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ARTICLE INFO ABSTRACT

Keywords: Nanoparticles (NPs) with functional cores are gaining research interest due to their advanced architecture.
Nanoparticle However, exposed reactive groups on NP surfaces can lead to material side reactions and biomedical tissue
Core-shell

damage. NPs with multi-hierarchical morphologies can be synthesized by various methods; however, controlling
the size and position of the functional groups using conventional and scalable methods is still a challenge. This
study explores emulsion-based polymerization methods for producing multi-hierarchical NPs with varying sizes
and compositions. We compared micro-, macro-, and semi-batch emulsion polymerization using 2-hydroxyethyl
methacrylate (HEMA) and pentafluorophenyl methacrylate (PFMA) as co-monomers. The components present in
PFMA can be substituted and are used for post-synthetic functionalization. The results suggest that the archi-
tecture of the synthesized NPs is multi-hierarchical, with the substitutable pentafluorophenyl units surrounded
by HEMA monomers. Additionally, we evaluated the NPs’ ability to enhance dermal drug penetration using nile
red as a hydrophobic drug model. Significant variations in skin permeation enhancement properties were
observed among the NPs, underscoring the impact of the synthesis method on nanocarriers’ drug delivery
performance.

Emulsion polymerization
Skin penetration

1. Introduction

Polymer nanoparticles (NPs) have gained considerable importance
over time; these materials possess distinctive physical and chemical
properties due to their high surface area and nanoscale size [1]. In the
last decade, great efforts have been made to improve the physical and
chemical properties of functional materials in industry, medicine, and
academia [2-4]. Reactive particles are characterized by the presence of
chemically active groups or moieties. These reactive groups can interact
with other molecules, surfaces, or environments to undergo various
chemical reactions. The field of reactive particles is a multidisciplinary
area of research that finds applications in various scientific and indus-
trial domains. Reactive functional groups located at the surface of
polymer NPs are particularly interesting, since they allow to engineer
the properties of materials in terms of adhesivity, cell and tissue

targeting abilities, etc. [3,5,6]. However, certain chemical functional-
ities such as amines can lead to toxicity if they are located in the NPs’
surface, resulting in undesired side effects in host tissues [7,8]. The
development of NPs with chemically functionalized cores promotes
reduction of cytotoxicity and undesired side reactions, while increasing
their dispersability, biocompatibility and chemical stability [3-5,9]. The
strategic placement of these reactive moieties within the core of parti-
cles is a fundamental consideration, offering a versatile means to pre-
vent side reactions, bolster stability, enhance biocompatibility, and
achieve controlled release, tailored to specific application requirements
[10]. In summary, the field of reactive particles plays a pivotal role in
diverse scientific and industrial contexts such as catalysis, drug delivery,
biotechnology, and surface modification.

To date, a wide range of techniques have been used to prepare multi-
hierarchical structures, including self-assembly, spray drying,
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polymerization, and solvent evaporation [9,11-15]. However, fabri-
cating multi-hierarchical NPs with desired sizes and functional groups
using conventional and scalable methods has long been a major chal-
lenge [5]. Therefore, a common and robust method for fabricating
various functional multi-hierarchical NPs is needed.

Among several polymerization techniques that are nowadays used
for the synthesis of NPs, emulsion polymerization has shown to have
great potential for the synthesis of NPs with controlled morphology
[16-19]. Emulsion polymerization is a free-radical polymerization that
has a strong reaction heat release capacity in aqueous phase and the
ability to form spherical particles. Emulsion polymerization includes
several related processes [18]. In this work, the focus has been on micro-
emulsion polymerization, macro-emulsion polymerization and semi-
batch emulsion polymerization. In micro-emulsion polymerization, a
large amount of emulsifier is used so that thermodynamically stable
particles with diameters in the range of 10-100 nm can be obtained
[20,21]. In macro-emulsion polymerization, in the contrary, smaller
amounts of surfactant are used compared to micro-emulsion and NPs in
the range of 50-500 nm are obtained [11,20-23]. Finally, semi-batch
emulsion polymerization is a modification of the emulsion polymeriza-
tion process in which at least one of the monomers is added continuously
or stepwise, resulting in larger NPs [9,24,25]. As suggested by Asua J et
al., [17,19,26] the physicochemical properties of the monomers play a
crucial role in the particle morphology that is obtained [18,20,27].
Multi-hierarchical morphology is produced when the interaction of
oligoradicals diminishes between the first and the second stage of
emulsion polymerization [19,27,28]. Since there are still no head-to-
head comparisons of these three afore mentioned methods, in this
work the multi-hierarchical morphologies and properties of NPs ob-
tained through the different synthetic techniques will be compared.

