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ABSTRACT: Nanogels (NGs) are synthesized by precipitation
polymerization of dendritic polyglycerol (dPG), N-isopropylacryla-
mide (NIPAM), and N-isopropyl methacrylamide (NIPMAM). The
stabilization and agglomeration of subunits during the NG growth
result in raspberry-like structures, as shown by transmission electron
microscopy, atomic force microscopy, and small-angle X-ray
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scattering measurements. Positive charges are introduced into dPG-
NIPAM-NIPMAM NGs by (1) the copolymerization of dimethyla- S *
minoethyl methacrylate (DMAEMA) and (2) the copolymerization ‘%‘ 5 Homoganeaus

groups

of glycidyl methacrylate (GMA), followed by its functionalization —
with ethylenediamine (ED) through the epoxy group. Homogeneous
structures are obtained by the copolymerization in batch of
DMAEMA with the other monomers, whereas core—shell NGs are reached by semibatch copolymerization of GMA. After
amination, the charges are restricted to the core of the NGs.

B INTRODUCTION is based on the difference in solubility between the monomers
and the growing polymers: when the chain length of the
polymers increases, their solubility decreases resulting in their
condensation into nanoparticles.”’ When cross-linkers are
introduced in the synthesis, covalent linking between chains

In the last decades, great attention has been given to polymeric
nanoparticles for advanced applications.' > For instance,
nanogels (NGs), ie., highly hydrated cross-linked nanosized
polymeric particles, have become a rising star in nanomedicine

for the delivery of therapeutics and small drugs.®”"" Their takes place, forming the NGs. High control in the nanoparticle
nanometric size, stability, softness, and swelling behavior are size, low dispersity, and low surfactant concentrations are
assets for the safe and controlled encapsulation and release of advantages of precipitation polymerization over other
cargos.'” Inspired by the great potential of gene therapy to techniques, such as emulsion polymerization. Precipitation
prevent, treat, and cure many diseases, polycationic NGs have polymerization is particularly suitable for the synthesis of NGs
been developed to complex negatively charged nucleic acids with intricate structures. For example, NGs with core—shell
and deliver them inside targeted cells.”'" Although consid- structures via a two-step precipitation method have been
erable achievements have been made in this field, the reported by this technique.””~>* Following this method, small
therapeutic window Of NGs for gene delivery remains narrow. NGs were ﬁrst Synthesized and used as nuclei to grow a Shell
Positive charges, which are needed for nucleic acid complex- around the nuclei in a second precipitation step.

ation and trla3n_slfection, are also responsible for toxicological Responsive NGs arise due to the sensitivity of certain
end points. """ Core—shell NGs with positive charges polymers to stimuli, including changes in pH, temperature,

selectively placed in the core have been tested for gene
delivery with encouragin% results, mostly regarding the
decrease in cytotoxicity. °™'® In order to enlarge the
therapeutic window of NGs, i.e., optimize the transfection
efficiency and the cytocompatibility, advanced structures with a
high level of control in the location of positive charges are
required."” To produce such NGs, a deep understanding of the
polymerization pathways is demanded.

Precipitation polymerization is a polymerization technique
frequently reported for the synthesis of NGs.”” This technique

redox conditions, or the presence of enzymes.””*° Responsive
NGs can collapse, swell, and degrade by the application of a
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controlled trigger. Nanomedicine has taken advantage of these
smart tools for the controlled release of therapeutic cargos. For
example, thermoresponsive NGs based on dendritic poly-
glycerol (dPG) and poly(N-isopropylacrylamide) (P-
(NIPAM)) have already been investigated for protein
encapsulation.”””® P(NIPAM) is one of the most reported
thermoresponsive polymers, with a lower critical solution
temperature (LCST) of around 32 °C, and dPG is a highly
biocompatible molecule that can be modified and used as a
cross-linker. dPG displays a high density of hydroxyl and ester
groups, providing high water solubility and low cytotoxic
profiles for the resulting NGs. The synthesis of acrylated dPG
permits a good control in the acrylation degree, allowing to
finely tune the swelling ratio and the size of the inner pores.””
Due to both structural tunability and biocompatibility, the
NGs based on dPG are attractive in biomedical applications.
dPG-NIPAM NGs can achieve controlled delivery of proteins
by loading them when swelling and expelling them when
collapsing above the transition temperature.”””* Differently
from protein delivery, no studies of thermocontrolled release of
nucleic acid for gene delivery applications have been reported.
In most nonviral carriers, electrostatic interactions are the main
forces used for loading nucleic acids. Yet, the thermoinduced
swelling and collapsing of charged NGs do not directly affect
electrostatic interactions, since the charges of both the cargo
and the vector remain unaffected during the change in the
hydration degree. However, the density and location of the
amine moieties can be altered to become inaccessible for
complexation.” For that, the polymeric organization and the
location of the complexation points must be finely controlled.

With the aim of designing suitable thermoresponsive NGs
for nucleic acid delivery with low toxicity, we explored in this
work the fabrication of core—shell NGs on the basis of the
copolymerization of NIPAM, N-isopropyl methacrylamide
(NIPMAM), and dPG. NIPMAM was introduced as a
comonomer to increase the volume phase transition temper-
ature (VPTT) of dPG-P(NIPAM) NGs above physiological
values.””*" By strategically choosing a VPTT higher than
normal body temperature, these NGs consistently maintained a
swollen state under physiological conditions. This character-
istic becomes advantageous in scenarios needing externally
triggered responses such as drug release activated by localized
hyperthermia. First, the precipitation growth mechanism was
investigated, and the morphology of the NGs was elucidated
by electron and atomic force microscopy. Here, the importance
of dPG in the stabilization of subunits within the growing NG
was highlighted. Then, positive charges were incorporated into
the dPG-P(NIPAM)-P(NIPMAM) NGs through two strat-
egies: (1) the copolymerization of dimethylaminoethyl
methacrylate (DMAEMA); (2) the copolymerization of
glycidyl methacrylate (GMA) with successive functionalization
with ethylene diamine (ED) via the reactive epoxy group.
These two monomers were chosen because of their differences
in hydrophilicity: P(DMAEMA) is known to be relatively
hydrophilic, whereas P(GMA) is a hydrophobic polymer. We
hypothesized that GMA’s hydrophobicity, along with its high
reactivity, promotes its precipitation into the core of the NGs.
Indeed, while hydrophilic segments tend to stay on the surface
to stabilize the growing nanoparticles in water, relatively
hydrophobic oligoradicals tend to condense in the core.
Thereby, core—shell NGs could be obtained by a one-step
synthesis. Then, after functionalization with ED, the positive
charges should all be located within the core of the NGs. Batch
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and semibatch precipitation copolymerization were achieved
with DMAEMA and GMA NGs to test the precipitation limits
in hydrophilic and hydrophobic systems. Finally, both pH- and
thermoresponsiveness of the NGs were evaluated. Unique
thermal behavior was obtained with the core—shell NGs, with
a change in surface charge from negative to positive values
when crossing the transition temperature of the NGs. Overall,
the work presented here brings advanced understanding of the
architecture of the NGs synthesized via batch and semibatch
routes, and of their physicochemical characteristics.

