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Surface-capping agents—for example, amphiphilic surfactant molecules, water-soluble polymers, or

polyelectrolytes—play a critical role during polymerization reactions for both the formation and stability of

colloidal polymer particles. Here, we investigated the effect of the molecular weight and concentration of

polymeric surface-capping agents on the assembling of polyvinyl methacrylate (PYMA) colloidal nano-

particles (NPs) via microfluidic-supported emulsion polymerization. Specifically, the impacts of the mole-

cular weight and concentration of polyvinylpyrrolidone (PVP, molecular weights of 10000, 40000,
360000, and 1300000 MW, concentrations of 0.05, 0.5, 1, 2.5, 5, and 10 mM, repeating unit concen-
tration) and poly(sodium styrene sulfonate) (PSSS, molecular weights of 70 000 and 200 000 MW, con-

centrations of 0.1, 1, 2.5, 5, 10, and 20 mM, repeating unit concentration) on the formation of PVMA NPs

were investigated. Depending on the molecular weight and concentration of surface-capping agents, we
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1. Introduction

Colloidal polymer particles'” are widely used in several appli-
cations such as targeted drug delivery,®'° tissue engineering,"
surface coating,'” and medical imaging.">'* The interior and
surface properties of colloidal polymer particles play a crucial
role during interaction with active surfaces of biological and
non-biological materials.'”?* In particular, the surface pro-
perties of colloidal polymer particles can be controlled post-
synthetically via various techniques such as soft lithographic
techniques or solvent evaporation processes.>*>” However, the
time-consuming post-synthetic treatments do not meet the
requirements to control the size and shape of polymeric par-
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obtained finely textured assembled, spherical, flower-shaped, fluffy, and elongated spherical PVMA NPs
with sizes ranging from 70 to 500 nm. With our microfluidic-supported synthesis of PYMA NPs, we con-
tributed to a basic understanding of how the molecular weight and concentration of surface-capping
agents impact the formation of polymer NPs.

ticles. Therefore, easy and rapid in situ routes for controlling
the structural surface properties of polymeric colloids are in
high demand.

Emulsion polymerization is a versatile method to obtain
colloidal particles with tunable sizes.***' Molecular surfac-
tants stabilize the surface of nanoparticles and simultaneously
control the growth of particles in solution during
polymerization.®** Molecular surfactants, such as anionic
sodium dodecyl sulfate (SDS) and cationic cetyltrimethyl-
ammonium bromide (CTAB), can form spherical micellar
structures above their critical micelle concentration (CMC).*
Surface-capping agents can also protect colloidal particles
against uncontrolled aggregation.**** On the other hand, a
polymeric surface-capping agent can act as a dynamic surface-
controlling agent to initiate the assembling process of
particles.***® Under controlled conditions, colloidal particles
can create diverse structures from the nano- to sub-micron
length scale that find use in a myriad of rheological and inter-
facial applications.*”** When soft polymer nanoparticles
assemble during polymerization in a controlled manner, a
wide range of anisotropic shapes can be generated."*"?
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Compared to their spherical counterparts, anisotropic polymer
nanoparticles are of particular importance due to their higher
surface area (at the same length scale), making them suitable
candidates for various medical applications.***>

The importance of the molecular weight and concentration
of surface-capping agents on particle shape and size was
demonstrated in earlier studies.*®™*® Previously, the role of
polymeric surface-capping agents in the generation of shape-
tunable polymethyl methacrylate (PMMA) nanoparticles has
been investigated in detail.’*>**** In addition, recently, the
impacts of five different types of surface-capping agents on the
formation of colloidal polyvinyl methacrylate (PVMA) particles
—employing the monomer unit with dual polymerization
active sites—have been investigated.*® In our previous work,*’
it was found that different types of surface-controlling agents
have different roles in the formation of PVMA colloidal par-
ticles. Specifically, we showed that both the monomer type and
interfacial agent play a role in controlling the anisotropic
assembling pattern of colloidal PVMA NPs.*® Vinyl methacry-
late (VMA) is a non-viscous monomer suitable for several
polymerization methods, for example, nitroxide-mediated
polymerization. Nitroxide-mediated polymerization, a con-
trolled radical polymerization, is generally used for styrene
and acrylate-based monomers without any bulky group
(including methyl) attached to their double bonds.’*' In
addition, VMA monomers and their derivatives also impact the
reversible-addition-fragmentation ~ chain-transfer ~ (RAFT)
polymerization.>*>?