In the present work, 2-hydroxyethyl methacrylate (HEMA) and
pentafluorophenyl methacrylate (PFMA) were used as a hydrophilic and
as hydrophobic co-monomers, respectively. As shown by Lawrence J et
al. [29], the pentafluorophenyl unit of PFMA is a good leaving group
that can be substituted to functionalize the NPs with a wide range of
small molecules. The focus of this work is to compare three synthetic
routes, for the synthesis of NPs with tunable functional groups in the
core, with the aim of protecting them from the external environment.
Therefore, the present study will contribute to the development of novel
NPs with different sizes and compositions and a post-functionalization
method to tune the hindered functional groups. A thorough character-
ization is performed to decipher the nano-architecture that each emul-
sion polymerization produces, and a proof-of-concept study is presented
to test the capacities of the post-functionalized NPs in terms of their
ability to enhance skin penetration of hydrophobic drugs.

2. Materials and methods
2.1. Materials

2-hydroxyethyl methacrylate 97 % (HEMA), bovine serum albumin-
fluorescein isothiocyanate conjugate > 98 % (BSA-FITC), L-Arginine
methyl ester dihydrochloride > 98 % (AT) (L-Arg- HClD), N,N-
methylenebis(acrylamide) 99 % (BIS), Nile Red > 97 % (NR) potas-
sium persulfate > 99 % (KPS), sodium dodecyl sulfonate > 99 % (SDS),
sodium hydroxide > 98 % (NaOH) and triethylamine 99 % (TEA) were
purchased from sigma-aldrich (Spain). Pentafluorophenyl methacrylate
95 % (PFMA) from TCI (Japan). Deuterated dimethyl sulfoxide > 99 %
(DMSO-dy) from Across organics (Spain). Ethyl acetate HPLC grade, N,
N-dimetilformamida Anhydrous, >99 % (DMF), sodium chloride > 99 %
(NaCl) and tetrahydrofuran Anhydrous, >99 % (THF) from Scharlau
(Spain). Vivaspin centrifugal concentrator with molecular weight cut-of
(MWCO) of 300 kDa and Minisart® SRP25 Syringe 0.45 um hydrophobic
PTFE from Sartorius (Germany). Pig ear skin was obtained from a local
slaughter-house.
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2.2. Synthesis and post-functionalization of NPs

2.2.1. Synthesis of polymer NPs

The polymer NPs were synthesized using three types of emulsion
polymerizations: micro-emulsion, macro-emulsion and semi-batch
emulsion polymerization, as shown in Scheme 1.

2.2.2. Synthesis of polymer NPs by micro-emulsion polymerization

Poly(HEMA/PFMA) NPs were synthesized by a batch process in an
oil-in-water (O/W) micro-emulsion system containing 10 wt% monomer
content, stabilized by ~25 wt% (with respect to total mass) of SDS (More
detailed information regarding the quantities can be found in the sup-
porting information (SI) Table S1). Potassium persulfate was used as an
initiator at a concentration of 2 wt% with respect to the monomer. The
experiment was carried out in a 50-mL three-necked round-bottomed
flask, equipped with a magnetic stirrer, reflux condenser, thermometer,
and gas inlet. Different amounts of HEMA and PFMA were added
depending on the formulation in addition to BIS as crosslinker (2 wt%,
respect to the monomers). All reactants were dissolved in water and
purged with nitrogen for at least 30 min. The solution was placed in a
70 °C oil bath and the polymerization was initiated with KPS and carried
out for 6 h under a nitrogen stream and constant stirring at 250 rpm.
Finally, the dispersion was purified by dialysis against deionized water
for 1 week using Spectra-Por membrane with MWCO of 10 kDa. The
reaction yield and the solution concentration were measured by freeze-
drying and gravimetric characterization.

2.2.3. Synthesis of polymer NPs by macro-emulsion polymerization

The experimental procedure of macro-emulsion polymerization was
similar to the micro-emulsion polymerization. In this procedure,
monomer concentration was 70 wt% and the stabilizer concentration
(SDS) was ~5 wt% (with respect to total mass) (SI Table S1).

