7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Acid-labile and non-degradable cross-linked
star polymer model networks by aqueous
polymerization for in situ encapsulation

and releaset

’ M) Check for updates ‘

Cite this: Polym. Chem., 2024, 15,
4454

Gavin Irvine, @92 Stuart Herron,? Daniel W. Lester (2 ® and Efrosyni Themistou (2 *2

Biocompatible, acid-labile cross-linked star polymer model networks (CSPMNs) have great potential for
use in drug delivery. However, a primary complication of this research stems from the prevalence of their
synthesis to take place in organic solvents. Herein, to minimize CSPMN potential cytotoxicity, aqueous
reversible addition—fragmentation chain transfer polymerization is employed for their synthesis. Initially,
“arm-first” star polymers were synthesized in water using a poly[oligo(ethylene glycol) methyl ether meth-
acrylate] (POEGMA) homopolymer and a non-degradable ethylene glycol dimethacrylate or acid-labile
diacetal-based bis[(2-methacryloyloxy)ethoxymethyl] ether cross-linker. Subsequently, OEGMA addition
resulted in the preparation of “in—out” star polymers (with higher molecular weights) followed by cross-
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linker addition to form CSPMNs. Rhodamine B dye encapsulation was performed during CSPMN synthesis
and its release was observed under biologically relevant conditions. Having shown the effective break-
down of the diacetal-based CSPMNs, their potential for use in drug delivery in low pH environments (i.e.
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Introduction

Biocompatible synthetic polymer hydrogels' (water-swellable
polymer networks) are attracting increasing attention as drug
delivery systems, tissue engineering matrices and biosensors,
due to their ability to absorb large quantities of water or bio-
logical fluids.” A class of these materials, with great structural
control, is polymer model networks,® prepared by “living”
polymerization techniques.” These polymer networks have
well-defined structures consisting of precise lengths of (elastic)
chains between their cross-links and therefore, it is expected
that they can give more consistent and predictable results
when used multiple times in a specific application.

A relatively new type of model network developed by
Patrickios and coworkers in 2001° is that of CSPMNs® compris-
ing interconnected “in-out” star polymers. These model net-
works are based on cross-linked star polymers bearing both
elastic and dangling chains and two different types of cores,
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cancerous tumors) is expected to be high.

the primary and the secondary. The primary cores have both
elastic and dangling chains connected to them, whereas the
secondary cores bear only elastic chains. Various types of
CSPMNSs, such as homopolymer hydrophilic,” amphiphilic,”°
double-hydrophilic,""** acid-labile">™*® and double network
amphiphilic,'"®° were synthesized by the Patrickios group
using various monomers and two different polymerization
techniques, group transfer polymerization (GTP)*'*> at
ambient temperature®®'®** and reversible addition-fragmen-
tation chain transfer (RAFT) polymerization®*> at 65—
70 °C.'® However, the research surrounding CSPMNs has
focused on their formation only in tetrahydrofuran
(THF)>*'*** and 1,4-dioxane.'®'® According to Prat et al.,*®
these organic solvents are considered to be ‘problematic’ or
‘hazardous’ and they should be avoided, especially in cases
where the synthesized polymers are intended to be used in bio-
medical applications, since they can affect their toxicity. It is
worth mentioning here that there are only two reports in the
literature where CSPMNSs have been used for biomedical appli-
cations, and more specifically, for DNA adsorption,'®'?
whereas these well-defined polymeric nanostructures were not
used before for drug encapsulation and delivery.

Star polymers,>’ " which are the precursors of CSPMNs,
consist of linear polymer chains (star polymer “arms”) con-
nected together at a central point called the “core”. These
branched polymeric nanostructures have been widely utilized

This journal is © The Royal Society of Chemistry 2024
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in the biomedical field for various applications,** such as
gene®*™* and drug delivery.*>™*> Although in most synthetic
procedures in the literature star polymers were prepared using
organic solvents,*>**™*° contrary to the CSPMNs, in some
recent studies by our group®® and other researchers, hetero-
geneous RAFT emulsion and dispersion polymerization in
water or water/alcohol mixtures®>” was used to synthesize
star polymers. This is a biologically friendly synthetic method-
ology, since only water and alcohols (reported as ‘rec-
ommended’ solvents that are good alternatives to organic sol-
vents for the preparation of polymers®®) are used. Another
advantage of this aqueous synthetic procedure is that it is
more efficient than RAFT polymerization in organic solvents
since it can result in low dispersity (P) values and high yields
with high solids content. Therefore, this synthetic method-
ology appears to be promising for the development of both
biocompatible CSPMNSs and their star polymer precursors.

The synthesis of CSPMNs using biologically friendly con-
ditions, such as an aqueous solution at physiological tempera-
ture (37 °C), can immensely increase their potential biological
applications. Although RAFT polymerization has been an ever
more frequently used “living” controlled polymerization tech-
nique since its conception by researchers in CSIRO,
Australia,>*® there are currently no reports in the literature on
the synthesis of CSPMNs or “in-out” star polymers by aqueous
RAFT polymerization. In our previous work, we investigated
the formation of biocompatible cationic “arm-first” star poly-
mers via aqueous RAFT polymerization.*® In this work, we use
a similar methodology for the preparation of more advanced
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nanostructures: “in-out” star polymers and their CSPMN
derivatives.

