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Abstract

Enzymatically synthesised poly(glycerol adipate) (PGA) has shown a palette of key desirable properties
required for a biomaterial to be considered a ‘versatile polymeric tool’ in the field of drug delivery.
PGA and its variations can self-assemble into nanoparticles (NPs) and interact at different levels with
small active molecules. PGA derivatives are usually obtained by functionalising the glyceryl side
hydroxyl group present along the main polymer scaffold. However, if the synthetic pathways are not
finely tuned, the self-assembling ability of these new polymeric modifications might be hampered by
the poor amphiphilic balance. For this reason, we have designed a straightforward one-pot synthetic
modification, using a small library of diols in combination with glycerol, aimed at altering the backbone
of the polymer without affecting the hydrophilic glyceryl portion. The diols introduce additional
functionality into the backbone of PGA alongside the secondary hydroxyl group already present. We
have investigated how extra functionalities along the polymer backbone alter the final polymer
reactivity as well the chemical and biological properties of the nanoparticles. In addition, with the
intent to further improve the green credentials of the enzymatic synthesis, a solvent derived from
renewable resources, (2-methyl tetrahydrofuran, 2-MeTHF) was employed for the synthesis of all the
PGA-variants as a replacement for the more traditionally used and fossil-based tetrahydrofuran (THF).
In vitro assays carried out to evaluate the potential of these novel materials for drug delivery
applications demonstrated very low cytotoxicity characteristic against NIH 3T3 model cell line.

Introduction

Glycerol is an untapped bio-renewable feedstock that is mainly produced as a by-product of biodiesel
and bioethanol production®? and also the soap industry and crude oil.* The global production of this
polyol has been predicted to exceed 4000 million litres by 2026.% Glycerol is applied in a huge variety
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of industries such as food, cosmetics, tobacco and pharmaceuticals.? Despite this, the growing
production of glycerol, mainly from the production of biodiesel is not matched by usage in other
industrial sectors and, there is a need to develop new strategies for utilisation of this valuable resource
through synthesis of glycerol-based polymers.

Glycerol can act as a monomer and will polymerise to yield both linear and highly branched polymers
predominantly via step-growth mechanisms in combination with diacid monomers to synthesise
poly(glycerol-diacid).> The range of diacids, or derivatives, that have been polymerised with glycerol
range from C, to Cy4 aliphatic acids (e.g. sebacic acid, succinic acid, glutaric acid, suberic acid, azelaic
acid and adipic acid)®® in addition to aromatic diacids and aliphatic-aromatic diacids.® The
polycondensation of glycerol with this palette of diacids can afford linear, branched and cross-linked
materials according to the reaction conditions adopted (e.g. nature of solvent, comomoner and
catalyst, reaction temperature).’®*? In this regard, the chemo- and regioselectivity of lipases have
enabled elegant, and adaptable production of linear glycerol-based polyesters under mild reaction
conditions (different reaction media, low temperature and ambient pressure) preserving the
secondary glyceryl hydroxyl moiety along the backbone of the resulting macromolecules.®® In this way,
the available hydroxyl moiety gives rise to a polymer that can undergo a variety of further
functionalisations via simple chemistry avoiding tedious and lengthy protection/deprotection
intermediate steps.'*1°

In particular, the enzymatically catalysed reaction of glycerol and divinyl adipate (DVA) can produce
poly(glycerol adipate) (PGA), a functionalisable, biocompatible (in vitro and in vivo) and biodegradable
polymer.’ Furthermore, thanks to the chemical nature of its repetitive unit, PGA shows an
amphiphilic balance capable of self-assembly into NPs in aqueous media, without the use of additional
stabilizers.® Based on this evidence, PGA is a promising functionalisable, (bio)degradable and
(bio)compatible polymeric carrier ideal for drug delivery applications with enhanced chemical,
physical and biological properties.’®?%2! To date, post-polymerization-functionalisation is the most
common strategy to tailor the final properties of PGA and broaden its chemical diversity for specific
applications. In fact, the free hydroxyl group of PGA has been coupled to a variety of molecules, with
a wide range of chemical and biological properties (e.g. fatty acids, amino acids, drugs, etc.)?* % in
order to tune its ability to self-assemble into NPs for delivery of lipophilic and hydrophilic drugs as well
as to produce polymeric active pro-drugs.?®3* However, if the degree of coupling is not controlled,
according to the nature of the added functionalities, the unbalancing of the amphiphilic ratio and the
loss of free hydroxyl moieties may negatively affect the self-assembling ability.