2.2.4. Synthesis of polymer NPs by semi-batch emulsion polymerization
Poly(HEMA/PFMA) NPs were synthesized by a semi-continuous
process in an oil-in-water (O/W) emulsion system containing 70 wt%
monomer concentration and stabilized by SDS (~5 wt%, with respect to
total mass) (SI Table S1). Potassium persulfate was used as initiator at a
concentration of 2 wt% of the total monomer weight. The experiment
was carried out in a 50-mL three-necked round-bottomed flask, equip-
ped with a mechanical stirrer, reflux condenser, thermometer, and gas
inlet. Initially, different amounts of the monomer PFMA used as the core
component was dissolved depending on the formulation. The cross-
linker BIS (2 wt%, respect to the monomers) and the surfactant SDS
were added to this solution and the temperature was kept at 70 °C and
purged with nitrogen for at least 30 min. Initially, 80 % of the initiator
was added to the flask. After 20 min, HEMA was added dropwise to the
reactor within 60 min (8.3 pL/min) and the remaining initiator (20 %)
was added. The system was kept at 70 °C for an additional 2 h to allow it
to conduct polymerization. Finally, the dispersion was purified by
dialysis against deionized water for 1 week using Spectra-Por membrane
with MWCO of 10 kDa. The reaction yield and the solution concentra-
tion was measured by freeze-drying and gravimetric characterization.

2.2.5. Post-functionalization of the NPs

L-Arginine methyl ester dihydrochloride (L-Arg - 2HCI) was used to
substitute pentafluorophenyl groups to generate positive charges in the
NPs. For substitution reaction, similar protocol proposed by other
studies was used [30-34]. For this, a stoichiometric amount of L-Arg -
2HCI (3. eq with respect to pentafluorophenyl groups) was taken and
neutralized using triethylamine (TEA) before adding to the dispersed NP
solution in DMF. The reaction was kept under stirring for 48 h at room
temperature. Finally, a 1 M NaOH solution was added to hydrolyze any
remaining replaceable group. The final product was obtained with
dialysis against deionized water using Spectra-Por membrane with
MWCO of 10 kDa for over three days followed by lyophilization.
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Scheme 1. Proposed reaction for polymeric NP, synthesized by micro-emulsion polymerization, macro-emulsion polymerization and semi-batch emulsion poly-
merization, and its post-functionalization. Post-functionalization can occur in both amine groups of 1-Arg, but it is proposed for clarity, as supported by previous

research [30].

2.3. Characterization

2.3.1. Molecular composition and reaction yield

The molecular structure of the NPs was determined using fourier
transform infrared spectroscopy (FTIR) (Nicolet™ iS20 FTIR Spec-
trometer), with a proton-1 nuclear magnetic resonance (‘H NMR)
(Bruker AVANCE 300), and fluorine-19 nuclear magnetic resonance
spectroscopy (19F NMR) (Bruker AVANCE 500). In the case of FTIR,
freeze-dried NPs were analyzed. Both 'H NMR and '°F NMR were
characterized by dispersing 20 mg of freeze-dried material in 600 uL of
DMSO-de. The reaction yields were measured by gravimetric after pu-
rification and lyophilization process (Table S2).

2.3.2. Composition of monomers in polymerized latexes

The composition of the monomers in the polymeric NPs was deter-
mined by the FTIR technique [35,36]. For this, calibration curves were
generated for each polymeric route, using proportional weight per-
centage mixtures of pHEMA and pPFMA synthesized by each individual
polymeric pathway. Since all formulations contain the same amount of
BIS with a band at 1700 cm ! (Amide I band, stretching), the intensities
belonging to HEMA (3350 cm™}; alcohol group, stretching) and PFMA
(1506 cm™!; pentafluorophenyl aromatic ring, stretching) were
normalized with this value.

2.3.3. Size and polydispersity determination

Dynamic light scattering (DLS) was used to obtain the average hy-
drodynamic diameters of the NPs. A total of 2 mL of the NPs dispersion
(1 mg/mL) were added to a polystyrene clear sided cuvette in the case of
dispersing the NP in Mili-Q water and a quartz clear sided cuvette in case
of dispersing the NP in 90:10 THF:H0 (V/V%). The sample in the
cuvette was well mixed and then the size was analyzed by intensity on a
malvern nano zetasizer at an angle of 173° and in the position 4.65 mm
height of the plastic cuvette at 25 °C.