In this work, we studied the impact of the molecular weight
and concentration of mainly two different types of polymeric
surface-capping agents (polymer polyvinyl pyrrolidone (PVP)
and polyelectrolyte poly(styrene sulfonate sodium salt) (PSSS))
on the growth and in situ assembly of PVMA colloidal particles
via microfluidic-supported polymerization. We used non-ionic
PVP with four different molecular weights (10000, 40 000,
360 000, and 1 300 000 MW, concentrations of 0.05, 0.5, 1, 2.5,
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Fig. 1 Experimental setup. The schematic illustrates the microfluidic-
supported (semi-microfluidic) setup for the polymerization process in
which emulsification of both immiscible liquid phases takes place in a
microfluidic reactor and completion of the polymerization takes place at
the heating block.
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5, and 10 mM, repeating unit concentration) and an anionic
PSSS with two different molecular weights (70 000 and 200 000
MW, concentrations of 0.1, 1, 2.5, 5, 10, and 20 mM, repeating
unit concentration) in the aqueous phase. We demonstrated
that the assembling processes of colloidal PVMA particles can
be controlled based on tunable molecular weights and concen-
trations of the surface-capping agents. Finely textured
assembled, spherical, flower-shaped, fluffy, and elongated
spherical PVMA NPs were obtained using PVP and PSSS.
Utilization of a microfluidic platform® ™7 is a very efficient
approach for providing uniform reaction mixing conditions. In
our study, we used a cross-flow-based microfluidic reactor®® for
the emulsification of two immiscible liquid phases. The
polymerization of the emulsified solution was performed exter-
nally as shown in Fig. 1 (semi-microfluidic process).

2. Results and discussion

The impact of PVA and PSSS with different molecular weights
on the formation of PVMA colloidal particles was identified
through the in situ assembling of colloids in the aqueous
phase. All molecular weights of the polymeric surface-control-
ling agents (PVP and PSSS) are considered in grams per mole,
and their concentration has been calculated based on their
repeating unit concentration. Thermal polymerization was
conducted by using a thermal initiator, azobisisobutyronitrile
(AIBN) which was dissolved in the monomer phase including
VMA and ethylene glycol dimethacrylate (EGDMA) (Fig. 2).

2.1 Colloidal PVMA particles: impact of tunable molecular
weights and concentrations of PVP

Here, the impact of non-ionic PVP with various molecular
weights and concentrations on the formation of PVMA NPs
was investigated. In general, during the emulsion polymeriz-
ation, the interaction between the monomer droplets and PVP
results in the formation of PVMA NPs. Initially, an emulsion of
the VMA-contained monomer phase and PVP-contained
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Fig. 2 Schematic illustration providing an overview of the polymeriz-
ation for the synthesis of PVMA NPs. The aqueous phase is made up
from polymeric surface-capping agents of variable molecular weights
and the monomer phase is a mixture of the monomer, cross-linker, and
thermal initiator. Polymerization was conducted at 95 °C for the for-
mation of PVMA colloidal particles.
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aqueous phase is generated in the microfluidic reactor, as
shown in Fig. 1. When the nucleation stage of the polymeriz-
ation begins, the formation of small-sized nanoparticles (early
growth state) is followed by continuous growth.’® PVP, as a
surface-capping agent, gets attached to the surface of growing
colloidal NPs and controls the growth dynamics of the NPs.
When water-soluble polymers are used, such as PVP, the
control of the surface properties of the growing NPs is driven
by steric stabilization.*