Others have performed one-pot enzymatic polycondensation/ring-opening polymerization (ROP) by
adding pentadecalactone (PDL) to the initial DVA/glycerol mixture in order to modify the PGA
backbone. The resultant PGA-co-PDL polymer showed different thermal properties and amphiphilicity
when compared to the original PGA.33% PGA-co-PDL (and its PEGylated variant) is one of the few, if
not the only example of PGA backbone modification adopted for the encapsulation of small and large
active molecules.?”38 With the intent to both preserve the glyceryl portion and broaden the range of
chemistries added along the PGA backbone, in this paper we set out to design a straightforward one-
pot synthetic modification, using a small library of diols in combination with glycerol and divinyl
adipate. In particular, the glycerol moiety was partially replaced by the diols according to the
functional groups involved, maintaining a 1:1 stoichiometry molar ratio (considering that only the
primary alcohols of glycerol would react in the polycondensation step). The selected diols (ethylene
glycol, PEG400, 1,4-butynediol, 1,4-butenediol, 1,3-benzendimethanol, 2-hydroxyethyl disulfide and
1,6-n-hexanediol) may introduce either additional functionalities able to tune the amphiphilic balance
of the final polymeric materials or functionalisable chemical handles directly into the backbone of PGA



(alongside the secondary hydroxyl group already present). We aim to perform a series of backbone
modifications with well-known chemistries and investigate some of the effects on polymer reactivity
as well as the physical and biological properties of the nanoparticles that can be formed. Additionally,
in order to further improve the green credentials of the enzymatic synthesis, a solvent derived from
renewable resources, (2-methyl tetrahydrofuran, 2-MeTHF) will be employed, the first time for PGA
synthesis, to replace the more traditionally used and fossil-based tetrahydrofuran (THF). 39-%2

Experimental Section
Materials

Novozym 435 lipase ([9001-62-1], derived from C. antarctica (>5000 U/g) and immobilized on an
acrylic macroporous resin, was kindly donated by Novozymes A/S, Denmark. Glycerol and all the novel
diols (ethylene glycol, PEG400, 1,4-butynediol, 1,4-butenediol, 1,3-benzendimethanol, 1,6-n-
hexanediol and 2-hydroxyethyl disulfide) were purchased from Sigma—Aldrich UK. Divinyl adipate
[4074-90-2] was purchased from TCl America and SPI supplies. All chemicals were used as received.
Solvents were purchased from Fischer Scientific UK and used without further purification unless
otherwise stated. Water was deionised before use. Solvent evaporation was performed using a rotary
evaporator under reduced pressure.

General Methods and Instrumentation

Nuclear Magnetic Resonance Spectroscopy (NMR): Polymer formation and repetitive unit chemical
structure assignment were determined using 'H-NMR spectroscopy. Approximately 4 mg of sample
were dissolved in 2 mL of acetone-ds or CDCl; and analysed using a Bruker DPX 400 MHz spectrometer
operating at 400 MHz (*H), assigning chemical shifts in parts per million (ppm). MestReNova 6.0.2
copyright 2009 (Mestrelab Research S. L.) was used for analysing the spectra.