Herein, in order to make sure that the resulting CSPMNs
will have increased biocompatibility for use in biomedical
applications and especially in drug delivery, both the neutral
polyethylene glycol (PEG)-based monomer, OEGMA,>® and the
acid-labile diacetal-based bis[(2-methacryloyloxy)ethoxymethyl]
ether (MOEME)">*%* cross-linker were used. PEG is exten-
sively used in biomedical applications®® due to its high bio-
compatibility and OEGMA was used before for the preparation
of CSPMNs'! for use in biomedical applications. The use of
MOEME produces CSPMNs with degradable cores'® that can
break down in acidic environments (such as tumors). Their
low molecular weight (MW) degradation products can poten-
tially be easily removed from the body through normal meta-
bolic pathways. In more detail, the preparation of novel bio-
compatible PEG-based CSPMNs (star-based gels) with acid-
labile diacetal MOEME-based and non-degradable ethylene
glycol dimethacrylate (EGDMA)-based cores by a facile RAFT
polymerization methodology under biologically friendly con-
ditions, i.e. with water as polymerization solvent and physio-
logical temperature (37 °C), is described here (see Scheme 1).
The synthetic procedure involved four steps: synthesis of a
linear polymer in ethanol by the addition of an OEGMA
monomer to a mixture of solvent and polymerization initiator/
agent (Scheme 1a), followed by the preparation of two
different types of star polymers, “arm-first” and “in-out”®'
(Scheme 1b and c, respectively), and finally, the synthesis of
the CSPMN (Scheme 1d)® in water at 37 °C. In more detail, the
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Scheme 1 Reaction scheme for the synthesis of the (a) macro-CTA by RAFT solution polymerization in ethanol, synthesis of (b) “arm-first” star poly-
mers, (c) “in—out” star polymers and (d) CSPMNs by aqueous RAFT polymerization, and degradation trial for (e) EGDMA-based and (f) MOEME-based

CSPMNs under acidic conditions.
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first star polymer precursors were synthesized using the “arm-
first” approach by the addition of a cross-linker to a linear
POEGMA polymer (Scheme 1b). Subsequently, a second type of
star polymer precursor was prepared using the “in-out”
approach following the addition of more monomer to the
“arm-first” star polymers (Scheme 1c). Then, the CSPMNs were
formed by the addition of cross-linkers to the “in-out” star
polymers (Scheme 1d). The polymerization conditions were
optimized for the formation of the CSPMNs.

This preparation method of CSPMNs, which is based on
“in-out” star polymer precursors,'®' was chosen here since it
is considered to be better than the “core-first” type star
polymer precursor method.'® The “in-out” method can give
less star-star coupling and better star polymer size homogen-
eity due to steric hindrance conferred by the star polymer
arms prepared in the first polymerization step. Furthermore,
multi-functional initiators or RAFT agents normally require
more multi-step procedures as they are not usually commer-
cially available. It is also possible to add different functional-
ities to “in-out” star polymers by using different monomers
for the second arm formation and, depending on the desired
application, this characteristic may be desirable. This can be
exploited to add further functionality, such as the ability to
conjugate to peptides for biomedical applications.>®

The use of the acid-labile diacetal-based MOEME cross-
linker (prepared using the procedure described by Themistou
et al.®®) for both the preparation of the “arm-first” (Scheme 1b)
and the preparation of the CSPMN (Scheme 1d) resulted in the
formation of a CSPMN that, contrary to the non-degradable
EGDMA-based CSPMN (Scheme 1e) prepared by the commer-
cially available EGDMA cross-linker, can degrade to a linear
polymer under acidic conditions similar to the ones found in
cancerous tumors (Scheme 1f). Finally, rhodamine B dye (used
as a surrogate drug entity) encapsulation in situ during the syn-
thesis of the MOEME-based CSPMN was performed followed
by its release monitoring from the acid-labile CSPMN. To our
knowledge, this is the first report on CSPMN and “in-out” star
polymer synthesis in water and in physiological temperature.
This is also the first encapsulation (during polymerization)
and release study using a CSPMN.

Results and discussion
Preparation of the hydrophilic POEGMA macro-CTAs

The hydrophilic POEGMA;s macro-chain transfer agent
(macro-CTA) was prepared in ethanol at 78 °C for 4 h
(Scheme 1a). This was performed using an OEGMA monomer
with a short PEG chain (4-5 PEG units), as opposed to longer
PEG chained OEGMA monomers, to minimize any steric hin-
drance issues in the incorporation of the POEGMA linear
polymer arms to the star polymer core during the “arm-first”
star polymer formation (Scheme 1b). The successful prepa-
ration of the macro-CTA was confirmed by proton nuclear mag-
netic resonance spectroscopy ("H NMR) spectroscopy in deute-
rated chloroform (CDCl;) and size exclusion chromatography
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(SEC) in THF. More specifically, a high monomer conversion
of 97% was confirmed by "H NMR spectroscopy by comparing
the area under the methacrylic peaks at 5.55 and 6.11 ppm
with the area under the polymer/monomer peak at 4.07 ppm.
This corresponds to a POEGMA macro-CTA with a mean
degree of polymerization (DP) of 19 and a MW of 5979 ¢
mol~". The purified POEGMA,, macro-CTA (after dialysis using
methanol), was characterized by "H NMR spectroscopy and its
'"H NMR characteristic peaks are shown in Fig. Sla.f The
obtained SEC (THF) chromatogram of the macro-CTA (Fig. 1)
showed a relatively narrow molecular weight distribution
(MWD) with a D value of 1.27. A number-average MW (M,,)
value of 5110 g mol™" and a peak molecular weight (weight at
the peak maximum, M,,) value of 6780 g mol ' were deter-
mined. The M, value was in relatively good agreement with the
'H NMR MW value. The slightly high P value obtained is
attributed to traces of EGDMA cross-linker impurity present in
the commercially available OEGMA monomer.*®®*®! This can
cause some chain-chain coupling reactions during the for-
mation of POEGMA, which were not found to significantly
affect the subsequent “arm-first” polymer formation.*®

