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Substrate geometry modulates self-assembly and
collection of plasma polymerized nanoparticles
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Marcela M.M. Bilek 2,4,5,6,7

Plasma polymerized nanoparticles (PPN) formed in plasma reactors have been considered

undesirable in technological applications. More recently however, PPN were proposed as a

new class of multifunctional nanocarriers for drug delivery. Therefore, synthesis of PPN

requires cost-effective collection strategies that maximize yield and improve reproducibility.

This work shows that the collection of PPN in dusty plasmas is modulated by modifying the

geometry of substrates from planar to well-shaped collectors. The electric field profile around

the wells acts as an electrostatic lens, concentrating nanoparticles and significantly bolstering

process yield. The aggregation of PPN is governed by a balance between plasma expansion

throughout the wells, inter-particle repulsion, particle size and density. PPN are readily dis-

persed in aqueous solution yielding monodisperse populations. The use of a disposable well-

shape collector provides a cost-effective nanoparticle collection approach that can be

adopted in a wide range of plasma polymerization configurations without the need for reactor

re-design.
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P lasma polymerization (PP)1,2 has been established as a
preferred surface deposition platform for technological and
biomedical applications3–8. The plasma reactive environ-

ment activates monomers into building blocks that polymerize
and diffuse toward the plasma boundaries, resulting in the
deposition of thin films with modulated properties, i.e., surface
polymerization. A far less explored, often avoided, domain of
reactive PP is manifested in some hydrocarbons9, fluor-
ocarbons10, or silanes11,12 discharges, where surface polymeriza-
tion occurs simultaneously with plasma bulk polymerization, i.e.,
dusty plasmas13–15. Ionization of acetylene in the plasma for
instance, triggers a continuous formation of carbonaceous
nanoclusters that aggregate to form charged particulates in the
plasma volume.

The formation of PP nanoparticles (PPN) plays a great role in
the fundamental processes governing the discharge15. The elec-
tron density and temperature, floating potential and emission
intensity oscillate in discharges sustained in dust-forming
plasmas14,16. This long-time scale oscillatory phenomenon is
related with changes to the spatial distribution of plasma dust and
concomitant with its formation and subsequent removal from
reactors. The growth and subsequent surface deposition of PPN
represents a source of contamination in the synthesis of micro-
electronic components17, or tokamaks used for nuclear fusion
research18,19. In these processes, the discharge characteristics are
significantly modified upon formation of PPN, ultimately redu-
cing sample output and process efficiency.

More recently, however, carbon-based PPN were recognized as
versatile nanocarriers able to deliver biofunctional cargo without
inducing cytotoxicity at therapeutic concentrations20. PPN are
formed in acetylene-based dusty plasmas through assembly of
reactive carbonaceous nanoclusters into spherical nanoparticles
with modulated physical and chemical properties. The surface of
PPN is reactive, a property inherited from the nanoclusters
formed by plasma radical-chain polymerization. Functional
moieties preserved on the surface of PPN are readily ionizable in
solution upon modulation of pH, which enables fine tuning of the
nanoparticle surface charge and enhances stability in solution.
PPN spontaneously immobilize a wide range of clinically relevant
biomolecules by one-step incubation in aqueous solution20. These
findings propose PPN as a new class of cost-effective nano-
particles for use in a wide range of applications in nanomedicine.
To address current demands for clinical use, nanoparticles should
be made of a biocompatible material that is easy to functiona-
lize21. The synthesis process also needs to be scalable, cost-
effective, and reproducible, while simultaneously allowing an easy
modulation of the nanoparticle properties. PP of nanoparticles in
dusty plasmas provides a viable synthesis platform, but the
development of high yield and efficient collection strategies that
prevent nanoparticle aggregation have not yet been reported.
Importantly, the nanoparticle collector should allow a straight-
forward post-synthesis manipulation of the nanoparticles for
subsequent dispersion in solution. Ideally, the process should be
optimized to reduce surface polymerization and enhance bulk
polymerization, hence maximizing nanoparticle collection while
inhibiting coating formation.