Gel Permeation Chromatography (GPC): was performed in THF (HPLC grade, Fisher Scientific) as the
eluent at 40 °C using two Agilent PL-gel mixed-D columns in series, an injection loop of 50 pL, with a
flow rate of 1 mL min. A differential refractometer (DRI) was used for the detection of samples
(solution containing approximately 4 mg dissolved in 2 mL of THF, filtered in 0.22 um Teflon filter).
The system was calibrated using poly(methyl methacrylate) standards with average molecular weight
in the range from 540 to 1.02-10° g mol* and dispersity (D) close to 1.0

Differential Scanning Calorimetry (DSC): was used to determine the thermal transition of the
polymers produced. The analysis was performed on a TA-Q2000 (TA instruments), which was
calibrated with indium and sapphire standards under N, flow (50 mL min). The sample (5-10 mg) was
weighed into a T-zero sample pan (TA instruments) with a reference T-zero pan remaining empty. Both
lid pans were pin-holed and all samples were heated at a rate of 10 °C min?, from -90 °C to 200 °C. To
remove any thermal history of the individual samples two heating cycles were recorded and the
second heating cycle was used to determine the glass transition temperature (7).



Dynamic Light Scattering (DLS): Particle size analyses were performed by DLS utilizing a Zetasizer Nano
spectrometer (Malvern Instruments Ltd) equipped with a 633 nm laser at a fixed angle of 173°.
Nanoparticles were prepared at a concentration of 1 mg/mL adopting a simple solvent displacement
methodology (acetone/PBS ratio 1:5). Samples were equilibrated at 25 °C for 30 seconds prior to
measurements. All experiments were performed in duplicate averaging 10 scans per run of the same
sample.

Water Contact Angle (0): Water contact angle (WCA) values were measured at 25 °C using a Kruss
DSA 100 equipped with dedicated software. Samples were prepared by coating microscopic glass
slides with polymer thin films by solvent evaporation of 3 mg/mL polymer solutions in acetone. Six
measurements were recorded for each polymer.

“Traditional” and “Greener” PGA Synthesis

PGA was synthesized (Figure 1) by enzymatic polymerization of divinyl adipate (DVA) and glycerol
following a protocol adapted from Taresco et al.® Glycerol (12.5 mmol) and DVA (12.5 mmol) were
poured into a 20 mL glass vial and dissolved into THF (10 mL), or in the greener alternative 2-MeTHF
(10 mL). To this mixture, Novozym 435 (0.11 g) was added. The resulting mixture was stirred at 200
rpm with a magnetic stirrer and submerged in an oil bath at 50 °C for 1.5 h, 3 h, 5 h or 24 h. A needle
was inserted through the rubber septum in order to facilitate the release of acetaldehyde. The
removal of this side product favoured the polymerisation process due to the step-growth nature of
the process.'® The reaction was stopped by simply removing the immobilised enzyme by filtration,
followed by evaporation of the solvent under reduced pressure. The residual material was kept under
vacuum at around 25 °C for three days to remove the residual solvent. The resultant highly viscous
yellow liquid was stored at -20 °C in order to minimise possible hydrolysis side reactions.

One-Pot PGA Backbone Diol-Alteration Synthesis in 2-MeTHF

PGA-diol was synthesized (Scheme 1) by enzymatic polymerization of divinyl adipate (DVA), glycerol
and one of the diols from a protocol adapted from Taresco et al.® Glycerol (6.25 mmol) and the
selected functionalised diols (6.25 mmol) were added to DVA (12.5 mmol) in a 20 mL glass vial and
dissolved into 2-MeTHF (10 mL). In particular, the glycerol moiety was partially replaced by the diols
according to the functional groups involved, maintaining a 1:1 stoichiometry molar ratio (considering
that only the primary alcohols of glycerol would react in the polycondensation step). To this mixture,
Novozym 435 (0.11 g) was added. The resulting mixture was stirred at 200 rpm with a magnetic stirrer
and submerged in an oil bath at 50 °C for 3 h. A needle was inserted through the rubber septum in
order to facilitate the release of acetaldehyde. The removal of this side product favoured the
polymerisation process due to the step-growth nature of the process.!® The reaction was stopped by
simply removing the immobilised enzyme by filtration, followed by evaporation of the solvent under
reduced pressure. The residual material was kept under vacuum at around 25 °C for three days to
remove the residual solvent. The resultant polymer was stored at -20 °C in order to minimise possible
hydrolysis side reactions.



