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Effect of heterogeneous and homogeneous
polymerisation on the structure of pNIPAm
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Marina Resmini'

The thermoresponsive behaviour of cross-linked poly(N-isopropylacrylamide) (pNIPAmM) nanogels makes
these materials particularly attractive for a variety of applications. Literature data report the use of different
methodologies for preparing nanogels, which can be divided into heterogeneous and homogeneous
polymerisation approaches. Heterogeneous polymerisation occurs above the volume phase transition
temperature (VPTT) of pNIPAmM due to water expulsion from the network of the forming polymer. On the
contrary, homogeneous polymerisation is conducted below the VPTT, so that the nanogel is in the
swollen state during the polymerisation process. Here, we study the effect of phase separation during
polymerisation, which reveals a significant influence on the particle size and internal structure, as well as
on the thermoresponsive and interfacial behaviour of pNIPAm nanomaterials. We propose that hetero-
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geneous polymerisation leads to preferential localisation of hydrophilic initiator residues on the particle
surface, while during homogeneous polymerisation, the initiator groups are distributed within the nanogel
network. These results highlight the importance of the choice of polymerisation temperature as well as
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Introduction

The attraction of using poly(N-isopropylacrylamide)-based
(pNIPAm) materials as drug delivery systems'™ stems from
their thermoresponsive character, with volume phase tran-
sition temperatures (VPTT) occurring at physiological
temperature.’ ® The isopropyl side groups of pNIPAm contrib-
ute to the hydrophobic character and surface activity of the
polymer,” while the overall pNIPAm remains highly
hydrophilic.””® These features have led to pNIPAm gels being
developed for multiple applications, such as temperature-sen-
sitive emulsifiers,” smart sensors,'®™? reversible switches,'**
artificial muscles,">'® and tissue engineering.'”"'®

Different synthetic methodologies have been reported for
the preparation of pNIPAm microgels/hydrogels, based on
heterogeneous or homogeneous polymerisations.’® In the
former approach the starting monomers are dissolved in the
feed solution, but the resulting polymer is in the form of a dis-
persion in an immiscible liquid,*® often referred to as dis-
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initiator for the synthesis of pNIPAmM gels, as this significantly affects their characteristics and application.

persion or precipitation polymerisation,>"** or emulsion poly-

merisation if surfactant is used.>* In homogeneous polymeris-
ation, both monomers and the resulting polymer are dissolved
in the media, or swollen in the case of cross-linked gels.”" In
the case of homogeneous polymerisation, the synthesis is per-
formed either in aprotic solvents, such as DMSO>* or in water
(at room temperature).>>>°

Literature data frequently report information on polymer
compositions; however, the effect of synthetic protocols on
particle structures is not often discussed. The use of different
synthetic methodologies raises the question of whether the
same formulation can result in different structures and pro-
perties. The thermoresponsive nature of pNIPAm makes it an
ideal system for studying the role of phase separation during
polymerisation on the morphology of nanoparticles. When
PNIPAm gels are dispersed in water, their behaviour is influ-
enced by temperature. Below the VPTT, pNIPAm chains are in
a highly hydrated state, while above the VPTT, the loss of the
hydration shell leads to phase separation.”” By varying the
temperature of the polymerisation solution, but keeping all
other experimental conditions constant, the effect of hetero-
geneous and homogeneous polymerisation can be evaluated.

The impact of polymerisation temperature on the structure
of cross-linked pNIPAm has previously been studied for macro-
scopic hydrogels.*® The main conclusion was that polymeris-

This journal is © The Royal Society of Chemistry 2021
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ation at higher temperature, close to the VPTT, leads to inho-
mogeneities in the polymer network,”*' which results in
lower swelling of the hydrogels.*® Another approach was con-
ducted for RAFT polymerisation of NIPAm, where the hetero-/
homogeneous nature of polymerisation was controlled by the
choice of the solvent, not the temperature.®® In this case, the
phase separation that occurred during polymerisation in water
as opposed to a water/alcohol mixture was shown to influence
the reaction rate and molecular weight of polymers.

Even though literature data offer an insight into the
changes in structure of pNIPAm as a result of phase separation
during the synthesis, to the best of our knowledge, a thorough
evaluation of the impact of homogeneous/heterogeneous poly-
merisation on the structure of pNIPAm nanogels has yet to be
reported. In this study, we evaluate the effect of phase separ-
ation during free radical polymerisation on the morphology
and properties of pNIPAm-based nanogels. By changing the
temperature of polymerisation in aqueous solution, it was
possible to switch between heterogeneous and homogeneous
polymerisation (Fig. 1), while the use of different initiators
allowed us to evaluate their impact on nanogel properties. The
thermoresponsive behaviour of the different nanogels was
investigated using dynamic and electrophoretic light scatter-
ing, as well as UV-Vis spectroscopy. The interfacial behaviour
and surface properties of the nanogels were characterised
using surface tensiometry and liquid-phase atomic force
microscopy (AFM). These data, together with transmission
electron microscopy (TEM) studies, provide evidence of the
role that synthetic methodologies have in influencing the
structure and properties of nanogels.