B EXPERIMENTAL SECTION

Materials and Methods. Dendritic polyglycerol (dPG) with an
average molecular weight of 9 kDa was obtained from Nanopartica
GmbH. Acryloyl chloride (97%), triethylamine (99%), N-isopropy-
lacrylamide (NIPAM, 99%), N-isopropyl methacrylamide (NIPMAM,
97%), 2-(dimethylamino)ethyl methacrylate (DMAEMA, 98%),
glycidyl methacrylate (GMA, 97%), ethylenediamine (ED, > 99%),
ammonium persulfate (APS, > 98%), sodium dodecyl sulfate (SDS, >
98%), hydroquinone (>99%), N,N-dimethylformamide (DMF, >
99%), and deuterium oxide (D,0, 99.9 D atom%) were purchased
from Sigma-Aldrich, VWR, and Scharlab. Water was purified into
milli-Q grade using a Vent Filter from Merck. Reaction temperatures
were monitored using oil baths and an MR Hei-Tec magnetic stirrer
from Heidolph. NGs were freeze-dried over 3 days in a Telstar
LyoQuest lyophilizer programmed at —80 °C and 0.02 mbar.

Synthesis of Acrylated dPG. The synthesis of dPG with a
controlled acrylic group number (dPG-acryl) has already been
published elsewhere. Here, dPG-acryl with 10% acrylation of the
total available OH groups was used in the synthesis of all of the NGs.
In brief, dPG (9 kDa) was subjected to overnight drying, followed by
dissolution in DMF at a concentration of 50 mg/mL. To achieve 10%
acrylation, TEA and acryloyl chloride were added in respective molar
equivalents of 0.2 and 0.15 with respect to the free OH groups of
dPG, under stirring at 0 °C. Following the final dropwise addition of
acryloyl chloride, the solution was removed from the ice bath and
stirred overnight at room temperature. Subsequently, purification was
carried out through dialysis in methanol followed by water using a
cellulose membrane with a molecular weight cutoff (MWCO) of S0
kDa. The acrylation conversion of 9.7% of the hydroxyl groups was
confirmed using 'H nuclear magnetic resonance (NMR) spectroscopy
(Figure S1). '"H NMR (298 K, 300 MHz, H,0): § = 3.0—4.5 (m, SH,
polyglycerol protons), 5.7—6.6 (m, 3H, acrylic groups).

Synthesis of dPG-P(NIPAM)-P(NIPMAM) NGs. dPG-P-
(NIPAM)-P(NIPMAM) NGs, here named control NGs (C-NG),
were prepared via batch precipitation polymerization, with slight
modifications from previous reports.”**> 33 mg of dPG-acryl 10%, 50
mg of NIPAM, 50 mg of NIPMAM, 1.8 mg of SDS, and 2.8 mg of
APS were mixed in S mL of water, and the solution was degassed with
argon for 10 min. The polymerization was achieved by stirring the
solution at 68 °C for 4 h. Subsequently, purification was carried out
by dialysis against water using a cellulose membrane with a MWCO of
50 kDa. Following purification, the product was freeze-dried, resulting
in the formation of a solid with a cotton-like appearance. Yield: 91%.
FTIR: v (cm™') = 3100—-3700 (O—H, dPG), 2971, 2931, 2874, 1732
(C=0, dPG acrylation ester), 1635 (C=O0O amide, NIPAM, and
NIPMAM), 1525 (C=O, amide, NIPAM, and NIPMAM), 1457,
1387 (C—H isopropyl group, NIPAM, and NIPMAM), 1366 (C—H
isopropyl group, NIPAM, and NIPMAM), 1220, 1173, 1129, 1077,
965, 927, 884, 840. "H NMR: (300 MHz, D,0), § (ppm): 0.9 (s, 3H,
methyl group of NIPMAM), 1.1 (s, 6H, isopropyl groups of NIPAM
and NIPMAM), 0.8—2.4 (m, 3H polymer backbone NIPAM + 2H
polymer backbone NIPMAM), 3.3—4.3 (7H, polyglycerol scaffold
protons +1H NIPAM + 1H NIPMAM). FTIR and 'H NMR spectra
are shown in Figures S2 and S3.

Synthesis of DMAEMA and GMA NGs via Batch Synthesis.
Copolymerization of DMAEMA and GMA with dPG, NIPAM and
NIPMAM was conducted under similar batch conditions as previously
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described and reported in the literature.”” 100 mg of a mixture of
NIPAM, NIPMAM, and DMAEMA or GMA were mixed with 33 mg
of dPG-acryl 10%, 1.8 mg of SDS, and 2.8 mg of APS in S mL of
water. Monomer mass ratios of 5, 10, and 20% of DMAEMA
(DMAEMA B-NG 5, 10, 20) or GMA (GMA B-NG , 10 and 20)
were fed to the reaction (quantities in Tables S1 and S2). To facilitate
the dissolution of GMA, the mixture was subjected to ultrasonication
for a brief period. Subsequently, the solution was degassed with argon
for 10 min before initiating the polymerization process, which
involved stirring at 68 °C. Following a reaction time of S h,
purification was performed by dialyzing the solution against water
using a cellulose membrane with a MWCO of 50 kDa. After
purification, the product was freeze-dried, yielding a cotton-like solid.
Yields of DMAEMA B-NG: 70—91%. Yields of GMA B-NG: 95—
97%.