2.3.4. Hydrolysis of the activated ester

Malvern nano zetasizer was used to determine surface zeta potential
of the NPs. A total of 1 mL of the NPs dispersion (1 mg/mL) in 10 mM of
NaCl were added to the disposable folded capillary cells. As shown in
similar investigations [37], a tendency towards more negative charges
can be directly correlated with the hydrolysis of the pentafluorophenyl
methacrylate group, due to the formation of methacrylic acid moieties in
the polymer backbone because of the hydrolysis of activated ester in
presence of water.

2.3.5. Morphology

Transmission electron microscopy (TEM) was used to observe the
morphology of the NPs using Tecnai G2 F20 TWIN microscope. The NP
suspensions were diluted to 0.025 mg/mL solution with milliQ water,
the suspension was added to a TEM grid for TEM analysis. Small Angle
X-ray Scattering (SAXS) measurements were performed in the BL11
NCD-SWEET beamline from the ALBA Synchrotron Light source, Bar-
celona, Spain (project ID 2021024995). Experiments were done using 2
mm external diameter glass capillaries. The incoming beam energy was
set at 12.4 keV with two sample to detector distances in order to cover a
wide angular range: 6700 and 2177 mm. 2D patterns were recorded in a
Pilatus 1 M (Dectris, Switzerland) detector. Isotropic 2D patterns were
integrated using pyFAI library,1 in results the Intensity in function of the
scattering momentum transfer q was obtained for each experiment
where q = (4n/M\)sin(0) with A incoming beam wavelength and 20 the
scattering angle. Several frames ranging from 0.2 to 0.5 s were recorded
for each sample in order to analyze possible radiation damage. SAXS
experiments were employed to analyze de size distribution in function of
the synthesis conditions and processing. Moreover, the globular nature
of the building blocks and the overall NPs in solution (hierarchical
structures), and their high size polydispersity, the registered intensity
was attributed to spheroidal NPs where the diameter size distribution
function for each condition was obtained by Montecarlo simulations
using McSAS software [38].

2.3.6. Characterization of post-functionalized NPs

To demonstrate the substitution of the pentaflurophenyl units, 'H
NMR, 1°F NMR, FTIR and surface zeta potential were performed. In the
case of FTIR, freeze-dried NPs were analyzed. Both 'H NMR and '°F
NMR were characterized by dispersing 20 mg of freeze-dried material in
600 pL of DMSO-dg. Surface zeta potential was measured by dispersing
the NP in 10 mM NaCl solution. It is expected to observe a total disap-
pearance in the '°F NMR signal, due to the absence of pentafluorophenyl
groups after post-functionalization. In addition, the bands belonging to
amines were observed in 'H NMR and FTIR.

2.3.7. Dermal penetration studies

Skin permeation studies were performed using pig ear skin. Nile red
(NR) was used as model of lipophilic drugs to test the penetration
enhancement properties of the NPs. NR has been reported to be easily
subtracted from the skin with organic solvents and to not penetrate the
stratum corneum by itself [39,40]. For NR encapsulation, 75 pL methanol
solution of NR (1.5 mg/mL) was added into a pre-dispersed NP solution
(2 mg/mL in 0. 5 mL 10 mM PBS pH 7.4 solution). The mixture was
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vortexed and incubated overnight at 37 °C, protected from the light.
After that, it was incubated opened cap at 50 °C for 2 h to remove the
remaining methanol, and the dispersion was kept in the fridge overnight
at 4 °C. Then, the NPs were filtered and washed with water, removing
the insoluble free NR, and the encapsulation efficiency and loading ca-
pacity was determined by previously defined calibration curve of NR in
ethyl acetate solution.

A support with a 0.75 cm? was adhered to the skin using glue. In this
area, 150 pL solution of NP (2 mg/mL) with NR encapsulated was
deposited and incubated in a temperature gradient from 32 °C to 37 °C
for the first 30 min and a constant temperature of 37 °C until 2 h have
elapsed. After the incubation time, the skin was cleaned with abundant
water to eliminate the NPs and NR that did not penetrate the skin and it
was immersed in 2 mL of ethyl acetate for three days to extract the
penetrated NR. The loading content was assessed through centrifugation
at 13552 x g for 10 min, and subsequent characterization was carried
out using the supernatant. Subsequently, it was sonicated and filtered
using by Minisart® SRP25 Syringe 0.45 um hydrophobic PTFE, the
amount was quantified by absorbance using a quartz cuvette.