The use of electrically biased “nanolens” arrays has been effi-
cient in controlling the dynamics and collection of small analytes
for sensing applications22. However, this technique would not be
suitable in dusty plasma environments for high yield collection of
nanoparticles necessary for biomedical applications. The bulk of
research in the field of dusty plasmas has combined modeling and
experimental tools to understand the formation, growth, and
charging mechanisms of dust particles23, ultimately providing
strategies towards their elimination or removal from reactors and
particularly useful in the context of nuclear fusion devices19 and

in thin-film manufacturing industries14,24, where dust formation
deteriorates process efficiency. Active manipulation of plasma
dust particles has been achieved by the application external for-
ces. For instance, magnetic fields are beneficial in controlling the
dynamics of particles in dusty plasmas, allowing their confine-
ment at different positions in reactors25. Electrostatic probes that
function as “plasma vacuum cleaners” can also effectively
manipulate the trajectories of charged particles enabling their
removal26. Thermoelectric Peltier elements27 may also be used to
increase the thermophoretic force and drive dust particles
towards surfaces in a reactor. The synthesis and collection of
silicon-based, non-spherical particles at high mass rates (~2 g/h)
has been also demonstrated from organosilicon precursors in
continuous downstream plasma reactor configurations12. How-
ever, most collection strategies were not developed envisaging the
use of plasma dust for nanomedicine and are usually character-
ized by low nanoparticle yield, size polydispersity or irreversible
aggregation. Although these approaches are mostly efficient to
remove plasma dust contaminants, they would require specialized
equipment (power supplies, vacuum feedthroughs, etc.) that
entail modification of pre-existing plasma chambers or otherwise
increase the cost and design complexity in the build of new
reactors. Invasive manipulation typically results in a modification
of the properties of nanoparticles28, representing an extra degree
of complexity in the synthesis process. The potential of PPN as
multifunctional nanocarriers, collected using external manipula-
tion approaches has not yet been demonstrated.

This work shows that the assembly and collection of PPN in
dusty plasmas can be passively modulated by the geometry of the
substrate. The collection of PPN dusty plasmas can be achieved
by placing commercially available polystyrene well plates on a
floating electrode downstream a radiofrequency (rf) electrode.
The number of PPN collected in the wells is strikingly enhanced
compared with that collected on a flat substrate, as widely
adopted in the deposition of PP coatings. Furthermore, PPN
aggregation and yield is controlled by the aspect ratio of the
collector (a= hwell/rwell, where hwell and rwell are the well height
and radius, respectively. Aggregation of PPN for instance, is
significantly suppressed by particle–particle Coulomb repulsion
throughout the entire length of lower aspect ratio wells (a ≤ 1.6)
at a constant hwell= 17.4 mm but also for higher aspect ratios
(e.g., a= 3.3) by adopting significantly shorter wells (i.e., hwell ≤
10.7 mm). The nanoparticle collection method reported here
allows a non-invasive, highly customizable, and efficient collec-
tion of PPN, enabling the use of pre-existing PP systems currently
used for coating deposition without the need for external
manipulation and reactor re-design. Following synthesis, PPN
can be dispersed in aqueous solution directly in the wells and for
use as nanocarriers without the requirement for further
purification steps.

Results
Two-dimensional versus three-dimensional substrates. The
collection of PPN in C2H2/N2/Ar capacitively coupled rf dusty
plasmas (see Methods) was carried out using a three-dimensional
(3D) entrapment device comprising an assembly of wells as
shown in Fig. 1a. The plurality of wells is placed on top of a
floating substrate holder (bottom electrode) to entrap PPN falling
within the boundaries of each well. The 3D collection device can
be emulated, for instance, by commercially available tissue culture
plates, comprising an array of wells with varying number and
aspect ratios. Experiments were also carried out on stainless steel
(SS) sheets without the 3D collector as shown in Fig. 1b, enabling
a direct comparison with samples obtained under a standard flat
substrate geometry, which is widely adopted in the deposition of
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plasma polymer thin-film coatings. The collection efficiency of
the well plates was first exemplified using 8.5 cm × 12.7 cm
polystyrene tissue culture plates, containing 24 wells distributed
in a well matrix of four rows (A–D) × 6 columns (1–6). The depth
and surface area of each well was 1.7 cm and 2 cm2, respectively.
Exposure of the well plate to the dusty plasma for 7 min (corre-
sponding to five complete PPN growth cycles) resulted in a sig-
nificant change in the plate appearance, as shown in Fig. 1c by the
deposition of a powder-like brown material. The collection of
nanoparticles was confirmed by placing SS sheets on the bottom
of wells, which allowed retrieval of as-synthesized PPN suitable
for secondary electron microscopy (SEM). For the purpose of
imaging, the plasma was set to run for a single growth cycle (i.e.,
80 s) to avoid superimposition of multiple PPN generations. The
SS surface was covered by a large number of spherical nano-
particles (Fig. 1d) featuring a cauliflower-like surface topography
(Fig. 1e). The nanoparticles were uniformly distributed
throughout the SS sheets, covering 29% of its surface and were
mostly arranged in aggregates formed by the assembly of 3 to up
to 20 particles. Interestingly, coating deposition was not observed
on surfaces placed inside the wells, suggesting that surface poly-
merization is inhibited on the bottom of the wells. This collection
method thus yields pure nanoparticle samples free of coatings. In
contrast, plasma polymer coatings were obtained under the same
discharge parameters on SS sheets (Fig. 1f) placed on the floating
substrate holder in a flat configuration (i.e., without the plate
collector). The diffusion and subsequent surface polymerization
of active species from the plasma rendered a uniform gold-
colored coating on the substrate. The coating morphology

(Fig. 1g) suggests that surface PP occurs in localized islands that
subsequently merge and conformally cover the underlying sub-
strate. Nanoparticle deposition on the flat substrates was virtually
negligible, covering <1% of the surface (Fig. 1g and h).

