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We report the successful synthesis of novel core-degradable
nanoparticles using 7-phenyloxepane-2-thione (POT) via an
aquoeus radical ring-opening polymerisation-induced self-
assembly process. These nanoparticles efficently degrade in the
presence of amines, demonstrating a molar mass reduction of the
core by up to 85%.

There is a significant drive to create degradable vinyl polymers
for biomedical applications to ensure and facilitate the safe
excretion of the material.! This desire is further motivated by
environmental issues surrounding plastics and their end-of-life
disposal (e.g. plastic pollution and microplastics).2™ In light of
this, there is a renewed interest in radical ring-opening
copolymerisation (rROP) as a method for producing degradable
vinyl polymers via the integration of cleavable bonds into the
copolymer backbone.>7 Recently, thionolactones haves been
shown to copolymerise with a range of vinyl monomers via a
thiocarbonyl-addition-ring  opening (TARO) mechanism,
integrating labile thioester groups into the copolymer
backbone.810 Recently we, and others, have reported the rROP
of the thionolactone, dibenzo[c,e]oxepane-5-thione (DOT) with
industrially relevant isoprene (l), biomedically important N-
isopropylacrylamide (NIPAAm) and acrylamide (AAm) as well as

the conventional emulsion copolymerisation with n-
butylacrylate (BA) and styrene (St).611-13
Additionally, thiolactones have been integrated into

aqueous nanoparticles through polymerisation-induced self-
assembly (PISA), through a rROPISA process.'*'> Galanopoulo et
al. recently reported the extension of hydrophilic poly(N-
acryloylmopholine) (PNAM) with DOT and either BA or St via
reversible addition-fragmentation chain-transfer  (RAFT)
aqueous emulsion copolymerisation to formed core-degradable
spherical nanoparticles.' This work demonstrated that PISA can
be utilised to form aqueous polymeric nanoparticles that
display excellent core-degradability under basic conditions.
Furthermore, we recently reported the first example of DOT-
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containing degradable vesicles synthesised via aqueous
rROPISA. This synthesis utilised a monomer-starved
methodology to ensure an even distribution of DOT in the
vesicle membrane, resulting in significant degradability. Such
higher order morphologies are relevant in a multitude of
biomedical applications such as in drug encapsulation and
delivery.16-21

Although DOT has
comonomer for the integration of degradable moieties, it has
some drawbacks in terms of reactivity.’® DOT is known to
efficiently copolymerise with acrylate derivatives but has a low
reactivity with styrene. This limitation can be overcome by
performing the copolymerisation at higher temperatures (150
°C) and in bulk.® However, performing the copolymersiation at
80 °C leads to poor incorporation of DOT. Recently, DFT
calculations were used to discover a new thionolactone with
better statistical comonomer incorporation. This work led to
the development of 7-phenyloxepane-2-thione (POT), a
thionolactone that copolymerises well with both styrene and
acrylate derivatives to produce statistical copolymers.?2

Herein, to expand the versatility and applicability of the
rROPISA process, we report the integration of POT into a RAFT-
mediated aqueous rROPISA system to produce sterically
stabilised, core-degradable, diblock copolymer nanoparticles
(Fig. 1). Specifically, we demonstrate the copolymerisation of
POT with both BA and St using hydrophilic
poly(dimethylacrylamide) (PDMA) as a steric stabiliser. This
formulation yields nanoparticles that can degrade under basic
conditions. This work describes the first demonstration of RAFT-
rROPISA system using POT as a thionolactone
comonomer.