Preparation of “arm-first” star polymers

In order to investigate the likelihood and efficacy of CSPMN
formation, initially the POEGMA macro-CTA was reacted with
either the degradable acid-labile MOEME or the non-degrad-
able EGDMA cross-linker, to form star polymers (CSPMN pre-
cursors) using an “arm-first” approach®®*®> (Scheme 1b).
These star polymers were synthesized by aqueous RAFT
polymerization with a 25% w/w solids content at 37 °C over
1 h, the time required to reach full cross-linker conversion and
maximum conversion of the arm into the star polymer. A
series of non-degradable “arm-first” star polymers were pre-
pared with varying EGDMA cross-linker : macro-CTA (5:1, 6:1,
7:1 and 8:1) molar ratios to optimize the amount of cross-
linker used for the synthesis of CSPMNs and their “arm-first”
and “in-out” star polymer precursors. The results of their

POEGMA19
[ —POEGMA19-EGDMAS-star

| | —POEGMA19-EGDMAG-star
\ —POEGMA19-EGDMAT7-star
|\ —PoEGMA19-EGDMAB-star
\ —POEGMA19-MOEMEG-star

Refractive index signal

1 1'3 1l5 1'7 1l9
Elution time (min)
Fig.1 SEC (THF) chromatograms of all POEGMA-EGDMA-star
(EGDMA : macro-CTA molar ratios = 5:1, 6:1, 7:1, 8:1) and

POEGMA-MOEME-star (MOEME : macro-CTA molar ratio = 6:1) "arm-
first” star polymers and their linear POEGMA macro-CTA precursors.

This journal is © The Royal Society of Chemistry 2024
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Table 1 MWs, D values, fraction of unattached arms (% linear polymer) and hydrodynamic diameters for the synthesized acid-labile and non-
degradable POEGMA-based “arm-first” star polymers prepared via aqueous RAFT polymerization at 37 °C

Star polymer structure M,* [g mol™"] D value® % Linear polymer® Hydrodynamic diameter? [nm] Number of arms®
POEGMA,y-EGDMA;-star 49400 1.31 14.1 14.1 33
POEGMA,,-EGDMAg-star 76 700 1.32 9.6 18.8 79
POEGMA,y-EGDMA-star 65200 1.45 13.6 18.7 39
POEGMA ,-EGDMAg-star 115 200 1.12 8.4 21.5 78
POEGMA,y-MOEMEg-star 70 800 1.23 17.0 12.3 27

“Data obtained by THF SEC versus PMMA standards. ” Data obtained by DLS in water (intensity-average diameter distribution). “ Data obtained

by SLS.

characterization by SEC and static light scattering (SLS) are
presented in Table 1. Dynamic light scattering (DLS) data are
presented in Table 1 and Fig. S21 and '"H NMR (CDCI;) data
are shown in Fig. S7-S10.

The SEC (THF) chromatograms of the “arm-first” star poly-
mers, overlaid in Fig. 1 together with their POEGMA macro-
CTA linear polymer precursor, showed that a shift to lower
elution times was observed when compared to their respective
macro-CTA, indicative of an increase in MW due to the inter-
connection of the linear polymer arms to the cross-linker core
and successful formation of the star-shaped polymers. The
SEC data presented in Table 1, also shows that the “arm-first”
star polymers have much higher M,, values (49 400-115200 g
mol ™) than the macro-CTA (5110 g mol™"). Their light scatter-
ing M, values were used to give an indication of the approxi-
mate number of arms in each star polymer (Table 1). The
number of arms was calculated as the star polymer light scat-
tering M,, value after subtracting the cross-linker contribution
(number of cross-linker units multiplied by the cross-linker
MW) divided by the light scattering M,, of the POEGMA macro-
CTA. All light scattering M,, values are provided in Table S1.7 A
small amount (8-17%) of unreacted linear polymer precursors
is still present in all reaction products after the synthesis of
the “arm-first” star polymer, which is common in “arm-first”
RAFT polymerization.*®*>®® This is also evident in the SEC
chromatograms of all the star polymers (Fig. 1), where the
MWD appeared to be bimodal. The higher peak that appears
at the lower elution time corresponds to the star polymer,
while the small peak appearing at around 16 to 17 min elution
time is due to the remaining linear polymer that was not
attached to the star polymer core. The areas under the two
peaks in the chromatogram were used to calculate the %
unreacted linear polymer (8-17%, Table 1). These values were
relatively low compared to others in the literature and there-
fore purification of the star polymers was deemed unnecessary
and was avoided to minimize product loss. The P values of the
“arm-first” star polymers were found to range from 1.12 to
1.45 for the EGDMA-based star polymers. The MOEME-based
star polymer had a P value of 1.23. These relatively low values
for “arm-first” star polymer formation compared to previous
studies®®®>%7%% suggest that well-defined star polymers were
formed, which was also evident by the hydrodynamic diameter
values obtained for all the “arm-first” star polymers, ranging

This journal is © The Royal Society of Chemistry 2024
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—POEGMA19-MOEMES®6-star

Volume (%)

1 10 100 1000 10000

Hydrodynamic diameter (nm)

Fig. 2 DLS volume weighted diameter distribution for all “arm-first”
POEGMA;o-EGDMA,-star and POEGMA;5-MOEME,-star star polymers
(1 mg mL™* in deionized water).

from 12 to 22 nm (Fig. 2 and Table 1). The POEGMA,,-
EGDMAg-star appeared to have the highest hydrodynamic dia-
meter (22 nm) while POEGMA;-MOEMEg-star had the lowest
hydrodynamic diameter (12 nm).