Modulation of nanoparticle collection with input power and
pressure. The collection of PPN was carried out with indepen-
dent variation of rf input power (Fig. 2a) and working pressure
(Fig. 2b). An increase in power yielded larger PPN aggregates at a
fixed pressure of 150 mTorr. The maximum aggregate size ranged
from 1850 nm at 50W to 5950 nm and 9564 nm at 75W and 100
W, respectively (Fig. 2c). The median size of individual PPN
(non-aggregated) decreased from 250 nm at 50W to 150 nm and
146 nm at 75W and 100W, respectively. The formation of larger
aggregates at higher input power correlates with an increase in
PPN number density in the plasma. Accordingly, PPN yield was
enhanced from 31mg/h at 50W to 86 mg/h and 88 mg/h at 75W
and 100W, respectively (Fig. 2d). The formation of plasma dust is
characterized by oscillations in the discharge radiation, as a result
of the plasma response to the formation, growth, and removal of
the particles from the plasma inside the chamber. Optical emis-
sion spectroscopy carried out during the synthesis process
recorded the temporal profile of the plasma emission intensity,
allowing quantification of the number of growth cycles in each
synthesis run. The period of the oscillations, hence the duration
of the PPN formation cycle, decreased with increasing power
from 90 s at 50W to 52 s and 40 s at 75W and 100W, respec-
tively (Fig. 2e).

a b

Deposition of plasma polymer coatingCollection of plasma polymer nanoparticles

C2H2 + N2 + Ar
Dusty plasma

C2H2 + N2 + Ar
Dusty plasma

c

d

Before After Before After

3D well-shaped substrate 2D flat substrate

Coating Nanoparticles
Floating substrate Floating substrate

e

f

g h

G
as

 fl
ow

G
as

 fl
ow

Fig. 1 Comparison between three-dimensional (3D) well-shaped and flat substrates. Schematics illustrate collection of plasma polymerized nanoparticles
(PPN) in dusty plasmas using 3D well-shaped (a) and flat (b) substrates on a floating electrode downstream the radiofrequency electrode. c Photographs
of a multi-well polystyrene tissue culture plate (24 wells) before and after exposure to the dusty plasma. Scale bar is 20mm. d, e Secondary electron
microscopy (SEM) images show the surface of stainless steel (SS) sheets placed on the bottom of the wells decorated by PPN and free of a plasma
polymer coating. Scale bars are 10 µm (d) and 50 nm (e). f Photographs of a SS sheet before and after exposure to the dusty plasma. Scale bar is 10 mm.
g The collected amount of PPN is significantly reduced when a flat substrate is positioned on the floating electrode. Scale bar is 10 µm. h In contrast with
the multi-well plate, SEM micrographs show the surface SS sheets covered by a plasma polymer coating and mostly free of PPN. Scale bars are 100 nm
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Aggregation and yield of collected PPN was also modulated by
the discharge working pressure (Fig. 2b), which was adjusted by
tuning the pumping speed to maintain a constant total gas flow
rate throughout the set of experiments shown in this work. For
this study, we chose an input power of 100W since it allowed
screening of a wider pressure range at which PPN can be formed
(80 mTorr – 250mTorr at 100W vs 80 mTorr – 180 mTorr at 50
W). PPN yield was significantly reduced at 100 mTorr (17 mg/h)
and 200 mTorr (22 mg/h) while aggregation was minimal at 200
mTorr. The duration of the oscillations in the plasma emission
intensity decreased with increasing discharge pressure (Fig. 2f).
At lower pressure, the mean-free path between particles
(electrons, neutrals, and ions) increases due to a reduction of
the particle number density. This reduces the yield of PPN due to
an overall decrease in the collision probability within the plasma.
Moreover, a reduction in the activation of precursor molecules
could also be driven by a decrease of the particle residence time in
the reactor, since an enhancement of the pumping efficiency is
required to lower the pressure while preserving a constant gas

mass flow rate. At higher pressure but without an increase in
power, the density of gas molecules increases in excess, reducing
precursor activation, hence PPN yield, due to an overall decrease
in the power per molecule unit mass. We also observed an
increase in coating deposition in other regions of the plasma
chamber (data not shown), suggesting a transition in the
discharge from bulk polymerization to surface polymerization.