The aggregation mechanism for the growth of PVMA NPs is
comparable with the mechanism of PMMA NPs, as described
previously.*® In contrast to PMMA NP synthesis, however, we
obtained morphologically different PYMA NPs at various con-
centrations of PVP of tunable molecular weights. PVP controls
the solvation and mobility of the growing PVYMA NPs during
the polymerization reaction. When particles are small (early
growth stage), their solvation and mobility in an aqueous solu-
tion are high but when the particles’ size is at the threshold
level, they assemble (aggregate) to reduce their surface
energy.”® Depending on the concentration and molecular
weight of PVP, we obtained finely textured assembled, flower-
shaped, and spherical PYMA NPs. Flower-shaped PVMA par-
ticles were obtained as a result of multi-step assembling pro-
cesses at certain concentrations.*’

2.1.1. Utilizing PVP-10000 (molecular weight) in the
aqueous phase. PVP-10 000 (concentrations of 0.5, 1, 5, and
10 mM, repeating unit concentration) was used to obtain
PVMA NPs. 180 nm diameter finely textured surface PVMA NPs
were formed using 10 mM PVMA as depicted in Fig. 3A. With
the decrease of the PVP concentration down to 5 mM in the
aqueous phase, no significant change in the obtained NPs was
observed compared to using 10 mM PVP. In the case of using
5 mM PVP, the finely textured surface PVMA colloidal particles
were obtained with a slightly smaller size with a diameter of
about 140 nm as shown in Fig. 3B. Furthermore, the assem-
bling pattern formed flower-shaped PVMA colloidal particles
when the PVP concentration was decreased to 1 mM repeating
unit concentration (Fig. 3C). According to our final products,
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Concentration 1. 0.l mM  vi. 5mM

¢ | of PVP-10,000  iii. 0.5 mM  vii.10 mM
¥ 400 nm iv. 1 mM

Fig. 3 PVMA NPs in the presence of PVP-10 000 (molecular weight) in
the aqueous phase. SEM images of the PVMA particles synthesized in
the presence of PVP-10 000 at various concentrations in the aqueous
phase, where PVP acts as a surface-capping agent: (A) 10 mM (repeating
unit concentration), (B) 5 mM (repeating unit concentration), (C) 1 mM
(repeating unit concentration), and (D) 0.5 mM (repeating unit concen-
tration). (E) Zeta potential measurements of PVMA NPs synthesized
using PVP-10 000 in the aqueous phase at various concentrations.
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we can conclude that the enhanced texture of the surface of
PVMA colloidal particles was formed due to the increased
polymerization rate at a lower PVP concentration. The number
of formed PVMA particles is less at a low PVP concentration
and the polymerization rate is faster because the surface is
slightly covered with a surface-capping agent (PVP). When
polymerization is faster, the particles grow quickly before they
achieve the aggregation stage and the aggregation is observed
during the later phases of polymerization.®® Indeed, larger
PVMA aggregates and flower-shaped PVMA NPs were obtained
at 1 mM concentration. With the further decrease of the PVP
concentration to 0.5 mM, spherical-shaped particles were
obtained (Fig. 3D). The final size of the spherical PVMA par-
ticles is smaller (less than 150 nm, Fig. 3D) compared to the
flower-shaped particles (Fig. 3C). According to our final pro-
ducts, it can be assumed that the particles with textured sur-
faces as shown in Fig. 3A-C are likely the result of aggregation
of smaller-sized spherical NPs whereas the particles with
smooth surfaces as shown in Fig. 3D are individual particles
formed without aggregation. The measured zeta potential of
the PVP-covered PVMA colloidal particles is around —17 mV at
all concentrations as shown in Fig. 3E. The negative value of
the zeta potential of PVMA colloidal particles may be a result
of the enolization of the PVP in the aqueous phase as well as
the radicals generated by the initiator AIBN.%"%*