A PDMA macro-CTA (PDMA-CTA) was synthesised via the
RAFT solution polymerisation of dimethylacrylamide (DMA) in
dioxane (Fig. 1). The reaction was quenched by exposure to air
after 4 h and a monomer conversion of 75%. This reaction was
stopped prior to 100% monomer conversion in an attempt to
preserve the RAFT chain-ends of the PDMA homopolymer, as
the trithiocarbonate group of the RAFT agent is susceptible to

been shown to be an efficient

mediated
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hydrolysis at high monomer conversion.?*> This PDMA-CTA
(Table 1) was isolated and purified by precipitation and any
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Fig. 1 Schematic representation of the context for the present study.
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residual solvent was removed under reduced pressure. The
number-average degree of polymerisation (DP,) was calculated
to be 31 (which equates to a number-average molar mass, M,
of 3.4 kDa) by H* NMR spectroscopy using the integrals of the
CH3 of the RAFT chain-end and the (CHs), of DMA. Additionally,
the M, of the PDMA-CTA was determined by SEC in DMSO. It
was found to be 3.2 kDa, with a narrow dispersity (Mw/M.,) of
1.09 relative to pullulan standards, which is concordant with the
M, estimated by H! NMR spectroscopy.

Sterically stabilised block copolymer nanoparticles were
synthesised by extension of the PDMA-CTA with BA and 5 mol%
POT (fror,0 = 0.05), via aqueous emulsion rROPISA (Fig. 1, Table
1). The target DP of the core forming block was systematically
varied from 105 to 420 (copolymers 2, 5, and 7). Nanoparticles
without the presence of POT were additionally synthesised as a
reference (copolymers 1, 3, 4, and 6). The size of the resultant
nanoparticles was assessed by DLS. A linear increase in particle
size with increasing core DP was observed in both the presence
and absence of POT (Figure 2b and c). Furthermore, a
homogeneous size distribution was observed for all the
nanoparticles (Figure 2d). Additionally, it was found that the
presence of POT had little effect on the particle size. For
example, copolymer 1 (feor,0 = 0) and 2 (fror,0 = 0.05) had a z-
average diameter of 145 nm and 138 nm, respectively.

I1H NMR spectroscopy was performed on lyophilised
dispersions to determine the POT content in the final copolymer
(Fror) (Fig. 2a). By comparing the POT aromatic proton
resonances with the CH, resonance of PBA, the copolymer
composition could be obtained. The calculated Fpor was
consistently higher than the initial POT feed ratio (fror,),
suggesting good incorporation of the thionolactone
comonomer. Furthermore, the Fpor was calculated to be as high
as 0.07, which is significantly higher than has been obtained for
equivalent DOT dispersions.1524

The M, of the copolymers were determined by SEC in
chloroform and compared to narrow poly(methyl methacrylate)
(PMMA) standards (Table 1). As expected, a significantly larger
M, was observed after the extension with BA and POT. Despite
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this increase in M, the presence of a small peak;at s14:85min
indicates that 100% blocking efficiency Wals 1030 8¢RREVET 2HNE
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some unreacted macro-CTA remains (Fig. 3a, b and S2).

Fig. 2 (a) 'H NMR spectrum of copolymer 2 showing the presence of POT.
Evolution of the particle average diameter andé)olydlspersny with targeted DPga,
with either: gb)fp()T =0 or (c) fror = 0.05, where (d) is an example of normalised size
distribution for the intensity averaged particle diameter (copolymer 2). (e) Digital
image of the copolymer nanoparticles 2

As previously mentioned, the Z-average diameter was not
significantly affected by the presence of POT in the copolymer
backbone, however, the apparent M, was affected. Comparing
systems with and without POT as a comonomer indicates that
the integration of POT leads to a reduction in the observed
molar mass — this observation is particularly evident at high DPs
(e.g., comparison of copolymer 1 and 2, Table 1). However,
comparable M,s are observed for block copolymers with
smaller core DPs (ca. DP = 100), such as copolymers 7 (5% POT)
and 6 (0% POT) that have a M,s of 39.8 kDa and 38.2 kDa,
respectively. Furthermore, in the case where no POT is
integrated into the particle core, relatively narrow molar mass
distribution was achieved (Mw/Mhn < 1.4). However, it was found
that, in general, M\/M, increased when POT was copolymerised
with BA (My/Mh, < 1.55). This observation is more pronounced
when targeting higher molar masses. For example, a broader
distribution was observed for copolymer 2 (Mw/M, = 1.55, DP =
420) than for copolymers 5 (Mw/M, = 1.32, DP = 210) and 7
(Mw/M, = 1.31, DP = 105). These results suggest that the
presence of POT affects the RAFT control and is particularly
affected at lower concentrations of RAFT chain-end.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Experimental conditions for the synthesis of PDMA-b-P(BA-co-POT) and PDMA-b-P(St-co-POT) copolymer particles by aqueous emulsion rRO@@ﬁ i@f@g@%@@%&?

characteristics and degradation behaviour.