Experimental

Materials

All chemicals were used as received unless otherwise stated.
tetramethyl-
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ethylenediamine (TEMED), sodium dodecyl sulphate (SDS),
1,2,4,5-tetramethylbenzene, deuterated DMSO ((CD3)2SO) were
purchased from Sigma Aldrich (Gillingham, UK).
N-Isopropylacrylamide (NIPAm) and azobisisobutyronitrile
(AIBN) were purchased from Sigma Aldrich and used after
recrystallisation from n-hexane and methanol, respectively.
Potassium peroxydisulphate (KPS) was purchased from Alfa
Aesar (Heysham, UK). 2,2'-Azobis[2-(2-imidazolin-2-yl)propane]
dihydrochloride (VA-044) was purchased from FUJIFILM Wako
(Hampshire, UK). Regenerated cellulose dialysis membranes
Spectrum Spectra/Por (MWCO 6800 Da) were purchased from
Fisher Scientific UK Ltd (Loughborough, UK). Silicon Blocks
(N-type, Orientation (111), Dia 100 x 10 mm, Alineason
Materials Technology GmbH, Frankfurt Germany) with one
face optically polished (Lambda/10) were used for AFM
studies, preliminarily coupled with trichloro(octyl)silane
(Sigma Aldrich).

Synthesis of nanogels

NIPAm and MBA in the molar ratio of 80/20% were dissolved
in deionised water to give a total monomer concentration (Cp,)
of 1 w/v%. The solution was sealed in a round bottom flask
(RBF), purged with N, for 1 hour and heated (oil bath) until
the polymerisation temperature (30, 50 or 80 °C) was reached.
Solutions of the appropriate initiator (KPS, TEMED, VA-044)
and SDS (where required) were prepared and sealed in separate
RBFs, purged with N, for 1 hour and added to the polymeris-
ation mixture to start the reaction. The final amount of
initiator (KPS or VA-044) used was 1% of the total moles of
double bonds, while TEMED was used with a final concen-
tration of 5%. For those nanogels requiring SDS, the final con-
centration of the surfactant in the polymerisation solution was
either 0.5 mg mL~" or 0.08 mg mL~". The polymerisation reac-
tion was maintained at the chosen temperature with stirring
until full monomer conversion was achieved, as confirmed by
'H NMR spectroscopy. For polymerisations performed below
the VPTT the temperature was monitored with a thermometer

Heterogeneous
polymerisation
Heating > VPTT

Structure 1

Homogeneous

polymerisation
<VPTT

Structure 2

Fig. 1 Scheme of synthesis of pNIPAm-based crosslinked gels by heterogeneous and homogeneous polymerisation.

This journal is © The Royal Society of Chemistry 2021

Polym. Chem., 2021, 12, 6854-6864 | 6855


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1py01333e

Open Access Article. Published on 12 2021. Downloaded on 29.10.25 17:59:48.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

immersed into the feeding solution, to ensure that no temp-
erature increase due to polymerisation would occur.®® This was
not observed as a result of the low total monomer concen-
tration (1 w/v%) used. Nanogel solutions were dialysed for 3
days (MWCO 3500 Da) against deionised water, then lyophi-
lised (LTE scientific Lyotrap). "H NMR spectroscopy was used
to confirm the removal of SDS and any unreacted monomers
(Fig. S1, ESIt). Reported yields refer to the isolated nanogels
following freeze drying. The isolated nanogels, as powders,
were stored in glass vials at room temperature.

Quantification of monomer conversions by "H NMR
spectroscopy

Aliquots of the polymerisation solution were taken before the
addition of the initiator and 0.5 h and 24 h after the start of
the reaction to evaluate the conversion of NIPAm and MBA.
50 pL of the polymerisation solution was transferred into an
NMR tube and added to 1,2,4,5-tetramethylbenzene dissolved
in 450 pL of deuterated DMSO. The final concentration of the
1,2,4,5-tetramethylbenzene was 0.6 mg mL™~'. "H NMR spectra
were recorded at 298 K using a Bruker DPX-400 spectrometer
at 400 MHz or a Bruker DPX-300 spectrometer at 300 MHz.
Spectra were processed with Bruker Topspin 4.0.6 software.
The amount of monomer in the initial and final polymeris-
ation solutions were determined by comparing the intensities
of peaks at 5.61-5.67 ppm for NIPAM and 5.68-5.73 ppm for
MBA, against the intensity of peak of the internal standard
1,2,4,5-tetramethylbenzene at 6.3 ppm.

