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ABSTRACT: Poly(vinyl alcohol) (PVA) is the most active synthetic mimic of antifreeze proteins and has extremely high ice
recrystallization inhibition (IRI) activity. Addition of PVA to cellular cryopreservation solutions increases the number of
recovered viable cells due to its potent IRI, but it is intrinsically nondegradable in vivo. Here we report the synthesis,
characterization, and IRI activity of PVA containing degradable ester linkages. Vinyl chloroacetate (VClAc) was copolymerized
with 2-methylene-1,3-dioxepane (MDO) which undergoes radical ring-opening polymerization to install main-chain ester units.
The use of the chloroacetate monomer enabled selective deacetylation with retention of esters within the polymer backbone.
Quantitative IRI assays revealed that the MDO content had to be finely tuned to retain IRI activity, with higher loadings (24 mol
%) resulting in complete loss of IRI activity. These degradable materials will help translate PVA, which is nontoxic and

biocompatible, into a range of biomedical applications.

C ell-based therapies are one of the fastest growing areas of

the biopharmaceutical market, including heamatopetic
stem cells for blood cancer treatment through to total organ
transplants." A key challenge remains the logistics and
distribution of these cells, which must be stored frozen
(cryopreserved).” The state-of-the-art for cryopreservation is
addition of 5—20 wt % of toxic organic solvents such as
dimethyl sulfoxide (DMSO) which can reduce cell function,’
methylate DNA," cause acute patient toxicity,” or simply not
work for some cells. To address this serious problem, new
concepts in cryopreservation are needed. Extremophile fish
species which survive in subzero polar oceans produce
antifreeze (glyco)proteins which are potent ice recrystallization
inhibitors (IRIs)®” but themselves are not suitable for
cryopreservation due to unwanted ice shaping effects or
toxicity.”” Ben et al. have developed small-molecule IRIs
which can enhance the cryopreservation of cell lines.'”""
Gibson and co-workers and Matsumura and co-workers have
identified synthetic polymerslz’13 which are potent IRIs,
including poly(vinyl alcohol)'*~"® and poly(ampholytes)'” as
well as amphiphilic metallohellicies.'® These IRI-active
polymers dramatically improve cell viability postcryopreserva-
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tion and have been applied to red blood cells,"*~*" stem cells,”*

and cell lines.”® A potential barrier to application for these
polymers is that they are not all biodegradable, which is a
desirable feature for them to be applied in vivo, but most vinyl-
derived polymers cannot degrade.

Degradable polymers are most commonly accessed by ring-
opening polymerization of cyclic esters,””*> N-carboxy
anhydrides,” or step-growth polymerizations.”” Polyesters in
particular have emerged as promising biomaterials with tunable
degradable rates and biocompatibility.”® The design of IRI-
active polymers, however, has revealed very few structures
which give this property, and it is not just a consequence of
polyols.””*° Vinyl polymerization typically results in all carbon
(nondegradable) backbones. However, their copolymerization
with cyclic ketene acetal (CKA) monomers, which undergo
radical ring-opening polymerization, enables the installation of
main-chain ester units and hence degradability into radical
polymerizations.”" While copolymerizations of CKAs with vinyl
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monomers have been widely investigated, the use of less
activated monomers (e.g,, VAc) has been less studied.”* Dove,
O’Reilly, and co-workers have reported the radical copoly-
merization of 2-methylene-1,3-dioxepane (MDO) using rever-
sible addition—fragmentation chain-transfer (RAFT) polymer-
ization to generate hydroghlhc, degradable, and biocompatible
vinyl-based biomaterials.®

Herein, our the aim was to synthesize degradable, ester-
containing poly(vinyl alcohol) but with full retention of its
potent IRI activity. We demonstrate a radical ring-opening
polymerization strategy and that IRI activity can be retained if
the MDO incorporation is controlled to achieve a balance
between degradability and function.

