR was used
in the attenuated total reflection mode. Therefore, the
dispersion of microparticles was dried in a vacuum oven
overnight. We used approximately 0.1 g of a dry powder. The
typical spectrum of polystyrene beads is reported in a previous
publication.48 The main peaks in polystyrene beads are the
following: between 3000 and 3030 cm−1, aromatic C−H
stretching vibration absorption can be detected, while between
1400 and 1650 cm−1, we found aromatic C�C stretching
vibration absorption. Between 500 and 1050 cm−1, we observe
C−H out-of-plane bending vibration absorption, while
between 2000 and 3000 cm−1, the presence of methylenes is
previously reported.48,49

2.3.2. Behavior of Rough Monosized Microparticles in the
Nasal Environment. The contact between monosized
polystyrene microparticles and the nasal environment has
been tested by analyzing the contact angles between
nanoparticles and simulated nasal mucus and the adhesion
forces between microparticles and nasal tissue.
The contact angle was measured using a custom-made static

contact angle measurement technique. Microparticles have
been homogeneously distributed on a silicon wafer by
depositing a droplet of 50 μL of dispersion of 5 mg/mL of
monodisperse polymeric microparticles. The homogeneity of
the layer was verified by using a SEM. The static contact angle
was considered as the average of different time steps, each
second for 5 s, of the contact angle of a droplet of 25 μL placed
on a flat surface covered with microparticles. The contact angle
was measured using ImageJ, as described in previous
publications.50

The adhesion to the nasal tissue is fundamental for nasal
delivery. The experimental procedure for determining the
adhesion forces has been explained in a previous work.51

Briefly, the adhesion between monosized polystyrene micro-
particles and the nasal tissue of a healthy donor (ethic approval
number H22-02336 and obtained through an endoscopic
endonasal surgery) from the tissue culture reserve at the
Providence Airway Centre (PAC) funding sponsored by
Providence Health Care, was examined using a Texture
analyzer, TA-XT2 (Stable Micro Systems Ltd., Surrey, U.K.),
with experimental conditions of velocity pretest 50 mm/s, test
50 mm/s, post-test 10 mm/s, tracking 5 mm/s, test force 20 g,
trigger force 10 g, return distance 4 mm, and contact time 5 s.
Previous publications showed the experimental method in
detail.51−54 A double-sided adhesive disk was used to adhere
100 mg of powder to a cylindrical tube (Hoseney dough
stickiness rig). The excess powder was removed with gentle
shaking. The monodispersity of the powder was checked with a
microscope. The nasal tissue was placed in a plastic container
using double-sided tape; the container was placed on the stage
of the texture analyzer. The container was filled with simulated
nasal mucus (BZ253, Bio Chemazone, 3000−5000 cP). The
thickness of the simulated nasal mucus was measured to be 3
mm, the average in a healthy individual.55

2.4. Statistical Approach. The statistical approach
differed according to the property characterized. For instance,
when deriving the da, we studied 300 particles. The standard
errors were obtained by producing the standard deviations of
the 300 measurements. For all of the other properties, the
experiments were repeated three times. We performed a
statistical analysis of the results using a t test or ANOVA.
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3. RESULTS AND DISCUSSION
3.1. Effect of the Plasma Treatment on Dispersions of

Monosized Microparticles. The morphology is the first
parameter commonly verified in the establishment of the effect
of any treatment. In this study, plasma-treated microparticles
are images using a SEM. In Table 1, we show two pictures,
taken at different magnifications, for every case of polymeric
monodisperse microparticles treated and nontreated with a
cold plasma at different processing times. The change in the

surface structure of microparticles of different average
diameters according to the plasma processing time is visible.
In most cases, the surface of nontreated microparticles appears
smooth and clean. Most of the imperfections in this case are
related to the sputtered material layer. By increasing the
processing time, the surface assumed a rougher appearance. In
particular, irregular structures can be more visible at high
processing times, such as 15 or 20 min. As happens with films
and surfaces, the plasma beam etches the surface of