Synthesis of DMAEMA and GMA NGs via Semibatch
Synthesis. Respective semibatch copolymerization of DMAEMA
(DMAEMA SB-NG 5, 10, 20) and GMA (GMA SB-NG 5, 10 and
20) were carried out with the same quantities as for batch reactions
(Table S1) but with slow addition of NIPAM and NIPMAM
monomers. For that, dPG, DMAEMA or GMA, APS, and SDS were
mixed in 4 mL of water. In the case of the GMA SB-NG synthesis, the
solution was subjected to ultrasonication for a brief duration to
facilitate GMA dissolution. Subsequently, the solution was degassed
with argon for 10 min, and the reaction was initiated by stirring at 68
°C. Concurrently, a 2 mL aqueous solution of NIPAM and NIPMAM
was continuously added to the reaction mixture using a syringe pump
over a period of 1 h. Throughout this duration, the solution was
maintained under an argon atmosphere. After the 6 h reaction,
purification is carried out by dialysis against water using a cellulose
membrane with a MWCO of 50 kDa. After purification, the product
was freeze-dried, yielding a cotton-like solid. Yields of DMAEMA SB-
NG: 30—38%. Yields of GMA SB-NG: 62—88%.

Synthesis of ED-GMA B-NG and SB-NG. The functionalization
of GMA with ED was achieved directly after the purification of GMA
B-NG (ED-GMA B-NG) and GMA SB-NG (ED-GMA SB-NG). For
all GMA NGs, half of the purified solution was transferred from the
dialysis membrane to a round-bottom flask with 10 mL of DMF and
10 equiv of ED relative to the epoxy groups. The reaction was allowed
to proceed for 48 h at 60 °C with continuous stirring. After
purification, the product was freeze-dried, yielding a cotton-like solid.
Yield of functionalization: 3—5%.

Characterizations. The reaction yields of the NGs were
quantified by gravimetric measurements after purification and
lyophilization of the NGs using a QUINTIX 125D-1S semi-
microbalance from Sartorius. GMA and DMAEMA monomer
incorporations were quantified from Fourier-transform infrared
(FTIR) analysis measured on a Nicolet iS20 spectrometer. About
10 mg of dry NGs were used to measure in ATR mode. Fityk software
was used to treat the data and achieve peak deconvolution. The
consumption kinetics of dPG, NIPAM, and NIPMAM in the synthesis
of C-NG were evaluated by proton nuclear magnetic resonance (‘H
NMR) (Figure S4). During C-NG synthesis, 0.5 mL was extracted at
S, 15, 30, 60, 120, 180, 240, and 360 min and the polymerization was
quenched using 50 L of hydroquinone. 50 uL of D,0 was added to
450 uL of the quenched solution, and the NMR spectra were
collected using a Bruker AVANCE 300 spectrometer using watergate
suppress NMR mode. NMR of dry NGs were measured by dissolving
about 15 mg of samples in 500 uL of D,0. Nuclear Overhauser effect
spectroscopy (NOESY) NMR spectra were acquired using a Bruker
500 MHz spectrophotometer.

The NGs’ hydrodynamic diameter, surface charge, and concen-
tration measurements were performed using a Zetasizer Ultra
dynamic light scattering (DLS) device from Malvern. Particle
concentration measurements were achieved by recording the averaged
time for photon count-rate scattered by the sample and achieving a
transformation of the size distribution using multiangle DLS
(MADLS) one of inbuilt features in Zetasizer Ultra. Samples were
prepared at a concentration of C = 1 mg/mL and measured in water
for size measurements and in 10 mM KClI salt solution (for zeta
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potential measurements) using the 174.7° backscattering config-
uration. The values presented for hydrodynamic diameters corre-
spond to z-average values obtained directly from zetasizer software by
deconvolution of the measured correlogram, using a non-negative
least-squares (NNLS) fitting algorithm. The fluctuations in scattered
light intensity caused by Brownian motion were captured, and its
autocorrelation is related to the diffusion coefficient. Finally, the
hydrodynamic diameter was calculated from the Stokes—Einstein
equation. Each set of NGs was synthesized twice, and the deviations
in size, PDI, and zeta potential were determined based on triplicate
measurements of these duplicated NGs. Titrations were performed
with an MPT-3 autotitrator, using approximately 15 mL of a 1 mg/
mL solution of NGs. Titrations were carried out using hydrochloric
acid (0.25 M), sodium hydroxide (0.25 M) and acetic acid (0.025 M)
as respective strong acid, strong base, and weak acid.

Cryo-SEM measurements were performed using a JEOL 7001F
scanning electron microscope equipped with a PP3000T Cryo System
manufactured by Quorum Technologies. The PP3000T Cryo System
utilizes the nitrogen slush plunge-freezing method for rapid sample
freezing. Liquid nitrogen freezes at 63 K (—210 °C) over a wide range
of pressure values. Plunging an object into slushed nitrogen results in
more rapid cooling than plunging into liquid nitrogen at its boiling
point (—196 °C). The measurements were performed following the
manufacturer’s protocol PP3000T User Manual v.1.4. For the
measurements, approximately 30 uL of a C = 1 mg/mL NGs solution
was used. Following freezing, the specimen was transferred to the
column-mounted preparation chamber, where it was fractured,
sublimated (=90 °C, 60 min), and sputtered by Pt target. The
observation was performed at —190 */—2 °C (vacuum level & 2.6 X
107° Pa), and secondary electron images were acquired at 5 keV.

Transmission electron microscopy (TEM) measurements were
carried out on a JEOL JEM-1400PLUS (40 kV-120 kV) TEM. The
samples were prepared using carbon grids. The grids were first plasma
cleaned before the addition of 1 uL of a 0.05 mg/mL sample solution;
2 uL of a saturated ammonium molybdate solution was used as a
stainer. The excess of water was absorbed with a paper, and the grids
were dried for 10 min. The micrographs are reported without further
image treatment. Size histograms were plotted from the TEM
micrographs by using Image] software.

Atomic force microscopy (AFM) measurements were conducted
with a VEECO (Bruker) Multimode V AFM using the conventional
tapping mode. Samples were prepared by dropping 1 uL of a 0.0S
mg/mL sample solution on a mica sheet and measuring using RTESP
150 (Bruker) tips. Images were treated by NanoScope software
(flattening and scale bar adjustments). First, the effect of the hardness
of the tip on the measurement was tested using tips with three
different spring constants: 0.35 (SNL 10), S (RTESP 150), and 37 N/
m (TESP V2). DMAEMA B-NG 20, GMA B-NG 20, GMA SB-NG
20, and ED-GMA SB-NG 20 were measured with each tip, and the
hardness of the tip was observed to have a significant effect on the
height and phase micrographs. The height measured was reduced
from those of RTESP 150 and TESP V2. A hard tip can deform the
soft NGs by spreading them on the substrate during the measure-
ment. Second, the contrast of the height and phase micrographs
increases with the hardness of the tip. RTESP 150 tips were selected
as a compromise on this contrast, and then the tapping conditions
were optimized. Soft tapping (amplitude set point > 15 nm) did not
allow enough contrast in the micrographs. Moderate tapping
(amplitude set point ~ 10 mV) and hard tapping (amplitude set
point & S mV) were compared, and the optimized conditions were
found for an amplitude set point of about 10 nm, with a drive
amplitude of about 2000 mV and a drive frequency of about 120 kHz.