Nanoparticle distribution in collector wells. The collector plates
were then exposed to dusty plasmas for increasing time periods to
establish if the proposed collection method facilitates higher
nanoparticle yields. Fig. 3a–d shows photographs of the well
plates exposed to the dusty plasma for 2, 5, 10, and 15 growth
cycles, respectively, for a working pressure of 150 mTorr and
input rf power of 50W (these parameters yielded minimal
aggregation of as-synthesized PPN as shown in Fig. 2a and were
chosen throughout this work). The number of cycles trended
linearly with the plasma run time (Fig. 3e), and a high coefficient
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Fig. 2 Collection of plasma polymerized nanoparticles (PPN) with different discharge parameters. Representative secondary electron microscopy (SEM)
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of determination R2= 0.9992 was obtained from a linear
regression to the experimental data. An increasing number of
nanoparticles were collected from the reactor with increasing
exposure of the plates to the dusty plasma. The density of
nanoparticles is generally greater on the wells located within the
central columns (2–5) and particularly higher in rows C and D,
positioned closest to the reactor’s center. The spatial distribution
of as-synthesized nanoparticles inside the plates was obtained by
ultraviolet/visible (UV/VIS) spectroscopy by measuring the
optical density (OD) of each well at a wavelength of 500 nm. For
instance, the average OD of the wells increases significantly with
the accumulation of larger number of generations of nano-
particles (Fig. 3f). Figure 3g shows a typical OD spatial

distribution map and a horizontal line scan through the center of
well (well C4 is shown) for a plate exposed to 15 nanoparticle
growth cycles. Up to 85% of the nanoparticles accumulate within
10 mm of the well center and their distribution feature symme-
trical radial density profile along the well’s symmetry axes.

The properties of PPN were studied in solution by dispersing
the nanoparticles in water directly from the wells (Fig. 4a–c). A
PPN concentration curve was established by measuring the
absorbance at 500 nm (Fig. 4d). A high coefficient of determina-
tion (R2= 0.9993) was obtained from a linear regression fit to a
wide nanoparticle concentration range (8 × 107–4 × 1010 PPN/
mL). Collection and subsequent dispersion of two consecutive
nanoparticle generations in water yields a population with a
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hydrodynamic median size of 214 ± 16 nm (Fig. 4e). The size
increases, however, with the collection of subsequent generations
of nanoparticles (253 ± 4 nm, 271 ± 15 nm, and 260 ± 3 nm at 5,
10, and 15 growth cycles). Collection and dispersion of fewer
nanoparticle generations results in monodisperse populations as
shown in Fig. 4f (PDI= 0.05 ± 0.03 for two growth cycles and
PDI= 0.07 ± 0.01 for five growth cycles). Increasing the number
of growth cycles broadens the polydispersity range (PDI= 0.15 ±
0.06 for 10 growth cycles and PDI= 0.13 ± 0.07 for 15 growth
cycles), but no significant differences were found between data
sets.

Modulation of nanoparticle collection with well aspect ratio.
The role of the well height, hwell, and radius, rwell, in the collection
of PPN was then studied by utilizing collectors with varying
number of wells. SEM was performed on as-synthesized PPN
samples collected on Si wafer substrates placed on 6-, 12-, 24-,
48-, and 96-well plates. Plates containing 6–48 wells allow study
of the role of rwell since hwell is constant between plates. The 96-
well plate is used to establish the influence of a smaller hwell, but
at a similar aspect ratio to the 48-well plate (see Supplementary
Table 1). The presentation of as-synthesized PPN including
surface coverage, distribution, and aggregation is strikingly
modulated by the well aspect ratio (Fig. 5a). Overall, significant
formation of large aggregates was observed on 24- and 48-well
plates. The aggregates were uniformly dispersed on Si substrates,
measuring 0.4–2 μm in their longest dimension. Each aggregate is
formed by the assembly of spherical PPN with diameters ranging

200–300 nm. Individual PPN were also found scattered around
the surface amid aggregates. The formation of large aggregates
was significantly suppressed on samples collected on 6-, 12-, and
particularly 96-well plates.