Table 1. Images at Two Different Scales of the Monosized Polystyrene Microparticles Treated with Cold Plasma at Other
Times: 0, 1, 5, 15, and 20 mina

aMicroparticles were dispersed in a dispersion at different concentrations, 0.5, 1, and 5 mg/mL. The scale bars indicate 5 μm and 500 nm,
respectively.
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monodisperse polymer microparticles.7 Better visual support
for the increase in roughness concerning the increase in
processing time can be seen in Figure 2 a, where we report the
3D profiles. At the 20th min of processing time, microparticles
with a diameter of 50 μm and a concentration of 1 mg/mL are
much rougher than the nontreated ones.
The etching procedure might affect the particle size. While

removing material is removed from the surface, the average
diameter of the microparticles can decrease. A slight decrease
can be seen for every case considered, as shown in Figure 2 b).
The etching effect of the cold plasma treatment can also be
detected in films. In polyurethane films and with an etching
time of 10 s, Sanchis et al.56 determined a reduction of a few
nanometers in thickness. The etching effect of plasma
treatment was also verified with weight loss; after 20 min,
each polyurethane film lost an average of 150 μg/cm3.56 The
average roughness of polyimide film treated with oxygen-cold
plasma for 5 min increases by 13-fold.57 The same effect can
also be observed in monodispersed polymeric beads, as shown
in Figure 2c). However, the relationship between average
roughness and treatment time is not linear for all of the cases
analyzed. For microparticles with an average diameter of 5 μm,
with an increase in etching time, there is an increase in the
average roughness, even if minor. For microparticles with
diameters of 20 and 50 μm, treatment times of 20 min are
related to a drastic decrease in roughness with respect to the
cases with a treatment time of 10 min. The decrease is, on
average, 30% higher when the microparticle concentration is 5
mg/mL, compared to the case of 1 mg/mL. This can indicate
that for higher treating times and higher concentrations, the
microparticles tend to bounce and hit each other, potentially

leading to rupture. This hypothesis can be verified by
observing the images for the case of 50 μm, 5 mg/mL, and
20 min (Figure 1). In this case, some free materials can be
noticed between microparticles. The damage derived by the
bouncing effect can be noticed on suspensions treated by other
processes, such as an ultrasonic probe. In this case, the probe
generates a vibration that makes the microparticles hit each
other and, for polymeric microparticles, the damage of some
microparticles.58,59 The effect of cold plasma treatment on
monodisperse microparticles might not be permanent, as
indicated in a previous study.60

Different types of plasma treatment can impact not only the
surface morphology but also the surface chemistry. Therefore,
the chemical composition of polymeric monodisperse micro-
particles was tested via zeta potential and infrared spectrosco-
py. The zeta potential is identified as a physical property that
manages electrostatic interactions in particle dispersions and is
fundamental in understanding the stability of suspensions.61

Based on the results from zeta potential, cold plasma treatment
is peeling off the layers from microparticles without possibly,
creating any surface group.62−64

The analysis of the vibrational modes has been conducted
using an FTIR. A few samples have been shown in Figure 3
due to the similarity of several curves. The analysis of the
vibrational modes of plasma-treated microparticles identified
one trend. At higher plasma treating times, there is a broad
peak in the C−H stretching area centered at the wavelength of
3400 cm−1. A similar effect can be recognized in a previous
study, where polystyrene microparticles are treated with
phosphoric acid.65 In this previous study, the cause of this
broad peak is claimed to be due to sulfonated polystyrene.65

Figure 2. In (a), some examples of the 3D profiles are shown. They relate to polymeric monodisperse microparticles of 50 μm and 1 mg/mL
treated with plasma at different times. In (b), the size distribution of the microparticles treated with plasma treatment with respect to different
diameters of microparticles and different concentrations of the microparticles’ dispersion. In (c), the average roughness of the microparticles treated
with plasma treatment with respect to different diameters of microparticles and different concentrations of the microparticles’ dispersion.
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Since this cannot be the case in this study due to the lack of
any sulfur-based compound, the same peak can also be found
in polystyrene foams.66,67 This peak is also typical of larger
polystyrene microparticles, underlining a possible correlation
between the microparticles’ size and the peak area at 3400
cm−1.48