Small angle X-ray scattering (SAXS) experiments were carried out
at the Austrian SAXS beamline at the Elettra Synchrotron, Trieste,
Italy. Measurements were performed at 20 °C in the uDrop, an
automatic sample changer system developed in the beamline.*” The
uDrop system is configured to measure a very low amount of sample,
which is dispensed between two rectangular windows, each one
consisting of a 3 mm X 1 mm-large observation area made of 2 ym-
thick silicon nitride, supported by a 1 mm-wide silicon frame. The rate
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Figure 1. (A) Synthesis scheme of C-NG with the resulting NG morphology. Sizes displayed on the scheme result from DLS (hydrodynamic
diameter) and SAXS measurements (subunit size) carried out in water. (B) TEM of C-NGs with a zoomed-in section (right micrograph). (C)
AFM of C-NGs with zoomed section in 3D (right micrograph). (D) Cryo-SEM of C-NGs. (E) Hydrodynamic diameter of C-NGs measured by

DLS.

of successful drop placement was optimized with test measurements
before the experiment. At least three different injections for each
sample were performed to obtain triplicate measurements. Each SAXS
acquisition lasted for 10 s, with a rest time of 3 s for each step, and for
each sample injection, 18 acquisitions were obtained. Rest time
reduces the possibility of radiation damage. Samples and buffers were
measured under the same temperature and exposure time conditions.
Incident and transmitted beam intensities were measured to obtain
the transmission values. The two-dimensional patterns were recorded
with the Pilatus3 1 M detector system (Dectris, Switzerland),
processed by SAS DOG** and by Igor Pro software (WaveMetrics,
Lake Oswego, OR, USA) to obtain radial averages. The scattering
intensity, expressed as macroscopic differential scattering cross section
dX/dQ, was obtained as a function of the magnitude of the scattering
vector Q, defined as Q = 47 sin 6/4, where 26 is the scattering angle,
and 4 = 0.154 nm is the wavelength of X-rays corresponding to an
energy of 8 keV. The sample—detector distance was 1.558 m. The
maximum Q was 3.5 nm™". C-NGs in water were measured as a
function of time, with 4 h as the end point at a concentration equal to
1 mg/mL.

SAXS data were analyzed by Beaucage model of polymeric mass
fractal.*® The main resulting parameters are R, the radius of gyration
whose value should correspond to the overall dimension of the species
in solution, Ry, the substructural gyration radius, and P, which
describes the fractal behavior of the samples. When P parameter is
between 3 and 4 the model describes a surface fractal. Values of P
lower than 3 indicate a mass fractal, while P values greater than 4
indicate a diffuse interface. Data analysis was performed using
GENFIT software.”® The equation used in the model and the SAXS
curve fittings is reported in the SI (Figure SS).

2,4,6-Trinitrobenzenesulfonic acid (TNBSA) assays were per-
formed for the quantification of the primary amines in the ED-
GMA SB-NG. 200 uL of a NG solution (2 mg/mL) in Na,COj; buffer
(pH 9.5) were mixed with S0 uL of TNBSA solution (0.1%) in 96-
well plate and kept for 2 h at 37 °C. After 2 h, absorbance was
measured at 420 nm with a Biotek Synergy Neo2 plate reader.
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The NGs* VPTTs were measured by differential scanning
calorimetry (DSC) using a Microcalvet microcalorimeter from
Setaram. 300 uL of C = S mg/mL sample solutions were measured
from 20 to 70 °C with heating and cooling rates of 0.5 °C/min, using
water as a reference.

B RESULTS AND DISCUSSIONS

Batch Copolymerization of dPG-Acryl, NIPAM, and
NIPMAM. The synthesis strategy employed in this work aimed
to develop core—shell NGs with a positively charged core. It
was initially hypothesized that by manipulating the disparity in
hydrophobicity between the monomers, core—shell NGs could
be obtained by precipitation polymerization. Hydrophobic
monomers (such as GMA) were expected to promote
precipitation and condense within the core, while the more
hydrophilic NIPAM/NIPMAM units would act as stabilizers
and be placed on the surface. Therefore, GMA-NIPAM/
NIPMAM core—shell structures could be obtained through a
one-step precipitation reaction driven by hydrophobic
interactions. Subsequently, the functionalization of GMA via
the epoxy ring by the amine group (ED) would finally lead to
core—shell NGs with positively charged cores.

In the first step, C-NGs were synthesized (Figure 1A) and
the precipitation mechanism was investigated. The NG
morphology was characterized in dry condition by TEM and
AFM (Figure 1B,C), and in swollen state by cryo-SEM (Figure
1D). TEM and AFM evidenced raspberry-like structures in the
dry state. The NGs appeared as multiglobular structures
formed by the agglomeration of smaller subunits. Interestingly,
these subunits were no longer visible in cryo-SEM micro-
graphs, where the NGs displayed a spherical morphology. In
such conditions, the subunits were probably hidden within the
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Figure 2. C-NG growth kinetics and proposed mechanism of NG formation. (A) Size and PDI during C-NG synthesis measured by DLS. (B)
Particle concentration determined by MADLS. (C) Monomer conversion determined by NMR. Here NIPAM and NIPMAM have a similar
conversion profile compared with dPG and are plotted together. (D) Gyration radius of the subunits and of the overall structure of NGs calculated
from SAXS and obtained from Beaucage fractal model. (E) Hypothesized mechanism of the raspberry-like NG formation via (I) formation of
nuclei, (I) precipitation and cross-linking of the nuclei, and (III) maturation of the NGs. These three phases are represented in (A—D) by the

three corresponding shades of blue.

structure or fully stretched due to the swelling of the polymeric
structure in aqueous conditions.