SEM images were analyzed to further quantify the distribution
of PPN on the various well plates (Fig. 5b). All plots are
characterized by a sharp rise around 250–360 nm, related to
individual, non-aggregated PPN. Overall, the distributions are
asymmetric due to the presence of PPN aggregates of various
sizes. Multi-peak deconvolution adopting gaussian profiles was
performed to quantify the contribution of individual PPN and
aggregates to the overall distribution envelope. The fitting
parameters for each peak, including full width at half maximum
(FWHM), peak area and peak centroid, are given in Supplemen-
tary Table 2. In each sample group, the first peak (P1) represents
the isolated PPN population, whereas P2 and P3 are generally
associated with PPN aggregates of 2 and 3 nanoparticles,
respectively. The wide range of FWHM values and areas obtained
for P3, P4, and P5 is related with the different number of PPN in
each aggregate, yielding structures of varied geometrical config-
urations. For instance, elongated aggregates of up 60 particles
were observed on 24- and 48-plate collectors, whereas on the 96-
well collector most of the particles were either individual PPN or
formed compacted aggregates with no more than 6–7 particles.
The most polydisperse samples were observed on the 24- and 48-
well collectors where up to 5 peaks were required to fit the
distribution envelope. The highest fraction of non-aggregated
PPN were found on the 12- and 96-well collectors, contributing
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to 59 and 51% of the total sample, respectively. PPN collected on
the 96-well plates, however, formed the most monodisperse
distribution with a FWHM of 30 nm, which was significantly
lower than 58 nm obtained in the 12-well plates. More
monodisperse samples were characterized by larger individual
PPN with P1 center peaks at 346 nm, 367 nm, and 301 nm for
samples collected with the 6-, 12-, and 96-well plates, respectively.
PPN collected with the 24- and 48-well plates had P1 center peaks
at 259 nm and 249 nm, respectively. Substrate coverage, measured
by SEM image processing and calculated as the ratio between the
total PPN footprint and total area of the imaged substrate,
increased with the well aspect ratio (Supplementary Fig. 1),
reaching 83% on the 96-well collector plates upon collection of a
single generation of PPN (i.e., growth cycle of 80 s). Dispersion of
nanoparticles in water yielded monodisperse and stable PPN
colloidal populations for all well collectors (Fig. 5c), showing that
nanoparticle aggregation is reversible. The collection efficiency of
PPN per unit area of the plate (Supplementary Fig. 2) was similar
between samples dispersed from the 6- and 12-well plates,
yielding (4.1 ± 0.2) × 106 PPN/mm2 and (3.6 ± 0.2) × 106

PPN/mm2, respectively. The collection of PPN was significantly
enhanced for samples dispersed from the 24-, 48-, and 96-well
plates giving yields of (5.1 ± 0.3) × 107 PPN/ mm2, (4.5 ± 0.3) ×
107 PPN/mm2, and (3.4 ± 0.2) × 107 PPN/mm2, respectively.

Discussion
Any explanation for the increased number of PPN entrapped in
the wells compared with a flat substrate configuration (Fig. 1)
must consider multiple factors, including particle charge, balance
of forces, and plasma–substrate interactions. It is widely accepted
that PPN acquire a negative net charge in a plasma due to pre-
ferential diffusion of electrons towards the particles29–31. There-
fore, the electrostatic force, Fe, plays a fundamental role in the
dynamics of PPN and ultimately their fate inside the reactor.
Indeed, electrostatic entrapment of negatively charged PPN in the
positive plasma potential is likely responsible for the lack of
particles observed in flat substrates. Dust particles levitate in
equilibrium positions above the plasma sheath edge, where Fe is
balanced by dragging, thermophoretic, and gravitational forces15.
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Since the neutral (Fn) and ion drag (Fi), thermophoretic (Ft) and
gravitational forces (Fg), i.e., forces that drag particles towards the
plasma boundaries, trend / r2p , / r2p , / r2p , and / r3p ,
respectively32,33 (rp is the particle radius), results in Fig. 1 suggest
that the vertical component of these forces are overwhelmed by Fe
(∝ rp) for rp < 200 nm (a comprehensive description of the forces
acting on plasma dust particles can be found elsewhere29).

Fg is expected to be negligible for individual PPN in this work.
This assumption is uniformly consistent with several works on
carbonaceous and silane-based dusty plasmas, where gravity is

the dominant force only when rp > > 1 µm34–38. Here, Fg

�
�
�

�
�
� ¼

1:52 ´ 10�16 N for rp= 125 nm and a mass density of ρp= 1900
kg/m3 for hydrogenated carbon-nitride materials synthesized in rf
discharges39. In the plasma bulk, we estimate Ftj j � 10�16N for a
measured gas temperature of 370 K (see Methods), a wall tem-
perature of 300 K and Fnj j � 5 ´ 10�16N with nn � 4 ´ 1021 m�3

and np � 1014 m�3 at input power of 50W and working pressure
of 150 mTorr. Here, nn and np represent the number density of
the neutral gas species and PPN, respectively. We estimated np by
measuring PPN yield obtained in a 24-well plate and considering
the volume ratio between the plasma above the plate and the total
active plasma. Consistent with previous works, Fn and Ft are
expected to dominate over Fi in the plasma bulk36–38, dragging
PPN towards the sheath edge above the flat substrate. At the
sheath edge, Fe and Fi increase significantly in magnitude due to
an increase in the electric field. We estimate near the plasma
sheath edge that Fnj j; Ftj j< Fij j � Fej j � 5 ´ 10�16 � 10�15 N
for a calculated electron temperature of 2:25 eV± 0:5 eVa and
electron density range of 1014 � 1015 m�3 at 50W and 150
mTorr35,36. Particles levitating in their vertical equilibrium
positions close to the plasma sheath are eventually removed from
the reactor by the action of Fn and Ft, arising from the gas flow
which moves across the substrate over the edges towards the
pumping port (Fig. 6) and temperature gradients. Therefore, only
significantly larger particles would reach the substrate by action of
gravity and drag forces.