As a consequence, there might be an influence of cold
plasma treatment on the surface chemistry of the polystyrene
microparticles. However, the lack of changes in infrared (IR)

spectra of the same particle size, 50 μm, and different
concentrations, as shown in Figure 3, underlines that such
change appears minor. In addition, minor changes are visible in
the zeta potential trend in time, as shown in Figure 3g.
3.2. Behavior of Rough Monosized Microparticles in

the Nasal Environment. The second aim of this article is to
understand the relationship between the surface properties of
polymeric monodisperse microparticles and the simulated
nasal mucus layer. The hydrophobicity of microparticles and

Figure 3. Infrared spectra of (a) untreated microparticles of a diameter of 5 μm with an explanation of the meaning of each group of peaks, (b) of
the plasma-treated microparticles of 5 μm and 1 mg/mL, (c) of the plasma-treated microparticles of 20 μm and 1 mg/mL, (d) of the plasma-
treated microparticles of 50 μm and 0.5 mg/mL, (e) of the plasma-treated microparticles of 50 μm and 1 mg/mL, and (f) of the plasma-treated
microparticles of 50 μm and 5 mg/mL. (g) Zeta potential values of untreated and treated microparticles of a diameter of 5 μmm, 20 μmm, and 50
μm.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03787
ACS Omega 2024, 9, 35634−35644

35639

https://pubs.acs.org/doi/10.1021/acsomega.4c03787?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03787?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03787?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03787?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 4. Behavior of the contact between microparticles and artificial simulated nasal mucus. (a) Images of surfaces fully covered with
monodisperse microparticles used in the contact angle measurements. (b) Examples of the static contact angle and the impact of roughness on the
hydrophobicity are shown. (c) The trend of the static contact angle with respect to the concentration of monodisperse microparticles and the
diameter of monodisperse microparticles is illustrated.

Figure 5. (a) Pictures of the experiments using the texture analyzer are shown along with a sketch of the experiment. (b) An example of the curve
of the detachment forces of monodisperse plasma-treated microparticles. (c) The trend of the detachment forces with respect to the concentration
and size of plasma-treated monodisperse microparticles.
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the mucoadhesion forces of microparticles on nasal tissue have
been analyzed to characterize this relationship. Hydrophobicity
is commonly measured through the contact angle of an even
surface and a water droplet. The simulated nasal mucus is
composed of about 95% water. Therefore, the simulated nasal
mucus can be assumed to behave similarly to water. The
smoothness of the surface is important, since any imperfection
could affect the results.50 Therefore, microparticles were
distributed on the surface homogeneously, as shown in Figure
4a. Assuming a homogeneous surface, air cavities and
roughness are the main factors influencing material hydro-
phobicity.
Consequently, in a layer of microparticles, the diameter of

the microparticles and the roughness are the main properties
linked to hydrophobicity. In the case of 5 μm as the diameter
of microparticles, the spacing between two consecutive
microparticles can be considered to be smaller than in larger
microparticles. However, in microparticles with an average
diameter of 50 μm, the spacing can be large enough to allow
water droplet penetration. Therefore, we expect higher
hydrophobicity in microparticles with 20 μm in average
diameter (Figure 4 b). This is confirmed by the trend in
contact angle versus plasma treatment time, as shown in Figure
4c. The other factor influencing hydrophobicity is surface
roughness, where a higher roughness is expected to generate
large contact angles against water droplets. This positive trend
is confirmed by Figure 4c; however, the slope reduces as the
roughness increases, and in some cases, we see an opposite
trend.68 In this case, the distance between each peak of the
etched surface of microparticles can be large enough to allow
water penetration, leading, thus, to lower values of contact
angle (Figure 4).69,70