3. Results and discussion

In this work, different NPs were designed, varying the composition of
the monomers and using three different emulsion polymerization tech-
niques. Due to the different nature of the monomers and the synthesis
techniques, a large number of NPs were obtained and compared. The
aim of the work was to evaluate which emulsion polymerization method
is more reliable to develop NPs with a multi-hierarchical structure,
where the replaceable functional group is preferentially located towards
the core of the NP. To confirm this, the screening of composition,
structure and morphology was done. In addition, the replaceable group
of the NPs was modified and characterized.

3.1. Composition of monomers in the polymeric NPs

FTIR spectroscopy was used to quantify the composition of the
monomers in the NPs [35,36]. As can be noted in Table 1, an almost total
incorporation of both monomers is observed in all formulations and for
the three types of polymerizations. Considering that the error of the FT-
IR to determine the composition is within 5-10 % [41,42], it can be
asserted that the NPs obtained through the three polymeric routes are
comparable in their composition.

3.2. Size and polydispersity
In this section, the hydrodynamic diameter of the NPs was measured

Table 1

Composition of NP prepared by micro-emulsion polymerization, macro-
emulsion polymerization and semi-batch emulsion polymerization as deter-
mined by FTIR (Figure S7-9 (SI)).

Feed Micro-emulsion Macro-emulsion Semi-batch emulsion
ratio polymerization polymerization polymerization
HEMA PFMA HEMA PFMA HEMA PFMA
(%) (%) (%) (%) (%) (%)
100: 0 90.3 + 0.2 £+ 94.8 + 0.1+ 101.6 + 0.9 +
0.7 0.3 3.0 0.1 2.2 1.1
80: 20 84.3 + 22.2 + 83.1 + 20.2 + 74.4 + 9.5 +
7.2 2.1 1.9 10.7 6.5 1.5
60: 40 60.9 + 38.1+ 51.7 + 55.1 + 53.9 + 50.4 +
0.8 7.4 5.2 3.9 7.5 13.1
40: 60 48.2 + 67.8 + 389+ 57.4 + 35.6 + 56.3 +
10.3 9.1 2.3 9.7 3.7 3.5
20: 80 16.4 + 84.6 + 25.6 + 57.6 + 16.2 + 75.2 +
9.6 8.3 4.9 3.2 1.4 3.5
0: 100 1.4+ 95.1 + 23+ 99.3 + 1.1+ 94.1 +
3.6 6.9 2.2 3.3 1.5 5.1
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both in an aqueous medium and in a mixture of THF and water, as the
final NPs may contain hydrophobic and hydrophilic domains. shows the
hydrodynamic diameter in an aqueous medium and in THF/water
mixture. In Fig. 1(A) a trend can be seen that by increasing the per-
centage of HEMA in the polymeric formulation in the three synthetic
routes, in the aqueous medium the size is increased in the aqueous
medium. On the contrary, despite the fact that aggregations and an in-
crease in polydispersity were observed (Figure S10, SI), the opposite
trend was obtained by dispersing the NPs in an organic solvent mixture.
These tendencies were expected, owing to the nature of the different
monomers. On the one hand, nanoparticles with high content of HEMA
contains greater amount of a hydrophilic hydroxyl (-OH) groups, which
imparts water-attracting (hydrophilic) properties to the polymer. In
contrary, THF as a non-polar organic solvent does not have the same
affinity for hydrophilic groups. On the other hand, NPs synthesized with
PFMA are expected to be highly hydrophobic due to the presence of
fluorine atoms. Fluorine is one of the most electronegative elements, and
the strong electronegativity of fluorine atoms creates a highly non-polar
and hydrophobic environment. As a result, materials containing fluorine
tend to repel water and exhibit hydrophobic properties. When it comes
to swelling behavior in different solvents like THF and water, the hy-
drophobicity of the NPs synthesized with PFMA would make them more
prone to swelling in non-polar solvents like THF compared to water.

In addition to this, it was observed that when the NPs were dispersed
in the aqueous medium, the biggest NPs were synthesized by semi-batch
emulsion polymerization, followed by the macro-emulsion polymeriza-
tion and continuing with micro-emulsion polymerization that generate
the smaller NPs. The reason lies in the fact that in semi-batch poly-
merization one of the monomers was added continuously and slowly;
thus, prolonging the nucleation and initiation phase and generating less
compact networks and larger NPs [43,44]. In the contrary, in micro-
emulsion polymerization, a high amount of surfactant was used,
decreasing the surface tension and reducing the size of the micelles, and
thus reducing the resulting NP particle size. Finally, no trend was
observed regarding polydispersity of the particles in solution.