Enhanced collection of PPN in the collector plates is likely
driven by two main factors. First, the ability of the positive plasma
potential to expand inside the wells (Fig. 6 and Supplementary
Movie 1), facilitating entrapment of PPN. Second, the formation
of a plasma sheath around the wells which results in an electric
field, Efield, profile that acts as an “electrostatic converging lens”,
concentrating the particles around the central well axis (Fig. 6) at
higher well aspect ratios (a ≥ 2.2). This “electrostatic lensing
effect” possibly arises from the Fe acting on particles with a
direction perpendicular to and fanning out of the surface of the
wells. We expect the magnitude of the electrostatic force should
have a maximum near the well edge where the plasma sheath
thickness, dsheath, decreases and bends around the top part of the
well. The particles, confined by Fe, are trapped inside as the
plasma expands into the wells. The particle density inside the
wells is higher closer to the well center axis as particles are pushed
by Fe. Particles inside the wells also experience both downwards
Fg, Ft, and Fi forces, the latter with a direction fanning towards
the walls but virtually no neutral drag force as the gas cannot
move out through a well. Assuming a uniform charging along the
inner walls of the insulating polystyrene wells, particles located
along or near the well vertical axis will mostly experience
downward Fi, Ft, and Fg forces which counterbalance the vertical
component of Fe. The particles, as they grow, will continue to
experience a downward net force, bringing them closer to the
bottom of the collector until they reach an equilibrium position
or reach the bottom. Particles further from the central vertical
axis experience horizontal Fi and Ft that directs the particles to
the closest inner walls. Therefore, the radial density distribution

with increasing amount of PPN towards center of the wells
(Fig. 3g) is likely driven by a combination of the electrostatic force
lensing effect and downward particle drag. This hypothesis is also
consistent with the increasing number of PPN deposited on the
lateral walls closer to the bottom of the low aspect ratio wells
(Supplementary Fig. 3). Therefore, the collection method pro-
posed here efficiently collects plasma dust particles by entrap-
ment, without external manipulation.