For the EGDMA-containing “arm-first” star polymers, it was
found that the cross-linker : macro-CTA molar ratio of 8:1 was
the most efficient for star polymer formation as it yielded the
lowest % linear polymer (8.4%), the lowest P value (1.12) and
the highest M, value (115 200 g mol™") when compared to the
other molar ratios used (5:1, 6:1 and 7:1). On the other
hand, the 5:1 molar ratio gave the highest % linear polymer
(14.1%) for the EGDMA-based star polymers, which meant that
POEGMA, -EGDMA;-star was excluded from the experiments
that followed for the synthesis of “in—out” star polymers and
CSPMNSs. Additionally, POEGMA, o-EGDMA-star and
POEGMA,-EGDMA;-star had a larger % linear polymer in
their samples, which led to them having fewer attached arms
than POEGMA,o-EGDMA¢-star and POEGMA,-EGDMAg-star
that exhibited a smaller % linear polymer through SEC. The
EGDMA : macro-CTA molar ratio of 7: 1 also appeared to give a
high % linear polymer (13.6%) and the highest D value (1.45)
of all the EGDMA “arm-first” star polymers prepared, with a
number of arms of 39. A general trend was observed whereby
the number of arms increased as the EGDMA : macro-CTA
molar ratio increased, with POEGMA,y-EGDMAg-star having

Polym. Chem., 2024, 15, 4454-4464 | 4457
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Table 2 Solids content, MWs, D values, fraction of unattached arms (% linear polymer) and hydrodynamic diameters for the synthesized “in—out”

star polymers via aqueous RAFT polymerization at 37 °C

% Solids OEGMA % My b % Linear Hydrodynamic Number of
Star polymer structure content (w/w) conversion [g mol™] value” polymer” diameter” [nm)] arms®
POEGMA, y-EGDMA4-POEGMA,-star 10 97.6 122 400 1.96 6.2 41.2 69
POEGMA,o-EGDMA;-POEGMA,-star 25 ~100.0 149900 2.77 13.9 48.6 107
POEGMA,o-EGDMA;-POEGMA,-star 10 97.7 106 900 2.32 6.5 55.8 63
POEGMA, o-EGDMAg-POEGMA,-star 10 99.3 315 800 2.01 4.4 230.1 89
POEGMA,-MOEME.-POEGMA,¢-star 25 98.1 104 700 1.77 8.3 23.9 42
POEGMA ,o-MOEME¢-POEGMA,-star 10 ~100.0 75700 1.42 6.4 25.1 30

“Data obtained by THF SEC versus PMMA standards. ” Data obtained by DLS in water (intensity-average diameter distribution). “ Data obtained

by SLS.

the most arms (79) although there is a shoulder peak evident
in its SEC chromatogram (Fig. 1), which may contribute to this
high value and large light scattering MWs (Table S1t). All
EGDMA star polymers had a larger number of arms than
POEGMA;-MOEMEg-star (27). However, in subsequent experi-
ments, the 8:1 molar ratio resulted in aggregation in the “in-
out” star polymer synthesis (aggregates of around 230 nm were
observed based on DLS measurements, Table 2), while the for-
mation of CSPMNs (in 10% w/w or 25% w/w solids content)
was not successful. Therefore, an EGDMA cross-linker : macro-
CTA molar ratio of 6:1, with a relatively good % linear
polymer of 9.6% and a P value of 1.32, was considered to be
the optimum for the synthesis of a non-degradable EGDMA-
based CSPMN. This cross-linker : macro-CTA molar ratio was
also used for the preparation of the acid-labile CSPMN using
the acid-labile MOEME cross-linker.

Similarly, degradable POEGMA, o~
MOEME;g-star star polymer was synthesized to be used as a pre-
cursor for the synthesis of a core degradable “in-out” star
polymer and a core degradable CSPMN. The successful prepa-
ration of this “arm-first” star polymer is evidenced by the pres-
ence of the diacetal protons of the MOEME cross-linker at
4.81 ppm in its "H NMR (CDCI;) spectrum (Fig. S1b and S117).
The two “arm-first” star polymers prepared using a molar ratio
of 6:1 and the two different cross-linkers (EGDMA and
MOEME) appeared to have similar SEC M,, values (76 700 and
70800 g mol™', respectively). However, POEGMA;o-EGDMAg-
star yielded a higher number of arms (79) than POEGMA,,-
MOEMEg-star (27). As also shown in our previous work,*® the
bulkier, degradable MOEME cross-linker is not as efficient as
the non-degradable EGDMA cross-linker in forming “arm-first”
star polymers, with the % unreacted linear polymer for
POEGMA,o-MOEMEg-star of 17.0% compared to 9.6% for its
corresponding POEGMA,4-EGDMAg-star. However, although
the EGDMA cross-linker appeared to be better in incorporating
linear polymer chains to the star polymer core, the MOEME
cross-linker gave a more uniform star polymer with a lower D
value (1.23 compared to 1.32 for EGDMA). Furthermore, in the
subsequent “in-out” star polymer synthesis, the MOEME star
polymer was found to be more efficient and successful in two
concentrations (10% and 25% w/w) compared with one for the
EGDMA star polymer (10% w/w).

a core “arm-first”

4458 | Polym. Chem., 2024, 15, 4454-4464

Further investigation of the DLS data (Table 1) of the
EGDMA-based “arm-first” star polymers shows a general trend
of an increase in the hydrodynamic diameter with a general
increase in the amount of cross-linker used in the star polymer
synthesis and/or an increase in the number of arms incorpor-
ated in the star polymer (from 14 nm for the star polymer with
a 5:1 cross-linker : macro-CTA molar ratio with only 33 arms
to 22 nm for the one with an 8:1 molar ratio with 78 arms).
The other two “arm-first” star polymers (6:1 and 7:1 ratios)
have intermediate hydrodynamic diameter values. More
specifically, POEGMA;o-EGDMAg-star with a 6:1 ratio and 79
arms appeared to have a similar hydrodynamic diameter
(18.8 nm) to the POEGMA, -EGDMA-star with a 7 : 1 ratio and
39 arms (18.7 nm). These results suggest that an increase in
the amount of cross-linker can give a higher hydrodynamic
diameter for the “arm-first” star polymer, due to a larger core
and/or a higher number of arms attached to the core resulting
in the chains being more extended.