2.1.2 Utilizing PVP-40000 (molecular weight) in the
aqueous phase. Large clustered and randomly aggregated
PVMA NPs were obtained by using a 10 mM repeating unit
concentration of PVP-40 000 as shown in Fig. 4A. The observed
surface textures of PVMA NPs that were obtained via using PVP
at the same concentrations of 10000 and 40000 molecular
weights are very different, as shown in Fig. 3A and 4A, respect-
ively. Also, the flower-shaped PMMA NPs with enhanced
surface textures were obtained using different molecular
weights of PVP from those previously used for PVMA NPs.*°
This finding suggests that alongside the molecular weight and
concentration of PVP, the type of monomer also has a signifi-
cant impact on controlling the NP’s surface characteristics.
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Fig. 4 PVMA NPs in the presence of PVP-40 000 (molecular weight) in
the aqueous phase. SEM images of PVYMA NPs synthesized in the pres-
ence of PVP-40000 at various concentrations in the aqueousphase,
where PVA acts as a surface-capping agent: (A) 10 mM (repeating unit
concentration), (B) 1 mM (repeating unit concentration), (C) 0.5 mM
(repeating unit concentration), and (D) 0.05 mM (repeating unit concen-
tration). (E) Zeta potential measurements of the PVYMA NPs synthesized
using PVP-40 000 in the aqueous phase at various concentrations.
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When PVP-40 000 at 1 mM repeating unit concentration
was used in the aqueous phase during polymerization, a pro-
gressive assembling pattern in the PVMA colloidal particles
was observed as shown in Fig. 4B. According to the aggregation
behaviour of nanoparticles,® it is reasonable to assume that
when the surface-capping agent concentration decreases, the
growing particles prefer to minimize their surface energy as
the surface is not densely covered with PVP. At 1 mM critical
concentration, flower-shaped aggregates, and non-aggregated,
rather ‘fluffy’ remaining products were observed (Fig. 4B).
With the further decrease of the PVP-40 000 concentration in
the aqueous phase (that is, 0.5 mM), almost all PVYMA NPs
were formed with a flower shape as shown in Fig. 4C. Despite
the long PVP chain, hydrophobic PVMA particles aggregated
and formed textured surfaces due to the low concentration.
Spherical type PVMA particles were obtained using PVP-40 000
at a concentration of 0.05 mM as shown in Fig. 4D. The zeta
potential of the PVMA NPs in the aqueous phase is shown in
Fig. 4E.

2.1.3 Utilizing PVP-360 000 (molecular weight) in the
aqueous phase. Finely textured assembled particles were
obtained using 10 mM PVP-360 000 as shown in Fig. 5A. When
the concentration of PVP-360 000 decreased to 5 mM repeating
unit concentration, rather ‘fluffy’ NPs were observed (Fig. 5B).
With the further decrease of the PVP-360000 concentration
(2.5 mM), non-assembled ‘fluffy’ NPs were observed (Fig. 5C)
similar to the NPs obtained using 10 mM PVP-40 000 in Fig. 4A.
No significant difference in the impact of 2.5 mM PVP-360 000
and 10 mM PVP-40 000 on the NP’s shape was observed (Fig. 4A
and 5C). Spherical and ‘fluffy’ NPs were also obtained using
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Fig. 5 PVMA NPs in the presence of PVP-360 000 (molecular weight)
in the aqueous phase. SEM images of the PVMA NPs synthesized in the
presence of PVP-360000 at various concentrations in the aqueous
phase, where PVP acts as a surface-capping agent: (A) 10 mM (repeating
unit concentration), (B) 5 mM (repeating unit concentration), (C) 2.5 mM
(repeating unit concentration), (D) 1 mM (repeating unit concentration),
(E) 0.5 mM (repeating unit concentration), and (F) 0.05 mM (repeating
unit concentration). (G) Zeta potential measurements of the PVMA NPs
synthesized using PVP-360000 in the aqueous phase at various
concentrations.
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Fig. 6 PVMA NPs in the presence of PVP-1300 000 (molecular weight)
in the aqueous phase. SEM images of PVYMA NPs synthesized in the pres-
ence of PVP-1300 000 at various concentrations in the aqueous phase,
where PVP acts as a surface-capping agent: (A) 10 mM (repeating unit
concentration), (B) 2.5 mM (repeating unit concentration), (C) 1 mM
(repeating unit concentration), (D) 0.5 mM (repeating unit concen-
tration), (E) 0.1 mM (repeating unit concentration), and (F) 0.05 mM
(repeating unit concentration). (G) Zeta potential measurements of the
PVMA NPs synthesized using PVP-1300 000 in the aqueous phase at
various concentrations.