The z-average hydrodynamic diameter (Dy) of the NGs
determined by DLS was about 100—120 nm by number and
intensity distributions, as shown in Figure 1E. The similar
values obtained for the number and intensity distribution
indicate a low polydispersity of the particles in water. The
average diameter of the NGs was also measured in dry state
from TEM and AFM micrographs, with respective values of 74
+ 16 and 181 + S0 nm (Figures S6—S8). Smaller diameters
were obtained by TEM in comparison with AFM due to
artifacts inherent to the measurement method. Some artifacts
could result from the TEM sample preparation using
ammonium molybdate as contrast agent. In this staining
method, the contrast agent could penetrate the less dense
outer region of the NG during sample preparation, making it
invisible on the micrographs. In opposition, AFM could
capture the whole structure, but in this case the force applied
by the tip in conventional tapping mode could promote some
spreading of the NG on the surface.”” The subunits in both
TEM and AFM micrographs displayed a large size dispersion
between ~10 to ~40 nm. Besides the subunit size
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heterogeneity observed in dry state, the number of subunits
within each NG seemed to vary from one NG to another,
indicating a nonhomogeneous growth of the NGs.

The hydrophilicity of the cross-linker in the precipitation
polymerization greatly impacts the formation of the structure.
It has been reported that hydrophilic macro-cross-linkers could
stabilize small precipitating nuclei during polymerization.””**
To investigate more in depth the role of dPG in precipitation
polymerization, the kinetics of monomer conversion were
determined by '"H NMR (Figure S4) and compared with the
NG growth rate and particle concentration during the
synthesis. It is shown in Figure 2 that the final size (Figure
2A) and concentration (Figure 2B) of the NG reached a
plateau after 1 h of reaction, after full consumption of dPG
(Figure 2C). During the cross-linker conversion, the NG size
increases rapidly to almost reach its final size while the particle
concentration drops exponentially. This rapid drop in particle
number together with the nanoparticle growth during the first
hour suggests the combination of many small nanoparticles to
form the final NG particles. Then, a maturation phase occurs
in the second hour of polymerization, where NIPAM and
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Table 1. Summary of the Mass Yield, Hydrodynamic Diameter (Dy), PDI, and Zeta Potential of NGs, and DMAEMA and

GMA Mass Concentrations

sample mass yield (%) Dy (nm) PDI zeta potential (mV) DMAEMA or GMA concentration (% wt)
C-NG 913 £ 0.5 123 + 2 0.11S5 + 0.005 —-1.1 £ 0.1
DMAEMA B-NG § 91.0 +£ 0.5 165 + 14 0.134 + 0.048 +44 + 1.7 2.6 + 09
DMAEMA B-NG 10 81.6 + 23 167 + 13 0.227 + 0.144 +8.0 + 0.8 8.1+ 33
DMAEMA B-NG 20 70.3 + 0.5 157 + 8 0.104 + 0.010 +11.0 + 0.8 21.3 +£ 3.3
DMAEMA SB-NG § 29.8 + 0.5 159 + 105 0.321 + 0.000 +7.1 + 3.1 63,4 + 8.0
DMAEMA SB-NG 10 31.7 £ 1.0 42 +1 0.552 + 0.219 +9.2 + 3.2 787 £ 5.7
DMAEMA SB-NG 20 37.6 £ 1.0 40 + 1 0.567 + 0.145 +16.2 + 3.9 1059 + 5.2
GMA B-NG 35 96.8 + 1.6 152 + 4 0.066 + 0.013 —-0.8 £ 0.2 85+29
GMA B-NG 10 95.7 £ 0.0 158 + 18 0.063 + 0.004 -13 £+ 03 12.1 + 1.6
GMA B-NG 20 95.0 + 2.1 407 + 277 0.594 + 0.575 —-13 + 0.1 263 + 2.3
GMA SB-NG $§ 884 + 4.2 149 + 2 0.133 + 0.002 —-0.7 £ 0.2 3.6 +0.1
GMA SB-NG 10 825 + 21 105 + 3 0.143 + 0.012 —-09 + 12 10.8 + 0.0
GMA SB-NG 20 619 + 6.2 138 + 2 0.047 + 0.022 —-14 +03 183 + 04
ED-GMA B-NG § 144 £ 1 0.073 + 0.083 —-12 £ 0.0
ED-GMA B-NG 10 137 + 9 0.062 + 0.004 +5.6 + 0.4
ED-GMA B-NG 20 298 + 69 0.163 + 0.139 —-12 £ 0.2
ED-GMA SB-NG 5 156 + 0 0.128 + 0.015 —-04 + 03
ED-GMA SB-NG 10 110 + § 0.160 + 0.031 —-0.8 £ 0.9
ED-GMA SB-NG 20 142 + 3 0.069 + 0.020 —-0.1 + 1.8

NIPMAM almost reach complete conversion, resulting in a
slight size increase of the raspberry-like NGs.

Besides NMR and DLS kinetics, SAXS experiments were
performed in order to obtain complementary structural
characterization. SAXS curves analysis has been performed
according to Beaucage fractal model aiming to describe the size
of the aggregates and of the subunits during the NG growth.”
The gyration radii of the whole NGs (R,), reported in Figure
2D, increase from ~55 to ~90 nm with increasing polymer-
ization times from 15 min to 4 h. This trend is in agreement
with DLS results (Figure 2A), considering the differences
between the two scattering techniques, in terms of radiation
wavelengths and of theoretical approximation due to
polydisperse objects. On the other hand, substructure radius
Ry, during the kinetic process maintains around a value of 10
+ 2 nm. This fact hints that polymerization proceeds via
subunit association and produces structures resembling
fractals. In fact, the fractal exponent value moves from a
surface fractal to a mass fractal at increasing times (Figure
SSB).