Light scattering measurements

Particle size. The analysis of particle hydrodynamic diameter
was performed by dynamic light scattering (DLS) measure-
ments using Zetasizer Nano ZS (Malvern Instruments Ltd,
Malvern, UK) fitted with a 4 mW He-Ne 633 nm laser module.
All measurements were carried out in deionised water at a
nanogel concentration of 0.5 mg mL™". Analysis was carried
out at a detection angle of 173° (back scattering). The data are
presented as a mean value of Z-average based on Intensity dis-
tribution calculated over three measurements performed for
each temperature point. Raw data are presented in Fig. S2 and
S3, ESLt

Electrophoretic mobility. The analysis of zeta potential was
performed using ZetaSizer Ultra (Malvern Instruments Ltd,
Malvern, UK) in the range of temperatures between 20 and
50 °C. The nanogel solutions were analysed at a concentration
of 0.5 mg mL™" in 0.1 mM NaCl aqueous solution. The data
presented are calculated as a mean value of electrophoretic
mobility with three measurements performed for each temp-
erature point.

Assessment of thermoresponsive behaviour by UV-Vis

Optical transmittance at 500 nm was determined using
Evolution 350 UV-Vis spectrophotometer equipped with Xenon
Flash Lamp light source, Dual Matched Silicon Photodiodes
detector and precise temperature controller between 0 °C and
90 °C. Analysis was performed in the temperature range
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between 20 and 65 °C. All measurements were carried out in
deionised water. The nanogel solutions were transferred to
quartz cells (Hellma) prior to measurements. The samples
were heated at a rate of 0.5 °C min~". The VPTT was deter-
mined as the temperature at which 50% loss of transmittance
was observed. The calculations were made using OriginPro 9.0
software though the Gaussian fitting of the differential of
transmittance depending on the temperature change.

Transmission electron microscopy (TEM)

The evaluation of the nanogel morphology was performed
using  dry-state stained TEM imaging on JEOL
JEM1230 microscope operating at an acceleration voltage of
100 kV. A suspension of nanoparticles prepared in deionised
water at a concentration of 0.1 mg mL™" were stained with
aqueous 1 wt% uranyl acetate solution and dried on a copper
grid covered with carbon film (S160, Mesh 200, Agar
Scientific).

Liquid-phase atomic force microscopy (AFM)

Liquid-phase AFM was carried out on a Bruker Dimension
Icon system (Bruker, Billerica, MA) in PeakForce Quantitative
Nanomechanical Mapping (QNM) mode. Samples were imaged
at a resolution of 512 samples per line across 512 lines at a
rate of 0.5 Hz with Bruker ScanAsyst Fluid + tips. AFM samples
were prepared by submerging hydrophobic SiC8 substrates in
glass Petri dishes filled with 0.1 mg mL~" nanogel solution for
20 minutes prior to AFM imaging. The samples were imaged
directly in the nanogel solution submerging the substrates by
lowering the AFM probe into the Petri dishes. Images were
analysed using Bruker Nanoscope Analysis 1.7 software.

Surface tensiometry

Kinetics of nanogels’ adsorption at the air/water interface were
analysed using Kruss K100 Force Tensiometer. Nanogels were
dispersed in deionised water and poured into the PTFE trough
prior to measurement. Analysis was conducted at 25 °C at
nanogel concentrations in the range of 0.01-0.5 mg mL ™.
Each measurement was repeated at least twice. When the
plateau was reached steady-state surface tension was calculated
as an average value over 1000 s of the analysis.

Results and discussion
Effect of phase separation on nanogel morphology

In order to evaluate the effect of phase separation during poly-
merisation on the morphology of the resultant nanoparticles,
two pNIPAm-based nanogels, NG1 and NG2, were prepared in
water, both with 20% N,N-methylenebisacrylamide (MBA)
crosslinker, 1% total monomer concentration (Cy,), SDS as sur-
factant and the same redox initiator KPS/TEMED (Table 1).
The latter was chosen because it allows polymerisations to be
carried out both below and above VPTT, while limiting the
influence of temperature on the initiation process and
polymer chain length.?*

This journal is © The Royal Society of Chemistry 2021
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Table 1 Summary of synthetic parameters used in the preparation of nanogels (Cp, T, [SDS]), monomer conversions determined by *H NMR spec-
troscopy, chemical yields, Z-average particle size and polydispersity (PD) determined by DLS measurements of aqueous solutions

Conversion, %

Nanogel Initiator Cry % T, °C [SDS], mg mL ™" NIPAmM MBA Yield, % Size, nm PD

NG1 1% KPS, 5% TEMED 1 80 0.5 85+1 99 82+1 154 + 23 0.03
NG2 30 99 99 78+ 8 55+13 0.27
NG3 1% KPS 80 99 99 91+2 139+ 8 0.03
NG4 1% VA-044 50 99 99 94 +1 148 £ 13 0.12
NG5 30 99 99 96 +4 55+8 0.35
NG6_KPS_45 1% KPS 0.5 80 0.5 ~99 ~99 95 45 0.24
NG7_KPS_130 1 ~99 ~99 95 130 0.03
NG8_KPS_200 1.2% KPS 1.2 0.08 ~99 ~99 85 200 0.07
NG9_TEMED_40 1% KPS, 5% TEMED 0.5 30 — 90 ~99 86 40 0.26
NG10_TEMED_80 1 ~99 ~99 76 80 0.24

Data on NG1-5 represent the average value of three preparations with identical formulation, standard errors are included. All preparations were
synthesised in water, with 20% MBA as crosslinker. Cp, (%), T (°C), [SDS] (mg mL™") - total monomer concentration, temperature and SDS con-

centration used during polymerisation.