To obtain PVA featuring main-chain esters, MDO was
selected as the radical ring-opening monomer.””** In place of
the conventional vinyl acetate, vinyl chloroacetate (VCIAc) was
chosen as it can be selectively deprotected without hydrolyzing
the alkyl esters within the backbone.>” The copolymerization of
VClAc with MDO (Scheme 1) was performed in bulk at 60 °C

Scheme 1. Radical Ring-Opening Copolymerization of
VCIAc and MDO and Subsequent Hydrolysis to Form
Degradable PVA
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using 2,2'-azobis(isobutyronitrile) (AIBN) as the radical
initiator with or without the presence of O-hexyl-S-methyl-2-
propionylxanthate as the chain transfer agent (CTA). The
successful formation of poly(VClAc-co-MDO) was confirmed
by 'H NMR spectroscopy analysis where characteristic signals
at 6 = 535—-4.75 ppm and 6 = 4.10 and 2.65 ppm were
observed corresponding to the VClAc and MDO units,
respectively. A panel of polymers was obtained containing 5
mol % and 24 mol % MDO (Table 1). SEC analyses confirmed

Table 1. Polymer Characterization

code [M]:[CTA] MDO? (%) M,” (g mol™) Py ()
P1 N/A S 12000 3.39
P2 300 s 7300 248
P3 400 s 8800 3.19
P4 100 24 4600 2.10

“Determined by 'H NMR spectroscopy in CDCL> ®M, is the number-
average molecular weight of the poly(VClAc-co-MDO) copolymers
before any modification as observed by SEC in CHCl,.

the formation of polymers, and the addition of the chain
transfer agent enabled some control over molecular weight;
however, rather high dispersities were obtained, suggesting a
poor control of the polymerization process (Table 1). This
polymerization has also been shown to engage in branching at
higher molecular weights, which again leads to greater
dispersity values. This branching can be seen in the NMR
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spectra (Figure 1A), with peaks at around § = 3.6S ppm being
due to these side reactions. This characteristic was observed as
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Figure 1. Polymer characterization. (A) "H NMR of poly(VClAc-co-
MDO) (P2) in CDCl, and (B) 'H NMR of poly(VA-co-MDO) (P2)
in DMSO.

a consequence of the poor stability of the propagating MDO
radical and the subsequent likely chain transfer to VClAc
monomer as previously reported by Dove and co-workers.”*
Nevertheless, for the purposes of this study, narrow
distributions were not essential, and current approved
applications of PVA also use a disperse mixture.”® Kinetic
analysis of the polymerization (Supporting Information)
suggested a statistical copolymer, rather than blocky, is
obtained.

Selective hydrolysis of the chloroacetate groups, to generate
poly(VA-co-MDO), was achieved by using K,CO;, followed by
dialysis. *C NMR spectroscopy analysis confirmed retention of
the MDO units including characteristic peaks at 6 = 167 ppm.
IR also confirmed formation of the hydroxyl group (see SI
Figure S4). Degradation of a homopolymer of the MDO unit
was carried out to determine the tolerance of the backbone to
the deprotection conditions. While significant degradation was
present after 2 h, after 10 min the homopolymer was almost
completely unchanged (see SI Figure S2).

It is essential to confirm the presence of the esters in the
main chain of the polymers, and hence the degradability. SEC
analysis of PVA is challenging as a consequence of strong
column interactions and tailing. Therefore, poly(VA-co-MDO)
(P1) was subjected to NaOH hydrolysis and subsequently
acetylated (Figure 2A) using acetic anhydride to generate
PVAc, which is suitable for organic-phase SEC analysis.
Aggressive reaction conditions were used to completely
degrade all of the backbone MDO units, allowing the chain
length after degradation to be determined. Such an analysis
clearly shows a decrease in molecular weight, relative to the
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Figure 2. Degradability of poly(VA-co-MDO). (A) Scheme for basic
hydrolysis followed by acetylation to enable SEC analysis; (B) SEC
analysis of NaOH hydrolysis of poly(VA-co-MDO) as a function of
molecular weight and (C) as a function of degree of polymerization;
and (D) MALDI-ToF MS analysis of poly(VA-co-MDO) (P2)
degradation products by lipase at 37 °C.