Thus, the kinetics study revealed an agglomeration
mechanism where small nanoparticles stabilized with dPG
grow, precipitate and cross-link, as schematized in Figure 2E.
In this hypothesis, precipitation is driven by the growth of the
P(NIPAM)-co-P(NIPMAM) chains. In the first phase, the
nuclei are obtained from the stabilization of small P(NIPAM)-
co-P(NIPMAM) chains by dPG. Then, while P(NIPAM)-co-
P(NIPMAM) chains keep growing, the nuclei’s stability
decreases until precipitation. In this second phase, the
precipitates cross-link until the full consumption of dPG. In
the last phase, the remaining NIPAM and NIPMAM
monomers finish polymerizing within the stabilized cross-
linked structures. Here, the mechanism only involves a one-
step synthesis, in opposition to most of the polymeric systems
yielding raspberry-like nanoparticles usually based on the
cross-linking of presynthesized nanoparticles or on the
heterogeneous growth of polymers using a template.’”*

While some research groups already worked on the synthesis
of core—shell NGs using precipitation polymerization, all the
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. . 232
examples are based on low molecular weight cross-linkers.”***

In our study, we distinguish our approach by employing dPG
as a cross-linker. Whereas NGs are expected to grow
homogeneously with low molecular weight cross-linkers, dPG
stabilizes some small nanoparticles and triggers the heteroge-
neous precipitation via the formation and binding of the small
subunits. The homogeneous growth results in the simplest
spherical morphology, whereas heterogeneous growth might
provide more complex structures, such as these raspberry-like
nanoparticles. This growth mechanism is also likely to provide
different mechanical properties and swelling behavior from
NGs growing homogeneously, in which case the cross-linker
incorporation can directly be related to the radial density of
polymers.*'

It was already anticipated that due to this growth mechanism
by binding smaller NG seeds, preparing a perfect core—shell
structure would be challenging by simple batch copolymeriza-
tion.

Batch Copolymerization of DMAEMA or GMA. Aiming
to introduce positive charges into the dPG-NIPAM-NIPMAM
NGs, two different monomers were considered: DMAEMA
and GMA. DMAEMA is a water-soluble monomer displaying a
tertiary amine. P(DMAEMA) shows high transfection abilities
and has been used for gene delivery for more than two
decades.*”™® Due to its high hydrophilicity and ideal
copolymerization behavior with NIPAM, the batch copoly-
merization of DMAEMA with NIPAM and NIPMAM was not
expected to result in phase segregation within the NG
structure.””***> For this reason, DMAEMA B-NG served as
a control for NG without a core—shell structure. On the other
hand, GMA is relatively hydrophobic and was expected to
migrate to the NG core during the polymerization in water.
Moreover, GMA has been reported to polymerize faster than
NIPAM in an ideal copolymerization.”® Its higher reactivity
promotes phase separation in the NG by promoting block
copolymerization. In addition, GMA is a reactive monomer
that can be used as a “plug and play” tool to introduce positive
charges from different nature.”” Here, amine functionalization
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Figure 3. Representative of hydrodynamic diameter obtained by DLS, the morphology observed by TEM, and a schematic depiction of (A)
DMAEMA B-NG 20, (B) GMA B-NG 20, (C) DMAEMA SB-NG 20, and (D) GMA SB-NG 20.

was carried out via the GMA epoxy group through nucleophilic concentrations, and negative zeta potential was measured due
addition and ring opening using ED. to the surface exposition of the initiator.”® For both DMAEMA

The copolymerization of DMAEMA with the other and GMA B-NG 20, TEM micrographs still show raspberry-
monomers at 5, 10, and 20% w/w via precipitation like NGs (Figure 3A,B). On the micrographs, the PDI of GMA
polymerization yielded the production of positively charged B-NG 20 seems wider than that of DMAEMA B-NG 20 as
NGs of about 160 nm and a relatively low polydispersity confirmed by DLS, indicating the limit in GMA B-NG 20s
(PDI), as shown in Table 1. As the concentration of stability (Table 1). The size distribution of the NGs is also
DMAEMA increases in the NG, the total mass yield decreases reflected by the difference in the hydrodynamic diameters

from more than 90 to 70% for the highest concentration. This expressed by intensity and number, measured by DLS (Figure
reduction is caused by the increase in the hydrophilicity of the S4). As expected, the hydrodynamic diameters expressed by
NGs and indicates a reduction in the precipitation yield. The number are smaller than the ones by intensity: in the size
hydrodynamic diameter increase of the charged systems is distribution by intensity, larger particles contribute dispropor-
likely due to the inner electrostatic repulsions and higher tionately more than small particles, whereas this weighting in
degree of hydration (Table 1). MADLS was also performed at the size distribution does not depend on the size in the

three distinct detection angles: back scatter (174.7°), side number-based distribution.
scatter (90°), and forward scatter (12.78°) for obtaining the Cryo-SEM measurements indicate spherical morphologies
angular dependence on hydrodynamic diameter (Table S3). for DMAEMA B-NG 20 in the swollen state, whereas GMA B-
In contrast to DMAEMA, the copolymerization of GMA NG 20 appears as irregular NGs with a large dispersity (Figure
reaches a higher yield than that of C-NGs. As expected, more S9). These observations confirm the low control in the
hydrophobic monomers promote precipitation. Hydrodynamic stabilization of the GMA B-NGs during the precipitation due
diameter of about 150 nm were obtained for the lower to their excessive hydrophobicity. After lyophilization,
6041 https://doi.org/10.1021/acs.macromol.4c00350
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Figure 4. AFM height, phase, and superposition of height and phase imaging of DMAEMA B-NG 20 (A—C), GMA B-NG 20 (D—F), and GMA

SB-NG 20 (G-1I).

aggregates were observed for GMA B-NG 20, shown by their
large sizes and PDI values measured by DLS (Tables S4 and
S5). This observation is likely due to the presence of
hydrophobic points on the surface of the NGs, and the
absence of P(NIPAM)-co-P(NIPMAM) shell. It is important
to remember the proposed mechanism in which raspberry
structures were obtained (Figure 2C). Even if some nuclei
mainly composed of GMA would migrate to the core of the
NGs, perfect core—shell structures would be difficult to obtain,
as the growth occurs by fusion and not merely nuclei growth.

DMAEMA and GMA incorporation were evaluated by
FTIR.***° The introduction of the methacrylate monomers
results in an increase in the 1725 cm ™" ester peak, which can be
quantified by deconvolution (Figures S10—S13). Good
incorporation of the monomers was shown for both
DMAEMA B-NGs and GMA B-NGs with slightly higher
GMA concentrations than DMAEMA (Table 1, Figure S14).

Semibatch Copolymerization of DMAEMA or GMA.
Aiming to improve the core—shell feature of the NGs,
semibatch copolymerizations were carried out. Several groups
worked on core—shell structures via a two-step precipitation
polymerization where the nuclei are first synthesized, before
the shell addition in a postprecipitation reaction.”””>* In this
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work, the core—shell structure was aimed at in a one-step
synthesis. NIPAM and NIPMAM were added over 1 h from
the start of the reaction. Since GMA has been reported to have
a higher reactivity than NIPAM, one could assume that the
semibatch reaction conditions would enhance the monomer
separation in the final polymers.*® Then, the phase separation
due to hydrophobic segregation would be enhanced.