SDS was used as a stabilizer for pNIPAm chains. The inter-
actions between SDS and pNIPAm are known to be tempera-
ture dependent, with stronger binding occurring at lower
temperatures, when considered in the range of 22-57 °C.*?
This may have a significant influence on the polymerisation
process studied at different temperatures since the association
of SDS with pNIPAm leads to the formation of a polyelectrolyte
complex.>®*” However, the use of SDS was deemed necessary
to obtain nanosized particles by heterogeneous polymerisation
without significantly decreasing the monomer concentration.
The concentration of SDS was kept constant at 0.5 mg mL™"
for both preparations; this was above the critical aggregation
concentration for pNIPAmM-SDS complex when preparing
nanogels.*®?° In addition, this concentration ensured that the
polydispersity remained low”**” and uniform nano-sized par-
ticles could be obtained* (Table 1).

The pNIPAm nanogel preparations were synthesised in
water by heterogeneous polymerisation at 80 °C (NG1) or
homogeneous polymerisation at 30 °C (NG2), with monomer
conversions >85% and yields of isolated polymers >78%
(Table 1). High monomer conversions coupled with good
chemical yields ensure a good correlation between feed formu-
lations and polymer structure, allowing us to evaluate with
confidence any changes in properties and morphologies.
Particle size for NG1 and NG2, determined by DLS (Table 1),
showed significant differences. High temperature polymeris-
ation (NG1) led to the formation of larger particles with hydro-
dynamic diameter around 150 nm (measured at room tempera-
ture), while low temperature polymerisation led to nanogels
(NG2) with particle size around 55 nm. It was previously
reported that polymerisation above the VPTT of pNIPAm is
characterised by approximately 20-40% lower water content in
the forming polymer network.”*® Since the nucleation process
is driven by hydrophobic polymer-to-polymer interactions,*"
relatively higher hydrophobicity during heterogeneous poly-
merisation may result in increased intermolecular attraction
between polymer globules, leading to a lower particle concen-
tration and, subsequently, larger size.

This journal is © The Royal Society of Chemistry 2021

Interestingly particle size was not the only property that was
affected by the choice of polymerisation temperature. The
thermoresponsive behaviour of NG1 and NG2 was found to be
different. NG2 exhibits aggregation above the VPTT due to
increased attractive interactions between particles in the col-
lapsed state,*>** while NG1 is colloidally stable, but shrinks in
size due to expulsion of water molecules from the polymer
matrix (Fig. 2a). Besides DLS measurements, aggregation of
NG2 is also observed by UV-Vis as a significant drop in trans-
mittance of 0.5 mg mL™" aqueous solution from 99% at 20 °C
to 32% at 50 °C (Fig. 2b). For NG1, the drop in transmittance
for 0.5 mg mL™" solution is much less prominent, being about
just 3%, where transmittance decreases from 88% at 20 °C to
85% at 50 °C (Fig. 2b). Higher concentration of particles in the
colloidal solution may lead to increased aggregation and,
therefore, higher decrease in transmittance of aqueous solu-
tion. Aggregation with more than 90% drop in transmittance
is observed at higher concentrations of NG2 as well, however,
for NG1 the drop in transmittance remains low (below 12%)
with increasing concentration up to 4 mg mL™" (Fig. S4 and
S5, ESI). This decrease in transmittance occurring for NG1
can be attributed to increased density of the polymer matrix
due to particle shrinkage,*®*> but not to particle aggregation,
as confirmed by DLS measurements in the concentration
range evaluated (Fig. S6, ESIT). In literature, stabilisation of
PNIPAm microgels/nanogels against coagulation above the
VPTT is usually attributed to the presence of electrostatic
repulsion originating from charged initiator residues incorpor-
ated into the particle structure.”” Indeed, this was previously
reported for pNIPAm-based microgels below 100 nm in size,
bearing anionic sulphate groups due to the KPS initiator.*®*”
Therefore, the stability of NG1 to aggregation contrary to
NG2 may be a result of electrostatic repulsion between par-
ticles, which also reflects the potential differences in particle
structures. To study this further, we evaluated the presence of
charges at the particle interface by measuring the electrophor-
etic mobility of their aqueous solutions (Fig. 2c).
Electrophoretic mobility can be correlated with {-potential at

Polym. Chem., 2021,12, 6854-6864 | 6857
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Fig. 2 Comparison of physicochemical properties of NGs, synthesised by heterogeneous (NG1) and homogeneous (NG2) polymerisation; (a)
changes in particle size upon volume phase transition measured by DLS for diluted solutions of NGs (0.5 mg mL™), data presented as an average
value over three measurements for one nanogel, error bars are below 1%; (b) transmittance of 0.5 mg mL™* aqueous solutions of NGs at tempera-
tures below (20 °C) and above (50 °C) the VPTT; (c) electrophoretic mobility of NG dispersions (0.5 mg mL™) measured during heating of their solu-

tions in 0.1 mM NaCl from 20 to 50 °C.