An inspection of PPN collected from plates of various well
aspect ratios reveals a uniform distribution of aggregates formed
by several individual nanoparticles. Although the radius of indi-
vidual PPN is ≈50–175 nm, aggregates ranged from ~400 nm up
to ~2 μm. Given that each spherical PPN acquire a significant
negative net charge in the plasma, Coulomb repulsion effectively
prevents particle aggregation40. The formation of large aggregates
was reduced on wider wells (6- and 12-well plate collectors) and
significantly suppressed on the 96-well plate collectors as shown
in Fig. 5a, b. These results suggest that the electrostatic potential
between particles prevents their aggregation until they reach the
bottom of the wells. Our observations on the 6- and 12-well plates
are consistent with the ability of plasma potential to extend
throughout a greater fraction of the wells (Fig. 7a). PPN aggre-
gation is prevented by interparticle electrostatic repulsion before
they reach the bottom of the well due to a reduction of the sheath
width. As the particles travel through a great fraction of the wells,
while remaining confined in the plasma, they will continue to
grow further due to the diffusion of ions and radicals. This
continued growth results in both larger particles (rp≈ 175 nm)
and in a more efficient interparticle electrostatic repulsion as
larger particles will continue to build-up more charge in the
plasma due to diffusion of electrons. Since the “electrostatic
lensing effect” is significantly mitigated in these wells, particle
density around the well center axis is reduced as a result of larger
radii of the wells (i.e., 17.7 mm and 11.1 mm in the 6- and 12-well
plates in comparison with 7.2 mm and 5.5 mm in 24- and 48-well
plates, respectively). The formation of microclusters in the 24-
and 48-well plates (Fig. 5) suggests that interparticle electrostatic
repulsion is no longer effective in preventing particle–particle
aggregation inside these wells. The formation of dust particulate
aggregates has been previously reported in the afterglow region of
a downstream plasma reactor in silane-based discharges12, sug-
gesting here that the plasma is unable to expand throughout the
entire depth of the 24- and 48-well plates (Fig. 7b). As the elec-
tron density decreases downstream of the plasma sheath, the
aggregation probability between colliding particles with suffi-
ciently high kinetic energy increases, since attractive forces
between particles (e.g., van-der-Walls, radical sticking, etc) can
now overcome the interparticle electrostatic potential40,41. An
increase in the vertical component of the electric field that resists
dragging forces in the 96-well plates results in the formation
of larger particles (rp ≈ 150 nm c.f. those found in the 24- and
48-well plates) and enhancement of electrostatic repulsion
downstream of the plasma sheath along the wells. Therefore,
suppression of aggregates observed in samples collected with the
96-well plates (Fig. 7c) is likely driven by a stronger interparticle
Coulomb repulsion. Although PPN formed by volume poly-
merization are dragged and entrapped inside the wells, coating
formation is avoided by inhibition of surface polymerization on
the bottom of the wells. Consequently, PPN are readily dispersed
following synthesis directly from the wells to form a mono-
disperse and stable aqueous colloidal dispersion. Therefore, this
approach eliminates the need for step-wise filtration, purification,
and phase separation, which is usually necessary in wet-chemistry
nanoparticle synthesis that require the use of solvents or toxic
reagents. After synthesis and dispersion in solution, PPN are
transferred into tubes (Fig. 4c) for subsequent use in biomedical
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applications. Measurements of the OD (Fig. 4d) of PPN dispersed
in solution directly from the wells results in a linear trend over a
wide concentration range, allowing ready quantification of PPN
using UV/VIS calibration standards. Since multiple wells are
comprised in a single collector plate, the number of wells can be
pre-selected according to the amount of PPN necessary for a
given experiment. PPN synthesized in acetylene-based dusty
plasma feature a long shelf-life20, allowing the remaining wells to
be stored for subsequent needs. Moreover, the collector plates are
sterilized upon exposure to the plasma and can be subsequently
sealed under sterile environment for applications that require
in vitro or in vivo delivery of PPN. Although further measure-
ments of the floating potential, electron and ion fluxes around the
wells will need to be carried out in future studies, this data may be
used to design customized 3D substrates that further enhance
PPN yield.

This work shows that the collection of monodisperse, off-the-
shelf PPN in dusty plasmas can be significantly improved by
replacing a standard flat substrate geometry with 3D well plate
collectors. Although a flat substrate leads to the deposition of a
plasma polymer coating with few if any nanoparticles, the well
plates prevent coating formation and efficiently entrap nano-
particles formed in the plasma bulk. High aspect ratio wells (a ≥
2.2) significantly bolster nanoparticle yield, whereas decreasing
the well heights effectively prevents aggregation between as-
synthesized negatively charged particles. PPN can be readily
dispersed from the wells in aqueous solution without aggregating,
eliminating the need for further sample processing. The number

of nanoparticles in each well can be directly measured before
dispersion, allowing pre-selection of wells to be dispersed
depending on experiment demands. The use of disposable multi-
well plates in the active plasma provides a controllable, cost-
effective, customizable, and efficient collection approach of PPN
that can be readily applied to already-built reactors and pave the
way for a nanoparticle synthesis and collection platform com-
patible with commercial demands.

Methods
PPN synthesis and collection. NanoP3 were synthesized in a cylindrical SS
capacitively coupled rf reactor as previously reported20. The reactor was pumped
down to a base pressure of ~10−6 Torr where C2H2/N2/Ar plasmas were sustained
at a working pressure of 100 mTorr – 200 mTorr at input powers of 50W, 75W, or
100W. The flow rate of C2H2, N2, and Ar was maintained constant at 2 sccm, 10
sccm, and 3 sccm for each synthesis run. The duration of each run was adjusted
according to the number of PPN formation cycles necessary for each experiment,
typically between 80 s and 1200 s. The collection of nanoP3 was carried out in
8.5 cm × 12.7 cm polystyrene tissue culture well plates (Corning, USA) with various
number of wells (6, 12, 24, 48, or 96 wells). The plates were placed on the substrate
holder, a floating electrode positioned 10 cm below the rf electrode. Si wafers or SS
flat substrates were placed on the bottom of the wells, allowing nanoP3 trapped
inside the wells to be imaged with secondary electron microscopy (SEM). The
dimensions of the Si wafers or SS flat substrates were adjusted for each plate to
cover the maximum area possible in each well type while ensuring suitable
dimensions that would fit on SEM stubs (1 cm × 1 cm for 6-, 12-, and 24-well
plates, 0.7 × 0.7 cm for 48-well plates and 0.4 × 0.4 cm for 96-well plates).