3.3. Morphology

The morphology of the NPs was investigated using SAXS and
compared by TEM. In this study, it was desired to obtain a morphology
that protects the replaceable group of PFMA. For that, NPs were syn-
thesized using monomers with different degrees of hydrophilicity. As
can be seen in Fig. 1 (C) and in Figure S12-13 (SI), the NPs were
spherical in shape and with similar NP size tendency to those observed
with the characterization by DLS. TEM images contrast mainly is
dependent on the difference in electron density [45]. It was observed
that when the concentration of the fluorinated monomer decreases, the
TEM contrast is reduced, since fluorinated moieties produce contrast in
this type of microscopy (Figure §12-13). Comparable results were ob-
tained by different studies wherein NPs based on PFMA were synthe-
sized [10,29,46-49]. Furthermore, it was noticed that contrasts
seemingly increased towards the core of NPs (Figure S12). This is
clearer for macro-emulsion NP, thus suggesting that PFMA is preferen-
tially located in the regions least exposed to the surface. This observa-
tion implies that PFMA is predominantly situated within the regions of
the NPs that are least exposed to the surface.

SAXS curves acquired in aqueous solution for all the NPs can be
found in Figure S11 (SI). Roughly, SAXS data replicated the trends
observed by DLS. Increasing the content of HEMA in the polymeric
formulation caused a shift of the main features in the SAXS curves to-
wards lower g-values, indicating larger dimensions of the NPs. This is
illustrated in Fig. 2, which shows selected SAXS curves of NPs obtained
through macro-emulsion polymerization. At both formulation extremes,
i.e. 0:100 and 100:0 (HEMA:PFMA) (wt.%), the SAXS patterns were
compatible with (polydisperse) spheroidal objects with homogeneous
electron density distribution and with smooth surface. The systematic
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Fig. 2. The left panel shows the SAXS curves of NPs obtained through macro-emulsion polymerization method. The NPs were dispersed in water at 1 g/L for the
measurements. Hollow circles represents the experimental data and solid black lines the adjusted curves. The right panels show the obtained volume-based size
distribution (bars) for the NPs synthesized by macro-emulsion polymerization having 40:60 to 60:40 (HEMA:PFMA) (wt.%). The distributions were normalized by
their maximum. The black lines represents fittings of the obtained distributions using two gaussian contributions. More details of other formulation can be observed
in Figure S11 (SD).

shift in the curves to lower angles form 0 % to 100 % HEMA is an
indication of the presence of bigger particles. In addition, NPs with in-
termediate compositions (20:80 to 80:20 (HEMA:PFMA) (wt.%)) pre-
sented SAXS curves that were compatible with structures composed of
two hierarchical levels [50], the larger one representing the whole
particle and the smaller one deriving from internal nanodomain segre-
gation (presumably, PFMA). Considering this, we fit the SAXS curves
using the Monte Carlo regression method to retrieve the size distribution
of particles with a predetermined geometry implemented in McSAS
[51]. Due to the spheroidal nature of the systems, a spherical form factor

as scattering contributions was selected. This simple approach was
capable of fitting both types of curves (those seen at extreme and in-
termediate HEMA values) using the same model.

As can be seen, at 0:100 (HEMA:PFMA) (wt.%), monomodal size
distributions with mean size between 20 and 50 nm are fitted, when
going from microemulsion to conventional emulsion to semi-batch
approach were aligned also with the trend observed by DLS for the
different synthesis methods. At 100:0 (HEMA:PFMA) (wt.%), size dis-
tribution centered at bigger values (>60 nm) are adjusted. In addition,
for the NPs having both monomers, in particular at 40:60 to 20:80
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(HEMA:PFMA) (wt.%), two populations were observed, the bigger
attributed to the whole NP and the smaller to nanodomains within. As an
example, Fig. 2 (right) presents the size distributions obtained for NPs
containing 40:60 to 60:40 (HEMA:PFMA) (wt.%) synthesized through
conventional emulsion where two levels are evidenced (the smaller at
7-8 nm and the bigger around 30-35 nm, depending on the case In
summary, multilobular NPs with predominantly pentafluorophenyl
group oriented towards the inside of the NP were successfully synthe-
sized. However, the hierarchical levels were not clearly seen by TEM.
Similar findings were found by other studies with similar nanoparticles
[52-54], while various characterization techniques may suggest the
presence of specific morphologies, it is noteworthy that in these studies
TEM investigations consistently revealed a predominantly homogeneous
particle morphology. These findings, consistent with our previous ob-
servations, indicate that, when visualized through TEM, the analysis of
nanoparticle morphology may present unique challenges in contrast to
the conclusions drawn from other characterization methods.