the surface of solid particles; however, this conversion is less
meaningful for soft gels with draining structure.**° Positive
electrophoretic mobility of NG1 is retained over the entire
investigated temperature range (20-50 °C), and it increases lin-
early with temperature. Positive mobility of NG1 reflects the
presence of positive charged groups on the particle surface,
which is probably due to the amine groups of TEMED.
Therefore, this result is in agreement with the assumption
made on initiator location, based on the stability of this
nanogel above VPTT. The increase in electrophoretic mobility
of NG1 with temperature can be associated with an increase in
charge density due to the expulsion of water from the polymer
matrix and rearrangement of the charged initiator residues
towards the surface.”’™> On the contrary, for NG2, a sharp
increase in electrophoretic mobility at VPTT corresponds to
the formation of stabilised positively charged aggregated par-
ticles, since aggregation of NG2 above VPTT is observed by
DLS and UV-Vis at this concentration (Fig. 2a and b). However,
at a lower temperature below the VPTT, NG2 has near zero elec-
trophoretic mobility. Since only the charges present in the
draining shell of the particle contribute to the electrophoretic
mobility,>®*” it can be speculated that NG2 does not bear a sig-
nificant amount of charged initiator groups on the surface. At
the same time, lower values of electrophoretic mobility can
indicate a more soft and free-draining structure of gels, as was
shown previously.”” Overall, the analysis of electrophoretic
mobility of the two types of nanogels synthesised by hetero-
geneous and homogeneous polymerisation provides evidence
of significant variations in their structure and therefore pro-
perties. Both nanogels have units of TEMED incorporated in
their chemical structure, however the different synthetic meth-
odology has led to the TEMED groups being positioned differ-
ently within the nanogel structure, therefore having an impact
on morphology and behaviour.

To obtain additional information about the morphology
and, in particular, the surface properties of nanogels, their
interfacial behaviour was studied by surface tensiometry.
Adsorption of pNIPAm at the air/water interface leads to a mul-
tilayer structure where the particles are deformed to various
degrees depending on crosslinker-content.”® ®> The adsorption
time depends on the rate of particle diffusion to the interface

6858 | Polym. Chem., 2021, 12, 6854-6864

as well as the adsorption energy.®” It was shown that pNIPAm
with higher molecular weight reaches a surface equilibrium
more slowly than the corresponding low molecular weight
polymers,®® and similar behaviour can be expected for low
crosslinked gels of different sizes. Our results indeed confirm
this observation; the adsorption at the air/water interface of
NG1, with larger average particle size, was slower than the
smaller nanogel NG2 (Fig. 3a). However, adsorption kinetics
can also be affected by structural features such as rigidity,
determined by the cross-linker density, and surface chemistry,
e.g. due to charged functional groups.?>®*®* The latter can
create an electrostatic adsorption barrier due to repulsion
between adjacent particles.5*%*7%°

In order to study the impact of size, a new set of nanogels
were prepared by varying the total monomer concentration in
the formulation. C,,, of 1% resulted in a Z-average particle size
of 130 nm for the heterogeneous polymerisation
(NG7_HT_130) and 80 nm for the homogeneous process
(NG10_LT_80). A decrease in Cp, to 0.5% led to nanogels with
particle size of 45 nm (NG6_HT_45) and 40 nm (NG9_LT_40)
at high and low temperature respectively. A C,, of 1.2% and a
lower SDS concentration of 0.08 mg mL™" accounted for the
larger particle size of NG8_HT_200, synthesised by hetero-
geneous polymerisation. Surface tensiometry data of these
nanogels are shown in Fig. 3b (polymerisation conditions are
summarised in Table 1).

The results provide evidence that the polymerisation temp-
erature plays a role in determining the adsorption kinetic pro-
files. In the case of heterogeneous polymerisation, at high
temperature, changes in particle size result in different absorp-
tion profiles (NG6-NGS8). Instead, at low temperature, variation
in particle size has no influence. These results suggest that
changes in size are not the only contributing factors influen-
cing interfacial behaviour and adsorption kinetics, and in fact,
the synthetic methodology is also important; comparison of
the data for N6 and N9 shows a remarkable difference in the
adsorption profiles despite the two nanogels having very
similar particle sizes.