1 mM PVP-360 000 (Fig. 5D). Flower-shaped and spherical par-
ticles were obtained using 0.5 mM and 0.05 mM PVP-360 000 as
shown in Fig. 5E and F, respectively. The zeta potentials of the
obtained PVMA colloidal particles are shown in Fig. 5G. The
minor fluctuation observed in zeta potential values may be
caused by the assembling patterns of the particles.

2.1.4 Utilizing PVP-1300000 (molecular weight) in the
aqueous phase. The surface characteristics of PVMA NPs
obtained using PVP-1300000 are very similar to the NPs
obtained using PVP-360 000 (Fig. 5 and 6). Finely textured
assembled particles were obtained using 10 mM PVP-1 300 000
(Fig. 6A). In contrast, when the concentration decreased to
2.5 mM, dispersed ‘fluffy’ NPs were observed (Fig. 6B). Flower-
shaped NPs were formed upon using 1 mM and 0.5 mM concen-
trations of PVP-1300 000 (Fig. 6C and D). Moreover, larger tex-
tured assembly particles were formed at 0.1 mM concentration
(Fig. 6E). When high molecular weight PVP was used at a lower
concentration (0.05 mM), the polymerization created spherical
type NPs with rather smooth surfaces as shown in Fig. 6F. The
zeta potential of the NPs was found at around —17 mV (Fig. 6G).

A schematic illustration of the formation of PVMA colloidal
particles using different molecular weights and concentrations
of PVP is shown in Fig. 7. Overall, based on the molecular
weight and concentration, by utilization of PVP in the aqueous
phase, flower-shaped and spherical-shaped NPs were obtained.

2.2. Colloidal PVMA particles: impact of tunable molecular
weights and concentrations of PSSS

PSSS is an anionic polyelectrolyte and contains a large number
of sulfonate ions. Two different molecular weights of PSSS

This journal is © The Royal Society of Chemistry 2025
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Surface-controlling agent: Tentative chain length of PVP
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Fig. 7 Schematic overview of the formation of PVMA NPs using
different molecular weights and concentrations of PVP. The PVP chain
length-based estimation of the molecular weights and the schematics
of the PVMA NPs obtained at higher and lower concentrations in the
presence of PVP at various molecular weights.

PVMA Colloidal Particles

(70 000 and 200 000) were used at six different concentrations
(0.1 mM to 20 mM). The linear assembling pattern of PVMA
NPs is similar to the assembling pattern of PMMA NPs,***

2.2.1 Utilizing PSSS-70000 (molecular weight) in the
aqueous phase. Here, we used PSSS-70000 in the aqueous
phase during polymerization. When 20 mM PSSS-70 000 was
used in the aqueous phase, elongated spherical PVMA col-
loidal particles were obtained (Fig. 8A). On the other hand,
elongated assembled PMMA NPs can also be obtained by
using PSSS-70 000.** This comparison shows that not only the
PSSS molecular weights but also the type of monomer are very
crucial for the final NP shape. When the concentration of
PSSS-70 000 decreased from 20 mM to 10 mM, 2.5 mM, and
1 mM (repeating unit concentrations), spherical PVMA NPs
were obtained in all cases as shown in Fig. 8B-D. The zeta
potential value is dependent on the charge and concentration
of surface capping agents on the surface of polymeric nano-
particles. The zeta potential value of the PVMA NPs increased
in the negative direction correlated with the increase of the
anionic PSSS concentration as shown in Fig. 8E.