poly(VClAc-co-MDO) precursor (Figure 2B). To eliminate
effects that result from the mass of the repeat units
(chloroacetate vs acetate) this was also plotted as deconvoluted
degree of polymerization (Figure 2C). This confirms that ester
linkages are incorporated and that a degradable PVA was
successfully synthesized. To demonstrate degradability in
biologically relevant conditions, poly(VA-co-MDO) was
degraded by immobilized lipase (broad spectrum esterase) in
water at 37 °C for 24 h. The previously applied acetylation
strategy could not be used, as the addition of pyridine could
also degrade the polymers and mislead the analysis; therefore,
we could not determine the degree to which degradation was a
consequence of the lipase beads and not simply resulting from
pyridine-catalyzed hydrolysis. "H NMR spectroscopic analysis
monitoring (ESI) failed, as a consequence of the overlapping of
the MDO peaks at § = 3.75 ppm in D,O by a peak which is
present due to the leaching of material from beads in water. In
order to show changes in unique resonances, MALDI-ToF MS
was used. After 24 h incubation with immobilized lipase, there
was a clear shift to lower molecular weight oligomer species
where distributions with spacing of m/z 44.03 between
neighboring peaks were observed, hence confirming degrad-
ability (Figure 2D).

1406

With the panel of polymers in Table 1, their IRI (ice
recrystallization inhibition) activity could be evaluated. A
crucial question was what impact the MDO incorporation
into PVA would have, as copolymers of PVA show decreased
IRI typically."> A quantitative “splat” assay was employed; in
short, a polynucleated wafer of small ice crystals was annealed
at —8 °C for 30 min, before being imaged, and the average ice
crystal size determined, relative to a PBS control. Smaller values
indicate more IRI activity. Example ice wafers for P1-OH
(Figure 3) show a clear dose-dependent IRI with near complete
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Figure 3. (A) IRI activity of polymers 1—3 before and after NaOH
degradation. (B) Example ice wafers showing concentration effect on
poly(VA-co-MDO) activity. MGS = mean grain size. Error bars are +
SD from minimum of 3 replicates.

inhibition of ice growth at 1 mg mL™" but significant ice growth
at 0.1 mg mL™', consistent with previously reported IRI of
PVA.">*” P1—P3 had similar activity at both concentrations
and after degradation (in NaOH). Considering the average DP
after polymerization (assuming statistical incorporation of
MDO) the polymers should generate PVA with DP > 20,
which would be expected to retain IRI at these concen-
trations."

P4-OH contained a higher density of MDO units, of 24 mol
% compared to S mol % for P1—P3. Higher incorporation of
MDO units results in increased degradation rates and releases
shorter degraded units*® but must be balanced against retention
of IRL. IRI activity for P4-OH (Figure 4) indicated that both
before and after degradation there is significantly less activity
than P1—P3 which contain less MDO. Even at 10 mg mL™"
MGS of 60% was obtained, compared to <20% for P1—P3 at
just 1 mg mL™". Degraded polymers without the MDO units
also had low activity, as their chain length (DP S based on
statistical incorporation of MDO) is too short for activity.
These results highlight that in the design of degradable IRI
active polymers there is a delicate balance between incorpo-
ration of degradable units but also the need to maintain IRI
activity via unbroken continuous PVA blocks, estimated as
being 10 units by Koop and co-workers."’

In conclusion, we have presented the first synthesis of

degradable poly(vinyl alcohol) by a new strategy of radical ring-
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Figure 4. IRI activity of P4 containing 24 mol % MDO units. MGS =
mean grain size. Error bars are +SD from a minimum of 3 replicates.

opening copolymerization of chloro-vinyl acetate and 2-
methylene-1,3-dioxepane. The resulting polymers were shown
to contain main-chain ester linkages which can be degraded by
basic hydrolysis or an esterase. Quantitative ice recrystallization
inhibition assays demonstrated that control of the ester density
was crucial to ensure that activity was retained, with polymers
containing high (24%) ester linkages being ineffective but those
with 5 mol % being highly active. These materials may find
application in cryopreservation or other applications where
higher molecular weights are required alongside degradability
such as in agricultural or drug delivery fields.
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