Sample Macro-CTA M/POT/RAFT/I M froto M, (kDa)e Do Fpor M, (kDa)b pab
PDMA-CTA - 40/0/1/0.2 DMA 0.00 3.2¢ 1.09 - - -
1 PDMA;; 400/0/1/0.5 BA 0.00 945 1.35 - - -
2 PDMA; 400/20/1/0.5 BA 0.05 444 1.55 0.07 11.0 1.56
3 PDMAs; 300/0/1/0.5 BA 0.00 80.7 1.23 - - -
a PDMA;; 200/0/1/0.5 BA 0.00 57.1 1.44 - - -
5 PDMA; 200/10/1/0.5 BA 0.05 47.0 1.32 0.07 10.3 1.52
6 PDMAs; 100/0/1/0.5 BA 0.00 38.2 1.32 - - -
7 PDMA;; 100/5/1/0.5 BA 0.05 39.8 1.31 0.06 8.7 2.23
8 PDMAs, 200/0/1/0.5 st 0.00 426 1.20 - - -
9 PDMAs; 400/10/1/0.5 st 0.02 53.1 1.23 n.d.d 50.9 1.24
10 PDMA;; 400/20/1/1 st 0.05 37.4 1.54 n.d.d 36.2 1.52
11/ PDMA; 400/20/1/1 st 0.05 15.3 1.45 n.d.d 8.1¢ 1.56¢

9 Number-average molar mass measured by chloroform SEC against PMMA standards.  Measured after 24 h in the presence of isopropylamine. ¢ Number-average

molar measured by DMSO SEC against Pullulan standards. ? Not determined due to overlapping signals in the 1H NMR spectrum. ¢ Measured after 24 h in the presence
of ethanolamine, similar results also observed using butylamine.f Monomer-starved synthesis.

Aqueous degradation studies were performed on copolymer
nanoparticles 2, 5, and 7, whose targeted core DP were 105,
210, and 420, respectively. Degradation was initiated by the
addition isopropylamine (iPrNH;), which has been previously
shown to induce aminolysis of the backbone thioester. 1524
After 24 h, the reaction was quenched by neutralisation with
acetic acid and lyophilised prior to SEC analysis. A substantial
decrease in M, was observed for all the samples after
degradation. For example, the M, of copolymer 5 reduced from
47 kDa to 10 kDa (78% loss). Similarly, a M, loss of 75% and 78%
was observed for copolymers 2 and 7, respectively. Taking into
consideration the non-degradable PDMA segment these values
increase to 81%, 84%, and 85% for copolymers 2, 5, and 7,
respectively. The maximum theoretical M, reduction for the
degradable block can be calculated based upon the mole
fraction of POT present in the copolymer chain using the
assumption that a relatively even distribution of POT has been
achieved along the copolymer backbone. Accordingly, the
maximum loss for copolymers 2, 5, and 7, were calculated to be
86—88%. The astounding concordance between the
experimental results and the theoretical values confirm that a
significant amount of POT is present in the particle core and
demonstrate that the degradation of these nanoparticles can be
performed easily and efficiently in aqueous media.