Since the POEGMA;-MOEME-star and POEGMA,q-
EGDMAg-star appeared to have a similar increase in MW with
comparatively good P values (1.23 and 1.32, respectively), they
were selected as the best candidates for “in-out” star polymer
and CSPMN syntheses.

Preparation of “in-out” star polymers

After optimizing the preparation of “arm-first” star polymers,
an addition of more OEGMA monomers resulted in the for-
mation of new arms growing from the center (core) of the star
polymers and therefore, an increase in the MW of the star poly-
mers, resulting in what is known as “in-out” star polymers
(Scheme 1c).®"*%7° The “living” character of the polymer chain
facilitates this step as the polymerization active sites are on the
core of the “arm-first” star polymers. Therefore, the newly
formed POEGMA linear chains emanate from the core.
Initially, two kinetic studies were conducted for the syn-
thesis of POEGMA;4-EGDMA,-POEGMA,,-star at 37 °C using
two different % solids content values (25% w/w and 10% w/w).
Samples were taken at different time points (every hour) over a
course of 4 hours to study the effect of reaction time on “in-
out” star polymer formation. From these experiments, it was
found that for both % solids content values, a reaction time of
1 h was sufficient for the formation of the “in-out” star

This journal is © The Royal Society of Chemistry 2024
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polymer, since lower P values were obtained (Table S2t) in 1 h,
while the molecular weight was not changed significantly by
increasing the reaction time. By comparing the two different
% solids content values, it was concluded that 10% w/w was
more favorable for the formation of the EGDMA-based “in-
out” POEGMA,4,-EGDMA,-POEGMA,-star due to the lower b
value (2.32 compared to 2.77 for the 25% w/w) obtained for
the 1 hour reaction time.

Following the kinetic studies, a series of non-degradable
“in-out” POEGMA,y-EGDMA,-POEGMA,-star polymers (where
x = 6, 7, and 8) and the acid-labile “in-out” POEGMA,q-
MOEME4-POEGMA, -star star polymers were prepared using
their corresponding synthesized “arm-first” star polymer pre-
cursors (*H NMR (CDCl;) spectra shown in Fig. S12-S177). All
EGDMA-based “in-out” star polymers were prepared using
10% w/w solids content, as this was found to give more
uniform star polymers based on the results of the kinetic
studies and the formation of a POEGMA;,-EGDMA-
POEGMA,-star chemical gel at 25% w/w concentration. For
the MOEME-based POEGMA;y-MOEME¢-POEGMA,,-star both
10% w/w and 25% w/w solids contents were used. As an
example, the "H NMR characteristic peaks for the “in-out”
POEGMA,y-MOEME4-POEGMA,-star, a precursor of the
MOEME-based CSPMN, are shown in Fig. Sict, and they indi-
cate the successful incorporation of the POEGMA arms in the
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“arm-first” star polymer core to form the “in-out” star
polymer. Table 2 shows the % solids contents, % OEGMA
monomer conversions, MWs, D values and % unattached
linear polymer values obtained by SEC (THF), hydrodynamic
diameters determined by DLS (Fig. S31) and the total number
of arms by SLS for these “in-out” star polymers.

The % OEGMA monomer conversions were very high
(97.6-100%) for all “in-out” star polymers, indicating that the
reaction time used (1 h) was sufficient to polymerize almost all
of the OEGMA monomer. This corresponds to a DP value of 20
for the new POEGMA,, chains that grew out from the “arm-
first” star polymer core in this polymerization step. To calcu-
late how many new POEGMA chains were created in this
polymerization step, the light scattering M, value of their
corresponding “arm-first” star polymer precursors was sub-
tracted from the light scattering M,, value of the “in-out” star
polymer and the obtained value was divided by the light scat-
tering M,, value of the POEGMA;, macro-CTA. Then to find the
total number of arms in the “in-out” star polymer (Table 2)
the new number of arms found by this calculation was added
to the number of arms of the “arm-first” star polymer
(Table 1). The SEC (THF) data for all of these “in-out” star
polymers showed a lower elution time compared to both their
linear and “arm-first” star polymer precursors, as observed in
Fig. 3, indicating the successful formation of “in-out” star

POEGMA19 b
POEGMA19-EGDMA7-star ( )
g POEGMA19-EGDMA7-POEGMA20-star (10% wiw)
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Fig. 3 SEC (THF) chromatograms showing the synthesis (macro-CTA, "arm-first” star polymers, and “in—out” star polymers) of (a) POEGMA,4-