For the DMAEMA SB-NGs, the initial solution contained
only dPG and DMAEMA as monomers. Due to their high
hydrophilicity, they did not precipitate into NGs as DMAEMA
B-NGs, as shown by DLS (Figure 3C). Only small nano-
particles were obtained, corresponding to the subunit’s sizes
described previously. Their high dispersity revealed by DLS
and TEM implies a low control during the precipitation. The
DMAEMA concentration calculated from FTIR measurements
indicate low incorporation of NIPAM and NIPMAM (Table 1,
Figure S14). Therefore, the early stabilization of small
DMAEMA-dPG nanoparticles prevents the copolymerization
and incorporation of NIPAM and NIPMAM, which are cleared
during purification.

In contrast to DMAEMA, GMA SB-NG were successfully
synthesized, yielding NGs with a low polydispersity index of
<0.16. Here, the polymerization of GMA promoted the
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Figure S. (A) Temperature and pH responsiveness of C-NG characterized by DLS. (B) VPTT of C-NG, DMAEMA B-NG §, 10, 20, and ED-GMA
SB-NG 5, 10, and 20 measured by DSC. The error bar originates from the measurement of the heating and the cooling ramp. Temperature and pH
responsiveness of (C) DMAEMA B-NG $, (D) DMAEMA B-NG 10, (E) DMAEMA B-NG 20, (F) ED-GMA SB-NG $, (G) ED-GMA SB-NG 10,
and (H) ED-GMA SB-NG 20 characterized by DLS. The DLS titrations show the hydrodynamic diameter of the NGs from 26 to 60 °C, from pH 8

to 4.

precipitation and allowed the successful copolymerization with
NIPAM and NIPMAM. The good solubility and stability of
GMA SB-NG 20 compared with GMA B-NG 20 suggests the
enhancement of the surface hydrophilicity by the semibatch
method. This is further supported by TEM micrographs: the
NG surface looks smoother for SB-NGs, and the subunits are
not as visible as those for B-NGs (Figure 3D). This could be
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due to the formation of a P(NIPAM)-co-P(NIPMAM) coating
by homogeneous growth after the formation of the raspberry-
like GMA-dPG nuclei.

AFM was measured in tapping mode, and height and phase
contrast images were collected (Figures S17 and S18). In
phase contrast imaging, the phase shift of the cantilever is
displayed; this shift is impacted by the softness, adhesion,
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viscoelasticity, and roughness of the surface measured, and also
depends on the tapping hardness.”’ Therefore, this imaging
mode unveils the Supporting Information to the height mode,
where only the material thickness can be observed.”> There,
high resolution of the NG edges can be obtained since the
NGs are much softer than the mica substrate. To combine
both information collected from the height and phase imaging,
both micrographs were superposed for DMAEMA B-NG 20,
GMA B-NG 20, and GMA SB-NG 20 and are displayed in
Figure 4. On these superpositions, the inner organization is
clearly seen, with a precise imaging of both the NG dense
points and edges. While DMAEMA B-NG 20 looks very soft
(Figure 4A—C), GMA B-NG 20 seems denser and does not
spread on the substrate (Figure 4D—F). In opposition to both,
GMA SB-NG 20 micrographs clearly indicate the presence of a
core—shell structure, with a denser core and softer shell, as
hypothesized before (Figure 4G—I).

Small heights have been measured in AFM compared with
the results found in the literature.> > These observations
could come from the deformation of the NGs and penetration
of the tip in the polymeric network under these specific
moderate tapping conditions. The height of C-NGs in the dry
state was around 2 nm, whereas its diameter was about 180
nm. These values should be considered only in the context of
the moderate tapping mode: the NGs are likely to spread on
the surface. The maximum heights are observed in the subunits
where the cross-linker are probably highly concentrated. It is
likely that the raspberry organization endows high flexibility to
the structure. While DMAEMA NGs still showed heights of a
few nanometers, GMA NGs are characterized by higher
heights (about 10 to SO nm). This might be due to the
reactivity and hydrophobicity of GMA. Compared with
DMAEMA NGs, the subunits with GMA might precipitate
quicker due to their higher hydrophobicity. Therefore, they
might have higher cross-linking point in between the subunits,
making the whole structure more rigid.

Regarding the core—shell NGs, a high concentration of
cross-linker (dPG) was expected in the core, whereas the shell
was made principally of NIPAM and NIPMAM via the slow
addition and after the consumption of GMA and dPG. AFM
was able to confirm these results by the characterization. Still,
the diameter and height of the NGs provided by AFM should
only be considered in the context of the moderate tapping
conditions in the dry state. In these conditions, the shell seems
to spread and adopt a “fried egg” structure, as previously
reported.>

GMA Functionalization. The reaction conditions of
GMA-B NGs functionalization with ED were set with high
temperature, long reaction time, and high ED equivalents to
limit the internal cross-link points. Indeed, besides ED two
nucleophilic ends, it is known that primary amine groups could
react several times with epoxy groups.’” Figures $20 and $21
illustrate FTIR and NMR spectra, which provide evidence of
GMA ring opening through ED functionalization. TNBSA
assays confirmed the presence of primary amines in GMA SB-
NG, with low reaction yields (Figure S22). After functionaliza-
tion, the surface charge changed from negative to positive for
all of the GMA SB-NGs at 50 °C, proving the incorporation of
the amine groups (Figure S23). The AFM micrographs
revealed the vanishing of the core—shell characteristic after
functionalization, plausibly attributed to the apparent dimin-
ution in the hydrophobicity of the core due to the charge
incorporation (Figure S26). The amine incorporation
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evidenced by spectroscopy, together with the structural change
of the NGs’ core observed by microscopy, confirmed the
preferential accumulation of the amines in the core of ED-
GMA SB-NGs.

pH and Thermoresponsiveness. Herein, we studied the
dual responsiveness of DMAEMA B-NGs and ED-GMA SB-
NGs. DMAEMA B-NGs were selected for their homogeneous
distribution of the amine groups in the structure and used for
comparison with ED-GMA SB-NGs. The presence of primary
to tertiary amines that can protonate at pH under the pK,
makes both systems pH-sensitive, while the P(NIPAM)-co-
P(NIPMAM) segments bring thermoresponsive behavior.