Thiol-ene chemistry of PGA-alkene and PGA-alkyne

The reactivity of the ene- and yne- functionalities introduced in PGA-alkene and PGA-alkyne was
probed by a radical thiol-ene reaction with benzyl mercaptan as the model thiol. To this aim, PGA-
alkene or PGA-alkyne (15 mg) were dissolved in 100 pL of DMSO-ds. 2,2-Dimethyl-2-phenyl
acetophenone (DMPA) (25 pL aliquot of a 80 mg mL™ solution in DMSO-ds) and benzyl mercaptan (10
equiv.) were added and the reactions were then irradiated by UV at 365 nm for 120 minutes. A final
'H NMR spectrum was recorded.

Nanoparticle formation

Nanoparticles were prepared by a nanoprecipitation method.?° Polymers (10 mg) were dissolved in
acetone (1 mL). The polymeric solution was then added dropwise to deionised water (10 mL) under
constant stirring at 550 rpm. Nanoparticle dispersions were formed through solvent exchange
between water and acetone. The final dispersion was then left stirring overnight at room temperature
in order to reach complete acetone evaporation, final NPs concentration of 1 mg mL™.

Coumarin-6 (Cou6) encapsulation study

The encapsulation procedure of Cou-6 was adopted from previous reported protocols.**** Polymer
(10 mg) was dissolved in acetone (1 mL). An aliquot (0.5 mL) of a stock solution of Cou6 (3.21 mM in
acetone) was added to the polymer solution. The final acetone solution was added dropwise into
deionised water (10 mL) under constant stirring at 550 rpm. The final dispersion was then left stirring
overnight at room temperature in order to reach complete acetone evaporation. Nanoparticles/dye
dispersions were finally filtered with a 0.22 um filter. Cou6 control was formulated in the same way
but without the addition of any polymer.

AA% determination

The absorbance of NPs/dye suspensions was measured by using an UV—vis multi-well plate reader at
A=470 nm. The apparent-solubility (AA%) value of each formulation was calculated according to the
previously developed equation:*

AA (A —Ay)
DA% = —= X 100 = ~——= x 100

0 0

where A is the absorbance of the NPs dispersion and A, corresponds to the absorbance of the drug
formulation in water



Cytotoxicity of polymer formulations

Presto Blue™ cell viability assay was performed to assess the effect of the formulations®>#® on primary
mouse embryonic fibroblast cells, NIH 3T3 cell line. The cells were grown in Dulbecco’s modified eagle
medium (DMEM) supplemented with 10% (v/v) foetal calf serum and 1% antibiotics (100 units mL™
penicillin, 100 mg mL? streptomycin, and 0.25 mg mL™! amphotericin B; Life Technologies). Cells were
cultured until they reached 80% confluency and subsequently detached from the culture surface using
trypsin/EDTA (0.25%/0.02% w/v), centrifuged at 200 x g for 5 min and resuspended in the culture
medium. Cells were seeded in a 48 well plate at a density of 10,000 cells per well and allowed to attach
for 24 h before the viability experiments. Formulations were dissolved in a complete medium at a
concentration of 100 pg mL* and 500 pL of each formulation were transferred to the wells containing
the cells (n=4). Cells were exposed to the formulations for 24 and 48 h. Cells cultured in a complete
culture medium only were used as a negative control. After 24 or 48 h, media was removed and cells
were then washed twice with warm PBS and 100 puL 10% (v/v) PrestoBlue reagent diluted in phenol
red-free medium applied per well for 30 minutes. The resulting fluorescence was measured at 560/600
nm (Aex/Aem). Relative metabolic activity was calculated by setting values from the negative control as
100%.