Concentraton of P385.70.000 (o, Unt Conc
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Fig. 8 PVMA NPs were obtained in the presence of PSSS-70 000 (mole-
cular weight). SEM images of the PVMA NPs synthesized in the presence
of anionic polyelectrolyte PSSS-70 000 at various concentrations in the
aqueous phase, where PSSS acts as a surface-capping agent: (A) 20 mM
(repeating unit concentration), (B) 10 mM (repeating unit concentration),
(C) 2.5 mM (repeating unit concentration), and (D) 0.1 mM (repeating
unit concentration). (E) Zeta potential measurements of PVMA NPs syn-
thesized using PSSS-70000 in the aqueous phase at various
concentrations.
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Fig. 9 PVMA NPs were obtained in the presence of PSSS-200 000
(molecular weight) in the aqueous phase. SEM images of the PYMA NPs
synthesized in the presence of anionic polyelectrolyte PSSS-200 000 at
various concentrations in the aqueous phase, where PSSS acts as a
surface-capping agent: (A) 20 mM (repeating unit concentration), (B)
5 mM (repeating unit concentration), (C) 1 mM (repeating unit concen-
tration), and (D) 0.1 mM (repeating unit concentration). (E) Zeta potential
measurements of the PVMA NPs synthesized using PSSS-200 000 in the
aqueous phase at various concentrations.

2.2.2 Utilizing PSSS-200000 (molecular weight) in the
aqueous phase. Linear direction assembled elongated spheri-
cal PVMA NPs were obtained using 20 mM (repeating unit con-
centration) PSSS-200 000 as shown in Fig. 9A. It is hypoth-
esized that the PSSS chains breaking apart due to the assem-
bling of hydrophobic entities in the aqueous solution resulted
in linearly assembled PVMA nanoparticles.** The linear direc-
tion assembled PVMA NPs obtained using 5 mM, 1 mM, and
0.5 mM (repeating unit concentrations) PSSS-200000 are
shown in Fig. 9B, C and D, respectively. The zeta potentials of
the NPs are strongly dependent on the concentration of PSSS.
The zeta potential values of the NPs decreased with increasing
PSSS concentration in the aqueous phase as shown in Fig. 9E.

3. Conclusions

In this work, the formation of in situ assembled PVYMA NPs is
demonstrated by using surface-capping agents, PVP and PSSS,
of tunable molecular weights and concentrations via semi-
microfluidic emulsion polymerization. The molecular weight
and concentration of surface-capping agents influenced the
assembling process, resulting in the formation of anisotropic
PVMA NPs with various shapes. Specifically, fine textured NPs
were obtained at high PVP concentrations (5 mM to 10 mM,
molecular weight dependent), while flower-shaped NPs were
obtained at lower concentrations (0.5 mM to 1 mM, molecular
weight dependent). Reducing the concentration of PVP
(0.05 mM to 0.5 mM, molecular weight dependent) resulted in
the formation of spherical NPs at all molecular weights.
Elongated spherical and spherical PVMA NPs were obtained
using PSSS (70 000, molecular weight), while linear direction
assembled elongated spherical NPs were formed using PSSS
(200 000, molecular weight), regardless of the concentration.
Controlling the self-assembly of soft polymeric materials is
challenging in a single-step continuous polymerization. We
developed a controllable microfluidic-supported method to
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tune the surface properties of the PVMA NPs. New synthesis
strategies are required to be explored in a wide range of poly-
meric systems for generating diverse structures of biocompati-
ble and biodegradable nanoparticles useful in a broad spec-
trum of biological applications.