EGDMAg-POEGMA,,-star, (b) POEGMA;9-EGDMA;-POEGMA,,-star, (c)
POEGMA,o-star “in—out” star polymers.
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polymers. As expected, the M,, values of the “in—out” star poly-
mers (75 700-149 900 g mol™") and their P values (1.42-2.77)
were higher than the ones of their corresponding “arm-first”
star polymer precursors (70800-115200 g mol™' and
1.12-1.45, respectively), while the calculated % linear polymer
values (4.4-13.9) are lower than the calculated “arm-first” star
polymer values (8.4-17.0). It is interesting to mention here
that both MOEME-based “in-out” star polymers yielded much
lower D values (1.42-1.77) than their EGDMA-based equiva-
lents (1.96-2.77). When EGDMA was used as a cross-linker a
number of issues arose with “in-out” star polymer formation.
POEGMA,o-EGDMA4-POEGMA,-star yielded fewer arms from
SLS (69) when compared to its POEGMA,;o-EGDMAg-star pre-
cursor (79) and this can be attributed to a large number of
“arm-first” star polymers present in this sample. This can be
observed as a shoulder peak around 14.5 min in its SEC chro-
matogram (Fig. 3(a)) and suggests that the formation of
POEGMA,y-EGDMA4-POEGMA,-star is inefficient. Similarly,
the formation of POEGMA,4-EGDMA,-POEGMA,-star in 25%
w/w solids concentration yielded 107 arms, which is more
than double the number of arms of its star polymer precursor
(39) and suggests an inefficient star preparation (possibly due
to star-star coupling) as the number of arms in the “in-out”
star polymer cannot be more than double that of its “arm-
first” star polymer precursor. The large light scattering MW
values observed (Table S17) are likely a result of the wide MWD
observed by SEC (Fig. 3(b)). When POEGMA;y-EGDMA;-
POEGMA,q-star was synthesized in 10% w/w solids concen-
tration the number of arms observed was 63, further adding
credence to our observation that 10% w/w is a more suitable
concentration for the synthesis of EGDMA “in-out” star poly-
mers. This difference is also seen in their SEC chromatograms
where POEGMA,-EGDMA,-POEGMA,,-star has a narrower
MWD in 10% w/w compared to 25% w/w. The synthesis of
POEGMA,y-EGDMA4-POEGMA,-star yielded a small increase
in the number of arms (from 78 to 89) although its synthesis
was shown to result in aggregation as determined by DLS.
When MOEME was used as a cross-linker, as also found with
the EGDMA-based star polymers, the more dilute reaction
mixture (10% w/w solids content) gives more uniform
POEGMA,y-MOEME4-POEGMA,-star star polymers with lower
D values: 1.42 for the 10% w/w compared to 1.77 for the 25%
w/w solids content. However, the reaction for the synthesis of
the POEGMA 5-MOEME-POEGMA,y,-star using 10% w/w solids
content did not appear to work well, since the M, value
(75700 g mol™") of the resulting “in-out” star polymer
(Table 2) was only slightly higher than its “arm-first” star
polymer precursor (70 800 g mol ™), as shown in Table 1. Light
scattering data also indicated that only 3 extra arms were
attached to POEGMA,y-MOEME¢-POEGMA,-star (30) com-
pared to POEGMA,;y-MOEMEg-star (27). On the other hand,
when 25% w/w solids content was used for the POEGMA,,-
MOEME4-POEGMA,-star  synthesis, a higher M,
(104700 g mol ™) was determined and more arms were
observed (42), showing that this higher solids content is more
efficient in this synthetic step. These results suggest that

value
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Fig. 4 DLS volume weighted diameter distribution for all “in—out”
POEGMA;o-EGDMA,-POEGMA,-star and POEGMAo-MOEME, -
POEGMA,-star star polymers (1 mg mL™" in deionized water).

MOEME is a better cross-linker to use for preparing these star
polymers as it yields more desirable values from SEC and SLS.

The DLS volume data for all the synthesized “in-out” star
polymers are presented in Fig. 4 and their hydrodynamic dia-
meters (based on intensity) are shown in Table 2. All “in-out”
star polymers appeared to have hydrodynamic diameters in
the range of 23.9-55.8 nm except for the POEGMAo-EGDMAg-
POEGMA,-star (10% w/w), which has a noticeably higher
hydrodynamic diameter, possibly due to some star-star
polymer coupling or formation of star polymer aggregates due
to the high amount of cross-linker used for its preparation.
These hydrodynamic diameters were higher than the ones
determined for the “arm-first” star polymers (12.3-21.5 nm).
The % solids content used in the synthesis of the “in-out” star
polymers does not seem to significantly affect their hydrodyn-
amic diameter. More specifically, POEGMA,;;-MOEMEg-
POEGMA,-star and POEGMA,,-EGDMA,-POEGMA,,-star were
found to have similar hydrodynamic diameters at both 10%
and 25% w/w solids content. POEGMAo-MOEMEgPOEGMA,,-
star had a hydrodynamic diameter of 24 nm at 10% w/w com-
pared to 25 nm at 25% w/w, while POEGMA;,-EGDMA;-
POEGMA,-star appeared to have higher hydrodynamic dia-
meters: 56 nm at 10% w/w and 49 nm at 25% w/w. As shown
in Table 2, the degradable MOEME cross-linker resulted in the
formation of “in-out” star polymers with smaller (24-25 nm)
hydrodynamic diameters than those of EGDMA (41-230 nm),
consistent with smaller MWs. For the EGDMA-based “in-out”
star polymers, the higher amount of cross-linker used during
the synthesis, the higher was the observed star polymer hydro-
dynamic diameter.