Based on the data presented in Fig. 3b we can therefore
conclude that the slower adsorption of NG1 is not only due to
the larger size but also to a change in particle morphology.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Comparison of physicochemical properties of NGs, synthesised by heterogeneous (NG1, NG6-8) and homogeneous (NG2, NG9-10) poly-
merisation (a) changes in surface tension of air/water interface over time due to adsorption of NGs (0.01 mg mL™* bulk concentration), measured at
room temperature; (b) adsorption kinetic at the air/water interface measured for nanogels NG6—-NG8 synthesised at high temperature (HT) with
Z-average sizes determined by DLS at RT of 45, 60 and 200 nm respectively and nanogels NG9-10 synthesised at low temperature (LT) with
Z-average sizes of 40 and 80 nm; (c) liquid AFM images of 0.1 mg mL™! aqueous solution of NGs adsorbed at hydrophobic interface, scale bar is
400 nm; (d) TEM images of NGs stained with 1 wt% uranyl acetate, scale bar is 100 nm.

The higher amount of positively charged initiator groups on
the surface of NG1 compared to NG2, as evidenced by
the electrophoretic mobility measurements, governs the
increased hydrophilicity of the particle surface, subsequently
slowing down the adsorption kinetics and reducing the
surface activity.

At the same time, higher steady-state surface tension values
of NG1 may be indicative of less material adsorbed at the air/
water interface (Fig. 3a and Fig. S7, ESIt). One possible expla-
nation of this difference can be the presence of charged
TEMED residues on the particle surface of NG1 preventing full
occupation of the hydrophobic surface and reducing the
surface activity of the material. This trend is confirmed by
liquid AFM measurements of a hydrophobic template
immersed into aqueous solutions of nanogels (Fig. 3c). By
using the same concentration of NG1 and NG2 solutions, it
can be visually recognised that NG2 appears more densely
adsorbed on the hydrophobic substrate, while NG1 particles
stay isolated with no visible clustering.

A significant impact of the polymerisation temperature on
the internal structure of nanogels can be observed not only
through indirect characterisation of their structure, but also
visually by TEM imaging (Fig. 3d and Fig. S8, S9, ESI}).
According to TEM micrographs, NG1 particles in a dry state
have a more uniform spherically shaped structure, while NG2
is more amorphous and non-spherically shaped. This is con-
sistent with the data on polydispersity obtained by DLS
(Table 1), where it is clear that phase separation during poly-
merisation led to the formation of particles with a very low PD
of 0.03, compared to nanogels prepared in the homogeneous
phase (PD = 0.27). The possible explanation of the observed

This journal is © The Royal Society of Chemistry 2021

differences in the particle morphology could be that poly-
merisation of NG1 above VPTT leads to increased hydrophobic
interactions between isopropyl groups and minimisation of
interaction of formed polymer chains with poor solvent, which
results in the formation of a more spherical structure. At the
same time, polymerisation below VPTT allows nanogels to stay
in a swollen state, which leads to the formation of less spheri-
cal particles. However, it is worth keeping in mind that TEM
images show structures of particles in the dry state, which can
be affected by the deformability of a nanomaterial, and the
non-spherical structure of NG2 may also reflect the formation
of softer and more deformable nanogels than NG1.

Overall, the data indicate that the choice of the polymeris-
ation temperature plays a key role in determining the particle
internal structure. Nanogels synthesised by heterogeneous
polymerisation have shown stability to aggregation above
VPTT, high electrophoretic mobility and lower surface activity
in comparison to nanogels synthesised at low temperature in
the homogeneous solution. These differences indicate that the
localisation of initiator residues in the polymer matrix is
affected by the polymerisation method. The higher hydropho-
bicity of pNIPAm during polymerisation at temperatures above
the VPTT leads to orientation of more hydrophilic initiator
groups towards the particle surface, providing stability for the
growing nanogels.®” A similar behaviour was observed in the
synthesis of highly hydrophobic persulphate-initiated poly-
styrene particles, where covalently bonded sulphate groups
were located at the particle interface.’®®® Although a pNIPAm
latex is more hydrophilic than polystyrene, the same effect can
occur due to hydrophobic interactions between isopropyl
groups of pNIPAm, and it becomes prominent when compar-
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ing nanogels synthesised by heterogeneous and homogeneous
polymerisation.

These differences in particle structure lead us to suggest
that in the case of heterogeneous polymerisation conducted at
high temperatures, the surface properties of nanomaterial are
highly affected by the initiator choice, while this is less promi-
nent in the case of homogeneous polymerisation conducted at
low temperatures. To study this further, we evaluated the influ-
ence of the initiator choice on the physicochemical properties
of nanogels synthesised by heterogeneous and homogeneous
polymerisation.

Effect of the initiator choice during heterogeneous and
homogeneous polymerisation

The incorporation of ionisable groups into the structure of
pNIPAm-based gels can lead to changes in their thermo-
responsive behaviour and swelling properties.”® Additionally,
the hydrophobicity and bulkiness of chemical groups inte-
grated into the network of pNIPAm particles can affect their
thermoresponsive behaviour,”" cellular uptake and inter-
actions with blood proteins.”* Therefore, the choice of initiator
may play a role in influencing morphology, size, thermal
response,”>’* biological performance’> and ultimately the
application of these nanomaterials. Our data suggests that this
effect can be further influenced by whether the particles are
synthesised by homogeneous or heterogeneous polymeris-
ation. To study this further, we compared properties of nano-
gels synthesised with KPS/TEMED and two radical thermal
initiators KPS and VA-044 using heterogeneous and homo-
geneous polymerisation processes.