The VPTT of NGs was assessed through DSC (all DSC
scans appear on Figure S27) and DLS over a temperature
range of 25—60 °C. First, the C-NGs present a sharp VPTT
around 39 °C, independent of the pH, as demonstrated by
DLS and DSC and in accordance with other reports (Figure
5AB).*>" At this transition and with an increase in the
temperature, the interaction between water and the P-
(NIPAM)-co-P(NIPMAM) segments is disrupted to favor
intermolecular bonding of the polymeric chains, resulting in
the collapse of the structure and in the reduction in size about
30 nm. The incorporation of DMAEMA in the NGs results in a
clear increase in the VPTT, as demonstrated by DSC (Figure
SB). In agreement with previous reports, the transition
temperature increases from 39 to 45 °C for DMAEMA B-
NG 20.** The elevation in the VPTT of the NGs can be
attributed to the incorporation of the hydrophilic repeat unit in
the cross-linked copolymers. Indeed, the introduction of
positive charges favors the hydration of the NGs over
intermolecular hydrogen bonding of P(NIPAM) and P-
(NIPMAM) chains crucial for water expulsion and the
subsequent collapse of the NGs.””® In other words, the
hydration of tertiary amines increases the hydrophilicity of the
NGs and prevents their collapse. This increase in the VPTT
indicates that the NGs require more energy to disrupt
hydrogen bonding with water and to form intramolecular
interactions.

The titration of DMAEMA B-NG §, 10, and 20 using DLS at
different temperatures demonstrated that the hydrodynamic
diameter of the NGs depends on the pH and increases with a
reduction of pH from 8 to 4 (Figure SC—E). Although a
VPTT is still observed for DMAEMA B-NG S at pH 8 to 6, the
size reduction effect of this transition seems to disappear for
the rest of the NGs with higher DMAEMA concentrations at
all pHs. At low pH, the hydrodynamic diameter even seems to
increase with increasing temperatures, as observed for
DMAEMA B-NG 20 (Figure SE). For the most charged
NGs, the presence of the hydrophilic to hydrophobic phase
transition along with the increase in the hydrodynamic
diameters of the NGs seems contradictory. The intramolecular
hydrogen bonding between P(NIPAM)-co-P(NIPMAM) must
occur to expel the water and trigger the NGs’ collapse. Yet, in
the hydrated state of the NG due to the random
copolymerization of the amine-containing monomer in the
NGs, the energy gain of the intramolecular hydrogen bonding
and entropy increase due to the release of hydration water are
probably not enough to compensate for the loss of enthalpy
that would imply the dehydration of the amines. In this
hypothesis, the presence of tertiary amines favors the hydrated
state over the intramolecular interactions, explaining the
increase in the hydrodynamic diameter even when P-
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(NIPAM)-co-P(NIPMAM) polymers are in the hydrophobic
state.

For ED-GMA SB-NGs, a slight increase in VPTT was
observed (Figure SB). This small change compared with
DMAEMA B-NGs could be explained by the low ED
incorporation and the phase separation: as NIPAM and
NIPMAM were added in a semibatch method and due to
GMA high reactivity, the shell is mainly composed of
P(NIPAM)-co-P(NIPMAM). Therefore, the VPTT is not
affected as much as for DMAEMA B-NGs where DMAEMA is
likely to be randomly copolymerized within the entire
structure. Again, the introduction of the primary and secondary
amines in the NGs affects their thermoresponsive behavior
(Figure SF—H). The reduction in the hydrodynamic diameter
due to the NG collapse above the transition temperature was
not observed for ED-GMA SB-NG 20.

Zeta potentials of the NGs were measured at temperatures
below and above the VPTT and are displayed in Figure 6. As
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Figure 6. Thermoresponsiveness of DMAEMA B-NGs and ED-GMA
SB-NGs observed through the evolution of the zeta potential at
temperatures below and above the transition temperature.

observed for C-NG and DMAEMA B-NGs, when the NGs
collapse above the transition temperature, the zeta potential
value increases. For DMAEMA B-NGs, an increase of about 5
mV was observed. This enhancement of the surface charge is a
result of a rearrangement of the structure. Probably, some
P(NIPAM)-co-P(NIPMAM) segments collapse inward, while
the charged moieties are exposed on the surface. The behavior
of ED-GMA SB-NGs’ zeta potential is different from
DMAEMA B-NGs. From very slight negative values, practically
neutral, the zeta potential grows to positive values when
crossing the VPTT. Since a P(NIPAM)-co-P(NIPMAM) shell
surrounds the positive charges, almost neutral zeta potential
values are obtained below the transition temperature. When
increasing the temperature above the VPTT, the shell might
collapse, displaying the positive charges from the swollen core.

The data clearly show that the incorporation of amines in
the NGs considerably affects their thermoresponsive character.
With increasing DMAEMA or ED contents, the intensity of the
phase transition caused by temperature seems to decrease due
to the presence of electrostatic forces. Looking at the final
application in gene delivery, this effect appears as a challenge
to achieve thermocontrolled nucleic acid delivery. Despite the
hydrodynamic evolution around the VPTT, the structural
rearrangement suggested a possible change in the amine
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availability, which could be use in further gene delivery
applications.

B CONCLUSIONS

In this work, the mechanism of the precipitation copoly-
merization of dPG, NIPAM, and NIPMAM was enlightened.
The dPG cross-linker was shown to stabilize small nano-
particles made of P(NIPAM)-co-P(NIPMAM) oligoradicals
during the early growth of the NGs. Then, after the
precipitation and agglomeration of the subunits, raspberry-
like morphologies were obtained with a narrow size
distribution. Positive charges were introduced in batch and
semibatch synthesis using either direct incorporation of
DMAEMA or GMA monomers with subsequent amine
functionalization via epoxy ring opening. The high hydro-
philicity of DMAEMA enhances the stability of the subunits
and restrains precipitation, whereas the incorporation of GMA
promotes precipitation. Core—shell NGs were reached by a
semibatch reaction using GMA as a comonomer. DMAEMA
B-NGs displayed raspberry-like structures, with a homoge-
neous distribution of the positive charges within the NGs. In
contrast, the charges of ED-GMA SB-NGs were restricted
within the core. These NGs showed unique thermal behavior,
with a change from neutral to positive zeta potential when
crossing the VPTT. Looking at further NG optimization for
the complexation of nucleic acids and transfection, we can
easily achieve a fine-tuning of the charged core by changing the
amine group in the functionalization reaction. Finally, this
study provides a framework for understanding the possibilities
and limits of precipitation polymerization in the synthesis of
NGs with advanced structures for gene delivery applications.
The interaction of these NGs with biological systems is
currently being investigated.
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