Preparation of CSPMNs

After the synthesis of the “in-out” star polymers, where the
polymerization active sites are on the ends of the newly pre-
pared polymer arms, at the periphery of the star polymers,
attempts were made to prepare cross-linked star polymer gels
(CSPMNs®). The synthesis of the CSPMNs was investigated by
adding more cross-linker to connect the “in-out” star polymers
together, as can be seen in Scheme 1d, and observing if gela-

This journal is © The Royal Society of Chemistry 2024
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tion occurred. Based on the results presented above for the
synthesis of the star polymers, the best “in-out” star polymers
for the synthesis of core degradable and non-degradable
CSPMNs are the ones with a cross-linker : macro-CTA molar
ratio of 6: 1, namely the non-degradable POEGMA,y-EGDMA¢-
POEGMA,-star and the core degradable POEGMA,;-MOEME-
POEGMA,-star. The synthesized CSPMNs were hydrophilic as
they were prepared using the PEG-based methacrylic monomer
OEGMA, so that they can be used in biomedical applications.'*
Gelation, which indicates successful formation of the CSPMN,
was obtained for the non-degradable POEGMA;,-EGDMA-
POEGMA,,-EGDMA¢ at 10% w/w solids content and the core
degradable POEGMA,y-MOEME¢POEGMA,,-MOEME¢ at 25%
w/w solids content (Fig. S47).

The SEC data of the CSPMN star polymer precursors (Fig. 1
and 3, Tables 1 and 2) indicate that only a small amount of
unattached linear polymer is present at the end of their syn-
thesis. More specifically, the non-degradable “arm-first”
POEGMA,;y-EGDMAg-star and the core degradable POEGMA, o-
MOEMEg-star star polymers had 9.6% and 17.0% unattached
linear polymer (Table 1), respectively. The non-degradable “in-
out” POEGMA,;y-EGDMA4-POEGMA,-star (10% w/w solids
content) and the core degradable “in-out” POEGMA,-
MOEME4-POEGMA,-star (25% wiw solids content) appeared
to have only 6.2% and 8.3% unattached linear polymer
(Table 2), respectively. Therefore, purification was deemed
unnecessary and was not performed in order to simplify the
synthetic procedure and to avoid product loss. Also, a very
small amount of OEGMA monomer is present at the end of
the “in-out” star polymer reaction, 2.4% (97.6% conversion,
Table 2) for the non-degradable “in-out” POEGMA,;o-EGDMA¢-
POEGMA,-star (10% w/w solids content) and 1.9% (98.1%
conversion, Table 2) for the core degradable “in-out”
POEGMA,o-MOEME4-POEGMA,-star ~ (25%  w/w  solids
content). Both the small amounts of POEGMA linear polymer
and OEGMA monomer present in the “in-out” star polymer
precursors did not appear to impede the formation of the
CSPMNSs.

The formation of the non-degradable POEGMA;o-EGDMA-
EGDMA,,-MOEME; CSPMN at 10% w/w solids content was
quick as gelation time was only 20 min at 37 °C. However,
when CSPMN formation for POEGMA;o-MOEME4-POEGMA, -
MOEME, was attempted with 10% w/w solids content, gelation
did not occur even after 48 h. The solution was possibly too
dilute for the MOEME CSPMN to form, while also it is possible
that the formation of the “in-out” POEGMA;o-MOEME¢4-
POEGMA,-star star polymer in the previous step was incom-
plete (as discussed above). Therefore, CSPMN formation was
carried out for POEGMA;o-MOEME4POEGMA,,-MOEME,
using the 25% w/w “in-out” POEGMA,y-MOEME-POEGMA,,-
star precursor. This yielded a CSPMN with a gelation time of
only 20 min at 37 °C. The extractables from the CSPMN
POEGMA,y;-MOEME4POEGMA,,-MOEME, were collected and
analyzed by SEC (THF) (Fig. S5T). The M, M,, and b values of
the two extractables’ peaks determined by SEC (THF) were
29630 g mol™*, 28170 ¢ mol™" and 1.38, respectively, for the

This journal is © The Royal Society of Chemistry 2024
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peak at the lower elution time in the chromatogram. The same
values were 6450 ¢ mol ™', 3230 g mol ™" and 1.68, respectively,
for the peak at the higher elution time. The peak at the higher
elution time is likely unreacted POEGMA;y, due to their
similar M, value. The peak at the lower elution time is theo-
rized to be the result of an extension of the unreacted linear
polymer present in the sample. The unreacted POEGMA,q
linear polymer will polymerize further with the excess OEGMA
monomer added in the “in-out” star polymer synthetic step
yielding linear polymers with a higher DP and larger MWs
than the POEGMA,, macro-CTA.

Degradation of CSPMNs under acidic conditions

The POEGMA,,-EGDMA4-POEGMA,,-EGDMAs CSPMN is not
degradable since it contains non-degradable EGDMA cross-
links; therefore, it retains its structure under acidic conditions
(Scheme 1e). On the contrary, the POEGMA;o-MOEME;-
POEGMA,-MOEMEs CSPMN has both primary (formed
during the “arm-first” synthesis, Scheme 1b) and secondary
(formed during the CSPMN synthesis, Scheme 1d) degradable
diacetal-based MOEME cores. The acetals in the CSPMN cores
can break down under acidic conditions™***%%*7174 gimilar
to the ones found in tumors (i.e. pH 5.5),”> transforming the
CSPMN structure to linear polymers,"”” with each unit of
MOEME cross-linker giving two 2-hydroxyethyl methacrylate
(HEMA) units. The degradation of the cross-linker, and there-
fore the CSPMN cores, eliminates the interconnection between
the linear chains that are holding the CSPMN structure
together and this results in the collapse of the network. As pre-
sented schematically in Scheme 1f, after the full degradation
(90 days) of the POEGMA;;-MOEME¢-POEGMA,;-MOEMEg4
CSPMN, its degradation product should be a POEGMA,q-b-
PHEMA,-b-POEGMA,-b-PHEMA,, tetrablock copolymer. The
"H NMR (CDCl;) spectrum of the degradation product is pre-
sented in Fig. S1d, together with the linear POEGMA;,
(Fig. S1at), “arm-first” POEGMA;o-MOEME;,-star (Fig. S1bt)
and “in-out” POEGMA;,-MOEME4-POEGMA,,-star (Fig. Sict)
CSPMN precursors. The HEMA oxymethylene proton peaks
appear in the '"H NMR (CDCl;) spectrum of the degradation
product at ~4.2 ppm (Fig. S1dt). The M,, M, and D values of
one of the CSPMN degradation products determined by SEC
(THF) were 6720 g mol ™", 7050 g mol™* and 1.51, respectively,
with the SEC trace shown in Fig. 5. These MW values are
slightly higher than those of the linear POEGMA;y (M, =
5110 g mol™" and M, = 6780 g mol '), indicating that the
degradation was successful since a linear polymer, which is
longer than the initial linear POEGMA precursor, was obtained
from the collapse of the CSPMN structure. There is a shoulder
peak, present at a lower elution time, in the SEC trace of the
degradation product with M;, M, and P values of 20120 g
mol ™, 10720 g mol ™" and 1.41, respectively.