Thus far, our results suggest that the hydrophilic initiator
residues are predominantly located on the particle surface

20 25 30 35 40 45 50 NG1

NG3
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during heterogeneous polymerisation, and so the choice of
initiator is expected to affect the surface properties of nanogels
synthesised at high temperature. Indeed, a comparison of
nanogels synthesised at high temperatures with KPS/TEMED
(NG1), KPS (NG3) and VA-044 (NG4) reveals significant vari-
ations in their properties (Fig. 4a—-e).

Different initiators (Fig. 1) result in different charge on the
particle surface, and as a consequence, different electrophor-
etic mobility (Fig. 4a). The observed high positive charge of
NG1 is due to amino groups originating from TEMED, while
the negative charge observed for NG3 can be attributed to the
incorporation of sulphate groups from KPS, as well as carboxyl
groups from the hydrolysis of alkyl-sulphates as previously
reported.”® The weak ionisation of imidazoline residues (pK, =
10.2) coming from azo-initiator VA-044 leads to a decrease in
the absolute values of electrophoretic mobility of NG4.
Utashiro et al. observed similar results, where the absolute
value of the (-potential increased with temperature, while
the sign depended on the choice of the initiator for NIPAm
synthesised in heterogeneous polymerisation.*® They also
reported the influence of an initiator on the size and swell-
ing behaviour of microgels, although this is not evident in
the preparation of nanosized particles in our study (Fig. S10,
ESIt). However, we observe that the ionisation state of the
particle surface affects their macroscopic behaviour and col-
loidal stability at temperatures above VPTT. Thus, NG4
shows a larger drop in transmittance of about 40% as temp-
erature increases from 20 to 50 °C in comparison to a very
small drop observed for NG1 and NG3 (Fig. 4b). The more
significant loss in transmittance observed for NG4 is hypoth-
esised to result from aggregation due to insufficient electro-
static repulsion between particles, which is supported by the
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Fig. 4 Comparison of physicochemical properties of NGs, synthesised by heterogeneous polymerisation with different initiators — NG1 (KPS/
TEMED), NG3 (KPS), NG4 (VA-044); (a) electrophoretic mobility of NG dispersions (0.5 mg mL™) at different temperatures; (b) transmittance of 1 mg
mL~* aqueous solutions of NGs recorded below (20 °C) and above (50 °C) the VPTT; (c) TEM images of NGs stained with 1 wt% uranyl acetate, scale
bar is 500 nm; (d) changes in steady-state surface tension of air/water interface due to adsorption of aqueous solutions of NGs, measured at room
temperature; (e) liquid AFM images of 0.1 mg ml™* aqueous solution of NGs adsorbed at hydrophobic interface, scale bar is 400 nm.

6860 | Polym. Chem., 2021, 12, 6854-6864

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1py01333e

Open Access Article. Published on 12 2021. Downloaded on 29.10.25 17:59:48.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

lower electrophoretic mobility of this nanogel (Fig. 4a). At
50 °C the absolute value of mobility of NG4 in the electric
field is 1.4 + 0.4 x 107® m®> s™' V', in comparison to 2.9 +
0.1 x 107® m? s™' V7! for both NG1 and NG3. Therefore,
since NG1 and NG3 possess higher absolute values of charge
on their surface, they remain colloidally stable at elevated
temperatures.

The use of an initiator with lower ionisation results not
only in higher propensity for agglomeration, but also in the
formation of particles with a more amorphous and less
uniform shape, which can be seen in TEM images for NG4 in
comparison to NG1 and NG3 (Fig. 4c, further TEM images can
be found on Fig. S8, S11 and S12, ESI}). Similarly to TEM, the
analysis of the size distribution by DLS revealed a higher
degree of polydispersity for NG4 (PD = 0.12) in comparison to
NG1 and NG3 (both with PD = 0.03, Table 1), which indicates
the formation of less uniform particles when an initiator with
lower charge is used.

The localisation of initiator residues on the surface of nano-
gels should result in changes in surface activity and hydrophi-
licity between particles depending on the chemical structure
of the initiator used. Indeed, the incorporation of highly
hydrophilic sulphate groups from KPS into the structure of
NG3 leads to higher steady-state surface tension values at the
air/water interface in comparison to NG1 and NG4 over the
studied concentration range between 0.01 and 0.5 mg mL™"
(Fig. 4d). The lower surface activity of NG3 also results in lower
adsorption of nanogels at the hydrophobic interface, which is
observed by AFM (Fig. 4e, more AFM images on Fig. S13, ESIT).
The difference in the interfacial behaviour of NG3, observed by
surface tensiometry and liquid AFM, can be attributed not
only to the high hydrophilicity of the sulphate groups originat-
ing from KPS, but also to additional crosslinking on the par-
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o ~NG2 s
T2+ NGS prt 70
o P = 65