The NPs synthesized by semi-batch emulsion polymerization 80:20
and 100:0 HEMA:PFMA (wt.%) could not be characterized due to their
large size or due to the precipitation of larger aggregates. As some
studies confirmed [19,27,28], non-equilibrium multilobular
morphology are obtained when the interaction of oligoradicals de-
creases between the first and the second stage of emulsion polymeriza-
tion. These processes are controlled by the interfacial energy of the

(A)
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system creating multilobular morphologies.

3.4. Stability of the activated ester

As N. Mohr et al. observed in their study [37], pentafluorophenyl
moieties are susceptible to hydrolysis forming carboxylic acid moieties
in the presence of water, which influence the surface charge. In case of
low HEMA content (>20 wt%) in semi-batch and macro-emulsion
polymerization a strong negative potential was observed (Fig. 1 (B)).
[37]In contrast, other formulations with higher amount of HEMA (wt.%)
and micro-emulsion polymerization do not show a tendency towards
more negative charges. It is presumed that, micro-emulsion polymeri-
zation avoids hydrolysis on the surface of the NP to a greater extent.
Probably, the nature of the synthesis suggest that the hydrophobic re-
gions of PFMA have lower exposure in comparison to the other two
synthetic pathways. It is worth to mention, that the intrinsic slightly
negative charge observed in all NPs may belong to the persulfate groups
of the initiator [46].

3.5. Post-synthetic functionalization

As previously discussed, pentafluorophenyl groups are preferentially
located in the core of the NPs. Moreover, the corresponding monomers
are post-functionalized with a broad variety of commercially available
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amines and alcohols because the pentafluorophenyl moieties are good
leaving groups in nucleophilic substitutions [30]. In this study, L-Arg
was used to assay the efficacy of the substitution, as it counts with a
nucleophilic center and is a molecule of pharmaceutical interest
[52-58]. The chemical composition of the post-functionalized NPs was
characterized by FTIR, 'H NMR and '°F NMR. FTIR characterization
(Figures S13-22), clearly revealed an increase signal at 1700 cm™!
(amide I band, stretching) and 3350 cm ™" (alcohol group, amino group,
stretching) coming from the L-Arg moieties. Moreover, a missing signal
from the aromatic ring of PFMA (1506 cm™'; pentafluorophenyl aro-
matic ring, stretching) was confirmed. In 'H NMR, the existence of
amino groups in the system belonging to L-Arg at § = 1.90 ppm (-NHy, f,
L-Arg) was clearly indicated. In addition to this, the absence of fluorine
in the NPs was verified by 9 NMR (Fig. 3(A)). Once post-
functionalized, the NPs changed their size as observed in the Fig. 3(B).
The same tendency was observed by other research groups that post-
functionalized pentafluorophenyl containing NPs, probably because
this moiety promotes more swelling in the NPs than the penta-
fluorophenyl moiety [32,33]. Interestingly, the observed trend is that as
the HEMA concentration increases, the post-functionalized NPs become
smaller. Furthermore, it was observed that only the 100 wt% PFMA NPs
drastically changed their surface charge (Fig. 3(C)) after post-
functionalizing with L-Arg - 2HCl, due to positively charged amino
moieties. In addition, it was observed that by decreasing the percentage
of PFMA being substituted, the charges on the surface also decrease,
being slightly more positive than the initial surface charges. Among the
different polymerization techniques used, the same size and surface zeta
potential trend was observed after post-functionalization. In summary,
since a positive surface charge from the NPs is not observed, it is
deduced that the post-functionalized nanodomains are located within
the NP.

(A)

Plastic cylindrical support
with 0.75 cm?