Encapsulation of rhodamine B dye within an acid-labile
MOEME-based CSPMN

Once the most favorable conditions for the formation of an
acid labile CSPMN were optimized (25% w/w, 37 °C), encapsu-
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Fig. 5 SEC (THF) trace for the degradation product (DegP) of the
POEGMA;5-MOEMEg-POEGMA,-MOEMEg CSPMN. Also included for
comparison are the SEC (THF) traces of the precursors to POEGMAo-
MOEMEg-POEGMA,o-MOEMEg.

lation of a drug model was performed in situ during the syn-
thesis of the CSPMN. Since the polymerization reaction takes
place under physiological conditions (aqueous solution,
37 °C), developing a methodology to encapsulate a biologically
important molecule in situ during polymerization is very
important for biomedical applications, and especially for drug
delivery. This was tested here during the synthesis of the
POEGMA,y-MOEME4-POEGMA,,-MOEME4 CSPMN using rho-
damine B as a surrogate drug. The addition of the dye in the
polymerization mixture for the CSPMN synthesis did not seem
to affect the polymerization, since a gel was formed and the
gelation time was the same as with the polymerization reaction
without the dye (20 min). At the end of the polymerization, the
dye was encapsulated (entrapped) in the CSPMN nano-
structure, giving an intense pink color to the formed gel.

Release kinetics of rhodamine B from MOEME-based CSPMN

In order to mimic the conditions inside the body for drug
release, two different dye release experiments were set up. One
dye release study of the rhodamine B loaded POEGMA,o-
MOEME4-POEGMA,-MOEME CSPMN was conducted in a pH
7.4 buffer in order to mimic the physiological conditions while
the other was conducted in a pH 5.5 buffer to imitate the pH
of a cancerous late stage tumor.”® The drug release was moni-
tored over a period of a few days and samples were taken at
various timepoints. The absorbance of the samples was
measured using UV-vis spectroscopy (wavelength range
510-590 nm) and calibration curves were prepared for rhoda-
mine B release in both pH 5.5 and pH 7.4 solutions (Fig. S67).
At around 72 h the fluorescence signal reached its maximum
value in both pH values, therefore almost all of the amount of
the rhodamine B dye that could be released from the CSPMN
was transferred to its surrounding environment (7.80 pg for
pH 7.4 and 2.99 pg for pH 5.5). Numerous studies have been
carried out on how lower pH environments affect the structure
and make-up of rhodamine B. It has been shown that not only
do acidic environments protonate and alter the maximum UV
wavelength absorbance of the dye but they also degrade rhoda-
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Fig. 6 % Cumulative rhodamine B release profile for the POEGMA;o-
MOEMEg-POEGMA,o-MOEMEg CSPMN in physiological pH (7.4) and
acidic pH (5.5) at 37 °C over a period of 72 h.

mine through protonation.”®”® This goes someway to explain-

ing the difference in the calculated amount of rhodamine
released between the two pH environments ( probably underes-
timated at pH 5.5). The color of each solution upon com-
pletion of the study is shown in Fig. S4.f A % cumulative
release profile of rhodamine B for POEGMA,;;-MOEME-
POEGMA,-MOEME4 CSPMN in both pH 5.5 and pH 7.4 was
constructed to observe the release of rhodamine B over time
(with fluorescence maximum signal at 100%) and it is pre-
sented in Fig. 6. The release profiles of the rhodamine B
encapsulated MOEME-based CSPMN show that the release rate
decreased gradually during the period of 72 h at both pH
values. At pH 5.5, a higher release rate was observed consist-
ently over this period, which is attributed to some degradation
of the CSPMN cores under these acidic conditions.

Conclusions

The preparation of well-defined polymeric networks under bio-
logically friendly conditions has great potential in the bio-
medical field and especially in drug encapsulation and deliv-
ery. In this work, PEG-based CSPMNs with both acid-labile dia-
cetal MOEME cores and non-degradable EGDMA cores were
synthesized by aqueous RAFT polymerization at 37 °C from
their linear, “arm-first” and “in-out” star polymer precursors.
The successful formation of the CSPMNs was confirmed by
facile gelation (in only 20 min). Both the core degradable and
non-degradable CSPMNs, and their star polymer precursors,
were of high quality, comparable with those synthesized pre-
viously in organic solvents. In situ encapsulation of rhodamine
B in the acid-labile MOEME-based CSPMN was successful and
dye release was observed by UV-vis. In conclusion, CSPMN for-
mation using a biologically friendly aqueous RAFT polymeriz-
ation approach was successful, and it presents a facile method
of forming these acid-labile well-defined networks in a biologi-
cally friendly medium, which is desirable for drug delivery and
other biomedical applications.

This journal is © The Royal Society of Chemistry 2024
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