€ feee, Z
=1 o € 60

d 5
SOooooacQt. 55
e Y 50
-1 45
20 25 30 35 40 45 50 0

Temperature, °C

View Article Online

Paper

ticle surface that has been shown in the literature for these
types of nanogels. NIPAm is able to form a network via self-
crosslinking,””””® which was confirmed for the KPS-initiator in
contrast to the KPS/TEMED system, where the absence of self-
crosslinking was shown.*®”® Therefore, lower surface activity
of NG3 in comparison to NG1 can also be explained by higher
crosslinking density, since a similar effect was shown for
pNIPAm nanogels with different MBA content.*®

As we suggested, using the example of NG2 synthesised
with KPS/TEMED, the initiator residues are distributed within
the polymer network of nanogels obtained by homogeneous
polymerisation. Therefore, it can be expected that the effect of
the initiator on surface properties of nanogels synthesised by
homogeneous polymerisation be less pronounced than on
those synthesised in heterogeneous conditions. Indeed, nano-
gels synthesised at low temperature with KPS/TEMED (NG2)
and VA-044 (NG5) initiators do not show electrophoretic mobi-
lity below the VPTT (Fig. 5a), which reflects a neutral charge
on the particle surface accessible to ions from the medium.
When the temperature is above the VPTT of pNIPAm, the elec-
trophoretic mobility of both nanogels NG2 and NG5 increases.
However, the higher mobility above the VPTT reflects the
behaviour of aggregated particles, since both NG2 and NG5 are
prone to aggregation as observed by UV-Vis measurements
(Fig. 2b and Fig. S4, S14, ESI). Therefore, the electrostatic
repulsion on the particles’ interface is insufficient to prevent
their aggregation. The increase in electrophoretic mobility
observed for aggregated particles can be attributed to the reor-
ientation of the initiator residues in the polymer network. At
low temperature, these are hidden inside the polymer matrix,
while when the temperature increases water molecules are
expelled and the more hydrophilic groups tend to localise at
the interface.

(c)
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S 48

€ LS S

§44 sEEy g .

40

4000 6000 -5 -3 -1

Fig. 5 Comparison of physicochemical properties of NGs, synthesised by homogeneous polymerisation with different initiators — NG2 (KPS/
TEMED), NG5 (VA-044); (a) electrophoretic mobility of NG dispersions (0.5 mg ml™) at different temperatures; (b) changes in surface tension of air/
water interface over time due to adsorption of NGs (0.01 mg ml™ bulk concentration), measured at room temperature; (c) steady-state surface
tension of air/water interface measured for aqueous solutions of NGs at different concentrations; (d) TEM images of NGs stained with 1 wt% uranyl

acetate, scale bar is 100 nm.
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Similar to electrophoretic mobility measurements, NG2 and
NG5 exhibit alike surface activity and adsorption kinetics at the
air/water interface (Fig. 5b and c), confirming the suggestion that
the choice of the initiator does not significantly affect the surface
properties of nanogels synthesised at low temperature. At the
same time, the change in initiator used does not affect particle
morphology observed by TEM (Fig. 5c and Fig. S9, S15, ESI}) and
particle size, analysed by DLS, since both NG2 and NG5 are
characterised with Z-average hydrodynamic diameter around
55 nm (Table 1). Both nanogels show similar polydespersity (PD
~ 0.3) that is considerably larger in comparison to particles
formed during heterogeneous polymerisation (PD < 0.12).

Even though the surface properties are not significantly
affected by the initiator choice in the case of homogeneous
polymerisation, the effect can still be substantial for the appli-
cation of nanomaterials. For example the distribution of
charged groups within the polymer matrix can be of great
importance in drug uploading. It has previously been shown
that particles with core-localised carboxylic acid groups bind
more cationic drug than microgels with surface-localised func-
tionalisation.”* For particles synthesised with heterogeneous
polymerisation, the surface functionalisation with charged
residues from the initiator can define the behaviour of nano-
gels in vivo. Thus, a positive charge on the particle surface
could lead to toxicity of the nanomaterials or promote their
interaction with blood proteins.®

Conclusions

This study provides evidence that phase separation during free
radical polymerisation of NIPAm has an impact on size,
internal structure, thermoresponsive behaviour, and surface
properties of nanoparticles. These parameters are important
when developing nanomaterials for a variety of applications.
Compared to a heterogeneous process, homogeneous poly-
merisation conducted below the VPTT results in the formation
of smaller particles with initiator residues buried inside the
nanogel network. The choice of initiator therefore has little
influence on the surface properties of the pNIPAm nanogels
synthesized at low temperature; however, it may have an
impact on drug uploading or other characteristics of nano-
material. The heterogeneous polymerisation conducted above
the VPTT of pNIPAm, on the contrary, leads to the formation
of uniform spherically shaped particles with initiator residues
localised predominantly on the particle surface. This results in
the significant influence of initiator chemical structure on the
surface properties of the nanomaterials, and, subsequently,
makes the choice of initiator an essential parameter to be con-
sidered, depending on the intended application.
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