Results and Discussions
Analysis of PGA synthesised in THF and 2-MeTHF and effect of reaction time

PGA was successfully synthesised in both the commonly used THF and 2-MeTHF. This was confirmed
by *H NMR and GPC analyses. The disappearance of the divinyl peaks at 7.30, 4.87 and 4.59 ppm and
change in shape followed by a variation in chemical shift of the glycerol peaks at 4.00 and 4.26 ppm
confirmed that the polymerisation occurred (Figure 1 and Figure S1).2°
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Figure 1. (TOP) PGA synthetic scheme and reagent conditions. Where R takes into account possible
branching. (BOTTOM) Stacked *H NMR of PGA produced in 2MeTHF (red spectrum) and THF (black
spectrum). Inset: effect of the reaction medium on PGA degree of branching.

The presence of 1,3-disubstituted (target reaction) 1,2-disubstituted and 1,2,3-trisubstituted glyceride
groups (side events) in PGA has been described before, with the latter leading to polymer branching
as well as to the decrease of the number of polymer hydroxyl groups.”*41 However, the 1,2-
disubstituted unit, as for the 1,3-disubstituted, provides a final structure bearing a free hydroxyl group,
therefore, it was not considered in the branching calculation. On the other hand, the methine proton
from the 1,2,3-trisubstituted glycerol unit at 5.30 ppm (Figure 1, inset) was used to calculate the
degree of branching of the PGA polymers,*® following a previously reported strategy to calculate the
amount of trisubstituted glycerol in PGA.™® The integrals of the methine proton at 5.30 ppm and the
CH; peaks of the adipic repeating units at 1.66 and 2.39 ppm were compared to estimate the degree
of branching. In order to evaluate the effects of the solvent on the final polymer architecture, we
calculated the degree of branching for each polymer produced in the two solvents. This was found to
be circa 7 and 12% (Table 1) for PGAs synthesised at 50 °C for 24 h in THF and 2-MeTHF, respectively.
In particular, a batch-to-batch variation in 1,2,3-trisubstitued glycerin was observed with a slight
increase related to the reaction time (variation from 1 to 3% when increasing the reaction time up to
24h). In addition, the small variation might be due to different degradation events in the two solvents
during the screened reaction period, presumably promoted by lipase during long contact times.



Indeed, for polymerisations carried out for 5 h, at the same reaction temperature, in each solvent, the
degree of branching was found to be similar, 4% (in THF) and 6% (in 2-MeTHF) (Table 1). These
preliminary observations confirmed that the adoption of 2-MeTHF as a reaction medium did not
significantly affect the molecular weight distribution or the degree of branching, at least for short
reaction times. In addition, with the intent of determining the optimum reaction time, further kinetic
studies were carried out in this “greener” alternative solvent for 1.5 h and 3 h (at 50 °C). After 1.5 h
the degree of branching was only 3%, and the number-average molecular weight of the polymer was
lower than the 5 h and 24 h comparisons. In addition to this, the residual vinylic protons from the
unreacted DVA or, due to the lower molecular weight, from the end group could be seen at 7.30, 4.87
and 4.59 ppm in the *H NMR spectrum (Figure S2). On the other hand, after 3 h, the degree of
branching was found to be around 6% and the resulting PGA molecular weight was around 3200 g mol
1 (B = 2.70). It can be noticed that both the degree of branching and the molecular weight of the
polymer after 3 h polymerisation were comparable with those obtained after 5 h polymerisation and
for this reason we adopted 3 h as the best compromise between reaction time and conversion in final
polymer for all the PGA backbone alteration polymerisations. It is important to mention that the
reaction temperature and timing adopted in the present work are within the working window of
Novozym 435 lipase previously reported for 2-MeTHF. In fact, it has been demonstrated that Novozym
435, in 2-MeTHF, can successfully catalyse both ring opening polymerisation and polycondensations
with temperatures ranging from 30 to 85 °C and for reaction periods over 6h.3%4?

Table 1. Number-average molecular weight (M,), dispersity (P) and degree of branching of PGAs
prepared in THF and 2-MeTHF at different reaction times at 50°C.