In situ optical emission spectroscopy. The synthesis process was monitored in situ
using optical emission spectoscopy to measure the temporal profile of the plasma
emission intensity during the formation of PPN. Spectra with a nominal resolution of
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Fig. 6 Dynamics of plasma polymerized nanoparticles (PPN). The schematic compares the dynamics of PPN in the presence of flat two-dimensional and
well-shaped three-dimensional substrates. As the particles are negatively charged in the plasma, they feel an electrostatic force (Fe) in the opposite
direction to the electric field, as indicated by the vectors labeled -Efield and repel one another. When they move out of the plasma into regions depleted of
electrons and richer in ions, they lose their negative charge and become prone to aggregation when present in high densities. In the presence of a flat
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primarily due to the net neutral drag (Fn) arising from the gas flow around the substrate towards the pumping system and the thermophoretic force (Ft)
due to temperature gradients (ΔT) between the plasma bulk (370 K) and the chamber’s walls (300 K) drag the particles outside the substrate region,
resulting in the deposition of a coating with a low number of particles. In the presence of well-shaped collectors, PPN move inside the well due to expansion
of the plasma into the well and confinement by electric fields at the perimeter of the wells. The net drag force (with a vertical, downwards component for
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0.014 nm were acquired with an Acton SpectraPro 2750 spectrometer (Princeton
Instruments, USA) equipped with a 1200 grooves mm−1 grating, an entrance slit
opened at 50 μm and a PI-MAX (Princeton Instruments, USA) intensified charge-
coupled device (ICCD) with a 1024 × 1024 pixel array optically coupled with the
spectrometer’s exit plane and a optic fiber in line-of-sight with the region of the
plasma immediately above the well plates. The exposure time was 300 μs and 150
consecutive acquisitions were averaged to maximize the signal-to-noise ratio. The
entire optical setup remained unchanged throughout the experiments. Oscillations of
the molecular emission band associated with rotational–vibrational transitions of Nþ

2
(0–0) molecular ions from the first negative system (B2Σu → X2Σg) between
389 nm and 392 nm, with a band head centered at 391.64 nm, was used as a
surrogate of the period of each PPN growth cycle20. The excitation temperature of
argon excited states (assumed to represent the electron temperature) and the
rotational temperature of N2 (assumed to represent the gas temperature) was
measured using OES as previously reported5,42.

SEM. SEM was carried out on as-synthesized PPN using a Zeiss Sigma HD FEG
SEM at an acceleration voltage of 5 kV, a working distance between 8 and 12 mm,
pressure of 30 Pa and a 30 μm aperture.

Dynamic light scattering. Dynamic light scattering was carried out to measure the
hydrodynamic size and concentration of PPN particles dispersed in ultra-pure
water directly from the wells. A NanoSight NS300 laser light scattering system was
used to determine the hydrodynamic size distribution and concentration of PPN.
Samples (n= 5) were processed at constant flow through the analysis chamber
using a nanoparticle tracking system (NanoSight NTA 3.0) and all measurements
were performed at 24 ˚C. The median hydrodynamic size of PPN was confirmed by
running samples through a Zetasizer Nano ZS (Malvern Instruments, Germany),
which also measured the distribution polydisperse index.

UV-VIS measurements. The OD of PPN was measured directly on the wells using
a CLARIOstar microplate reader (BMG LABTECH, Germany).

Image processing—size distribution. SEM images were analyzed using Image-
Pro Premier (Edition 9.2, 64-bit). The images were segmented using an in-built
threshold tool allowing separation between the PPN and the substrate background.
A global threshold constant was chosen for each image based upon intensity values
from a bimodal histogram. The measurement data type was selected with Area,
Caliper mean, and Caliper max chosen. Minimum and maximum values of each
data type were set to further refine selections by removing outliers resulting from
impurities and irregularities in the image. Nanoparticles on the border of the image
were disregarded. We adopted the average Feret diameter43 (Caliper Diameter) to

measure the size of PPN and aggregates. Size histograms were obtained using the
multi-peak analysis and fitting tools provided with the OriginLab Pro package. The
number of peaks and peak position was first obtained by double differentiation of
the distribution envelope of each data set. Fitting was carried out by adopting a
Gaussian profile for each contribution. A non-linear least-square convergence
criteria monitored the error between the original and deconvoluted spectra,
imposing relative errors below 10−6. Each peak was allowed to drift ± 20 nm from
the peak center defined by the envelope double differentiation.

Statistical analyses. Data were reported as mean ± standard deviation (n= 3
unless otherwise indicated). Two-way analysis of variance was performed using
GraphPad Prism (GraphPad Software). Where relevant, statistical significance is
indicated in the figures as ns (not significant) (p ≥ 0.05), * (p < 0.05), ** (p < 0.01),
*** (p < 0.001), or **** (p < 0.0001).

Data availability
The data that support the findings of this work are available from the corresponding
author upon reasonable request.
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