Using a similar protocol, extension of PDMA-CTA with St and
POT (fror = 0.02) was performed via aqueous emulsion PISA (Fig.
1, copolymer 9, Table 1). Compared with BA, the polymerisation
of St was much slower and often required an increased amount
of initiator in order to reach high monomer conversion. This was
particularly evident in the presence of POT and often very low
monomer conversions of St would be observed in 24 h. To
account for this, a 1:1 ratio of PDMA-CTA to initiator was used.
Despite the high levels of initiator, relatively narrow dispersities
were achieved for these copolymers (Mw/M, < 1.55). As was the
case for the PBA series, residual macro-CTA can be observed in
the SEC chromatogram at a retention time of 14.8 min

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Evolution of the SEC RI-chromatograms of PDMA—b»P‘BA—co—POT)

copolymers: (a) 2, (b) 7, (c) 9in H20, (d) 9 in THF, (e) 10, and (f) 11 (Table 1), before
and after degradation under aminolytic and basic conditions.

indicating less than 100% blocking efficiency (Figure 3c).
Similarly to the PBA nanoparticles, stable nanoparticles were
formed (Z-average diameter = 120 nm, PDI = 0.105).

Initial aqueous degradation studies were performed on
copolymer nanoparticle 9 by the addition of iPrNH,. Conversely,
to the PBA series, no significant decrease in M,, was observed
after 24 h (Figure 3c). Additionally, no degradation was
observed in organic solvent where the copolymer was fully
dissolved (Figure 3d). These results suggested that no, or too

J. Name., 2013, 00, 1-3 | 3
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little amount of POT had been integrated into the copolymer
backbone.

In an attempt to integrate POT into the copolymer
backbone, the POT content within the monomer feed was
increased from fpor = 0.02 to 0.05 (copolymer 10, Table 1).
Although the apparent synthesis of these nanoparticles was
successful no degradation was observed in the presence of
NaOH for 24 h (Figure 3e), suggesting again that no significant
amount of POT has been integrated into the copolymer. It is
worth noting that identification of the presence of POT by 'H
NMR spectroscopy was not possible due to the overlapping of
POT peaks with the aromatic resonances of PSt. However, other
techniques (e.g. quantitative 13C NMR spectroscopy) could be
explored in future studies for determination of POT content.

Finally, a monomer-starved synthesis of these nanoparticles
were attempted, where a POT/St (5:95) mixture was slowly
added to the heated aqueous solution of PDMA-CTA and
initiator over the course of 4 h (copolymer 11). Monomer-
starved methods have shown promise in similar systems,
resulting in an even distribution and integration of DOT into the
core of PISA nanoparticles.?® Here, this method produced stable
nanoparticles. However, full monomer conversion was not
achieved — this is apparent from the low M, observed by SEC
(Table 1, Figure 3f) and can be due to a lower in-situ monomer
concentration resulting in a lower propagation rate.
Nonetheless, aqueous degradation was attempted in the
presence of less bulky amines e.g., butylamine (BuNH,) and
ethanolamine (HOEtNH,), as it has been previously shown that
reaction of sterically hindered amines is less favourable due to
the rigid and bulky structure of PSt.2>26 Interestingly, a
significant decrease in M, was observed after 24 h, confirming
the presence of POT in the copolymer backbone. The M,
decreased from 15 kDa to 8 kDa (47% decrease) and 6 kDa (60%
decrease) for BUNH; and HOEtNH,, respectively.

In conclusion, a series of PBA/POT block copolymer particles
stabilised by PDMA were synthesised at different molecular
weights. The high POT content achieved in these formulations
allowed efficient degradation of the particle core in the
presence of iPrNH; after 24 h — achieving up to 85% molar mass
loss, which is extremely comparable to the theoretical
maximum for these systems. However, the synthesis of PSt/POT
particles was not successful using the same one-pot procedure,
as no degradation was observed in the presence of iPrNH; in
aqueous and organic conditions or using NaOH. It was therefore
concluded that POT was not integrated into the copolymer
backbone. An alternative monomer-starved method proved
successful at integrating POT into the backbone as evidenced by
significant reduction of M, in the presence of amines. This work
identifies POT as an efficient comonomer to establish
degradability in vinyl copolymer particles, achieving higher
degradability than the previously reported DOT systems.
Furthermore, this work establishes a president for further
exploration of thionolactone systems and their integration into
PISA formulations. As has been shown previously, such
degradable nanoparticles have high interest in biomedical
application,!! such as in drug delivery, warranting continued
investigation.
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