Another important variable to determine the influence of
surface roughness on monodisperse polymer microparticles for
nasal delivery is their detachment force. As in the case of
contact angle measurement, a homogeneous layer of micro-
particles was prepared for these tests, and examples of the layer
are shown in Figure 4a. These microparticle layers were
deposited on silicon wafers, which were attached to a probe (1
cm in diameter) of a texture analyzer, as shown in Figure 5a.
As shown in Figure 5a, we reproduced the microenvironment
of the nasal cavity. The nasal cavity consists of nasal tissue and
a few μm layers of nasal mucus. The microparticles were slowly
placed in contact with the nasal mucus layer and retracted once
they touched the tissue. The force necessary to detach the

microparticles from the nasal tissue was measured and labeled
as detachment force, as shown in Figure 5b. The force has
been estimated to be the difference between the time zero and
the highest detachment value encountered (Figure 5b). For
long plasma treatment times, the detachment forces are almost
always lower, and we speculate that this is due to the
connection between roughness and adhesion. A higher surface
roughness commonly allows a weaker bond with soft
surfaces.71,72 A lower surface area of contact can give a lower
adhesion, thus penalizing rough microparticles, due to the limit
in contact between roughness peaks.28 The connection
between roughness and adhesion is emphasized by the cases
of 20 μm in particle diameter and 20 min of treatment time. In
these cases, higher treatment times reduce the roughness due
to particle bouncing. This reduction in roughness produces a
reduction in detachment forces, as shown in Figure 5c. Particle
concentration in the dispersion does appear to impact the
detachment forces of microparticles with nasal tissues
significantly. Lower particle concentrations produce fairly
smooth microparticle surfaces at different plasma treatment
times; thus, the detachment forces are about 15% lower than 1
and 5 mg/mL cases. However, the case of 1 mg/mL appeared
to show a stronger etching effect at different plasma treating
times. As previously explained, this effect is even stronger for
microparticles with an average diameter of 20 μm.
3.3. Influence of the Surface Properties on Nasal

Tissue Adhesion. Plasma treatment has been indicated as a
powerful tool to control the surface roughness of micro-
particles without strongly affecting the surface chemistry.
While the plasma treatment time seems, in most cases, to have
a linear relationship with the surface roughness of the particles
and with the adhesion forces with nasal mucus, the
concentration of the microparticle suspension and the
diameter of the microparticle show a more complicated
trend. Based on the correlation between roughness, diameter,
and concentration, the case shows the highest roughness for a
concentration of 1 mg/mL and a diameter of 20 μm. The 1
mg/mL concentration appears optimal, giving the highest
benefit in microparticle treatment. Lower concentrations can
reduce the effect of plasma treatment on some of the dispersed
microparticles. Larger concentrations can lead to the bouncing
of microparticles and reduce the global effect of plasma
treatment on the microparticles with some resulting damage.
Particles with a diameter of 20 μm are mostly affected by the
treatment. Particles of smaller diameters have a reduced surface

Figure 6. Correlation between roughness and contact angle trends in (a) and between the trends of roughness and adhesion in (b) achieved using a
one-way ANOVA. The concentration identifies the quantity of particles dispersed in water.
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area between themselves and the liquid, thus reducing the
effect of the plasma treatment. Particles with larger diameters
instead might tend to localize the effect of plasma treatment on
the surface of the suspension, as observed from the high
standard deviations in the roughness measurements. The
roughness of monodisperse microparticles appears to impact
their detachment forces from artificial mucus. The samples
showing lower detachment force also have the highest
roughness, as shown in Figure 6b.

4. CONCLUSIONS
We prototyped cold plasma treatment to control the surface
properties of monodisperse polymeric microparticles. Our
investigation shows that processing time has the highest impact
on the results. Long (between 10 and 15 min) plasma
treatment times produce enhanced surface roughness within a
certain range, where excessive processing time (above 15 min)
has been shown to produce some damage to the microparticles
(due to mutual collisions). The concentration and diameter of
the microparticles also have an important effect on their
surface properties. While cold plasma treatment shows a poor
influence on the surface chemistry, we observed a significant
impact on the surface roughness. The optimal treatment
conditions for the microparticles are observed for a
concentration of 1 mg/mL and an average diameter of 20
μm, where we see a linear trend between plasma treatment
time and surface roughness. We then correlate treatment time
and surface roughness with the detachment force between the
particles and nasal tissues, with simulated nasal mucus, and the
contact angle of the particles. Our study included a limited
range of concentrations and average microparticle diameter.
Future investigations can expand our study to include a wider
range of these properties, a deeper analysis of the surface
chemistry, and prototype cold plasma treatments in rough
monodisperse microparticles for broader applications.
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