4. Experimental section

4.1 Materials and chemicals

Vinyl methacrylate (VMA) (Sigma-Aldrich, 98%), ethylene
glycol dimethacrylate (EGDMA) (Sigma-Aldrich, 98%), azobisi-
sobutyronitrile (AIBN) (Sigma-Aldrich, 98%), poly(styrene sul-
fonate sodium salt) (PSSS, 70 000 MW, 200 000 MW, Sigma-
Aldrich), and polyvinyl pyrrolidone (PVP, 10 000 MW, 40 000
MW, 360 000 MW, 1300 000 MW, Sigma-Aldrich) were used as
received without further purification. Ultrapure water (Milli-Q)
was used in all experiments.

4.2 Microfluidic-supported synthesis of PVMA NPs

In this study, a microfluidic reactor®® was used for the for-
mation of an emulsion of two immiscible liquid phases and
conducting emulsion polymerization. The microreactor was
fabricated via the lithography technique.*® The microfluidic-
supported emulsification of two immiscible liquids and their
polymerization on the heating block outside the microfluidic
reactor are shown in Fig. 1. The emulsification of both immis-
cible phases takes place in the microreactor, but the polymer-
ization is completed on the heating block.

The formation of PVMA nanoparticles was performed by
emulsion polymerization. Two immiscible liquid phases were
prepared separately for emulsification: an aqueous phase (con-
tinuous phase) and a monomer phase (dispersed phase). The
aqueous phase is composed of surface-capping agents (PSSS
or PVP) with different molecular weights and concentrations.
The monomer phase is composed of a mixture of vinyl meth-
acrylate (VMA, monomer), ethylene glycol dimethacrylate
(EGDMA, cross-linker), and azobisisobutyronitrile (AIBN,
thermal initiator). For preparing 1 mL of monomer phase solu-
tion, 4 pg AIBN and 10 pL. EGDMA were dissolved in 990 pL of
VMA. For the microfluidic system, pumps from New Era Pump
System Inc. were used as shown in Fig. 1. A 1200 pL min™"
flow rate was used for the monomer phase and an 80 pL min~
flow rate was used for the aqueous phase. The emulsion was
obtained by mixing two immiscible phases in a microfluidic
platform and the polymerization took place in a small vial on
the heating block at 95 °C for 20 min (Fig. 1). The PVMA NPs
were washed with ultrapure water through two cycles of cen-
trifugation (11 000 RPM, 12 minutes) using a Thermo Fisher
centrifuge. The purified PYMA NPs were characterized using
scanning electron microscopy (SEM) and a zetasizer.

1

4.3 Characterization of PVMA NPs

4.3.1 Scanning electron microscopy (SEM) characteriz-
ation. 10 uL of PVMA nanoparticles were diluted with ultra-
pure water to 100 pL (dilution) before SEM measurements. A
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silicon chip (made from a small 1 cm x 1 cm piece of silicon
wafer using a micro-cutter) was used for preparing the samples
for characterization. The sample on the silicon chip was
covered with gold using a Leica EM ACE600 Coater (thickness:
2.7 nm). An FEI Helios Nanolab 660 FIB-SEM was used for the
characterization of PVMA nanoparticles. Images were taken at
5 kV voltage and 25 pA current at multiple magnifications.

4.3.2 Zeta potential measurements. The zeta potential of
PVMA nanoparticles was measured using a Malvern Zetasizer
instrument (Zetasizer Nano Series: Nano ZS). Initially, the cen-
trifuged particles were re-dispersed in ultrapure water. 50 pL of
nanoparticle dispersion was diluted to 1 mL using ultra-pure
water. Malvern DTS1070 cells were used for zeta potential
measurements.
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