Nanoparticles with
NR encapsulated
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3.6. Dermal penetration study

To analyze the influence that the hydrodynamic size and the surface
chemistry of the NPs may have on their drug delivery capacity, a dermal
penetration study of NR encapsulated in the NPs was performed. In
several studies, it has been shown that NPs are capable of penetrating
the stratum corneum (SC) [59-61], for which they have to fulfil the
prerequisite to be smaller than < 1 pm in diameter [62,63], to have
neutral surface charge [64-66], and to be rather lipophilic [67].
Considering this, the synthesized NPs have the potential of improving
the permeation of encapsulated drugs, as their size is within the optimal
range, and the neutral surface charge is maintained after post-
functionalization. In the dermal study carried out according to Fig. 4
(A), NPs with a composition 40:60 wt% (HEMA: PFMA) were loaded
with NR as model for hydrophobic drugs and were subsequently incu-
bated with pig skin with a temperature ramp 32-37 °C, emulating the
natural temperature gradient of the skin. The 40:60 wt% composition
was chosen as it better represent the difference in sizes for the differently
prepared NPs. As observed in Fig. 4(B), in the selected formulation NR
was encapsulated with approximately the same amount of LC (%). As
shown in Fig. 4(C), it was observed that the NPs synthesized by micro-
emulsion polymerization enhance the skin penetration of NR to a
greater extent when compared to the other NPs. Micro-emulsion poly-
merized NPs are the smallest, and as several studies have shown, the NP
size is an important parameter to consider for dermal penetration
[68,69]. Furthermore, as suggested by some studies [70,71], NPs syn-
thesize by micro-emulsion may have enhanced absorption and pene-
tration in permeable surfaces compared with macro-emulsion NPs.
Micro-emulsion systems provide a stable environment for NP forma-
tion. Some studies reported that the stability of the NPs synthesized by
micro-emulsion could prevent aggregation or coalescence, ensuring that
they maintain their small size and high surface area, which is crucial for
skin penetration [72-77].
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In addition, Souto E et al. [78], described that in similar formulations
there is a tendency that as the size of the NP decrease, the penetration is
enhanced. In other studies, a similar pattern emerges where a reduction
in nanoparticle size corresponds to an increase in skin penetration
[62,79-81]. Since NPs synthesized through micro-emulsion polymeri-
zation are the smallest, they may enhance penetration greater as
compared to the other NPs synthesized with other routes.

Furthermore, it is emphasized that all the employed techniques for
synthesizing NPs enable post-functionalization inside the NP. This
methodology facilitates the synthesis of NPs specifically tailored for
applications in industry, medicine, and research in new material
development research [2-4].

4. Conclusions

Novel multilobed NPs composed of tunable moieties were success-
fully synthesized via three different emulsion polymerization methods.
It was suggested that the micro-emulsion polymerization technique
avoids hydrolysis on the surface compared to the other routes, thus
protecting efficiently the modifiable groups; probably, as already
mentioned due to the better homogenization of the system. In addition,
it was also observed that the size of NPs could be controlled using
different compositions of the monomers. Through TEM and SAXS
characterizations, it was suggested that the synthesized NPs were
spherical and present a multilobular hierarchy. In addition, in TEM
microscopy it was observed that the the replaceable pentafluorophenyl
group is predominantly located towards the interior of the NPs. More-
over, the ease of substituting the pentafluorophenyl group with an
organic molecule has been demonstrated. It was observed that the sur-
face charge of the post-functionalized changed drastically only in the NP
of pPFMA. However, it was corroborated by other techniques the
optimal incorporation of L-Arg in all formulations. Thus, demonstrating
that the substitution reaction occurred within the core of the NPs. These
results indicate that the proposed synthetic methods allows the forma-
tion of NPs with modifiable groups and the facility and feasibility of
substituting these groups.

Pig ear skin model was used to evaluate dermal penetration studies
of potential It demonstrated that NPs synthesized by micro-emulsion
polymerization greatly promote the penetration of NR into the skin.
As suggested by several studies, micro-emulsion polymerized NPs may
enhance significantly the penetration of the cargo because the size and
superficial tension of the NPs are lower compared to the other systems.

In conclusion, NPs synthesized by different routes showed to have
different physicochemical properties. A difference in size is observed
when varying the synthesis where the largest were obtained by semi-
batch emulsion polymerization followed by macro-emulsion polymeri-
zation and micro-emulsion polymerization, respectively. Furthermore, it
has been observed that the synthesis route has an impact on the structure
of the nanoparticles, with those synthesized via micro-emulsion poly-
merization producing NPs where the pentafluorophenyl group is pre-
dominantly present in the core.
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