Reaction Reaction M, D Degree of
Media time (h) (g mol?) ®* branching (%) ®
THF 24 3000 2.70 ~712
THF 5 3600 2.80 ~4+]
2-MeTHF 24 3000 3.40 ~12+3
2-MeTHF 5 3500 2.90 ~6x1
2-MeTHF 3 3200 2.70 ~6x1
2-MeTHF 1.5 2600 2.10 ~3+1

a Molecular mass determined by GPC at 40 °C, using THF as the mobile phase. @*Due to the lack of purification, oligomers
peaks can be noticed. These have been taken into account in the total integration. ® Polymer branching, referred to the 1,2,3-
trisubstituted unit, calculated by 'H NMR analysis (comparison between the integrals of the methine CH peak of
trisubstituted glycerol at 5.30 ppm, to that at 1.66 or 2.39 ppm of CH,CH,C(O) of adipic acid repeating units). Branching
measurements taken out of two different reactions performed in the same conditions.

Synthesis of PGA with different diols in the backbone

The stoichiometric addition of functionalised diols, to replace part of the glycerol, was adopted to
investigate the possible range of chemical and physical properties of the final PGA derivatives. Only
commercially available diols were selected (Scheme 1) and used without further purifications.
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Scheme 1. Enzymatic polycondensation of DVA and glycerol in the presence of a stoichiometric
amount of functionalised diol (with respect to glycerol). Due to the low level of 1,2,3-trisubstituted
units, we reported the general structure of the PGA-diols variant without any branching
representations.

2-MeTHF l

'H NMR and GPC analyses confirmed that the new functionalities have been integrated into the
polymer backbone. In particular, the O-CH, diol peak is shifted upon esterification with the adipic
moiety (Figure S3) and a general peak broadening was observed (Figure S3, PGA-1,4-butynediol
example). Moreover, the addition of a second diol noticeably decreases the final degree of branching,
from ca. 6% to 1-4% (Table 2). This is likely due to the decrease in the number of secondary hydroxyl
groups that can take part in the branching. Similarly, GPC traces showed a broad (2.00 < H < 2.90)
polymeric peak for each derivative, ranging from about M, 2200 up to 6400 g/mol and traces of
oligomers as previously observed for the bare PGA backbone (Figure S3 shows successful modification,
further examples are also presented in the SI). The modified PGAs were found to be amorphous
materials apart from the 1,6-n-hexanediol variation which showed both a T, at around -50 °C and a
weak melting transition at around 13 °C (DSC analysis of the polymers section in supporting info). This
phenomenon might be due to the symmetry between the hexanediol and adipic chains, in fact, when
the disulfide group was added no melting transition could be observed. The set of polymers displayed
a single glass transition temperature (Tg) in the range of -29 to -50 °C (Table 2); close to the T, of -28
°C for the original PGA which is usually a viscous waxy liquid at room temperature. In general, the use
of aliphatic alkyl diol (ethylene glycol and hexanediol) improved polymer flexibility with a consequent
decrease in Tg with respect to the pure PGA. As expected, the length of the alkyl chain was found to
affect polymer Tg. Specifically, PGA-hexanediol showed a lower Tg than PGA-ethylene glycol.
Controversially, when PEG400 was used in place of hexanediol we did not observe a further decrease
in Tg. Presumably, in this case, the presence of ether groups able to establish H-bonds with the PGA
hydroxyl groups, in some ways, reduced the freedom of movement of polymer chains.

The propensity of a drop of water to wet the surface of a material is defined as contact angle of the
specific material (6). The introduction of the functionalised diol substituents will alter the
hydrophobic/hydrophilic behaviour. In practice high contact angles corresponding with hydrophobic
surfaces, and low angles more hydrophilic surfaces. PGA variants possess experimental © ranging from
circa 19 to 70°. In particular, high hydrophilic diols such as PEG400 conferred high hydrophilicity
increasing the wettability of the material surface when compared to the pristine PGA (58°) and the
other variants, confirming the rearrangement of the hydrophile PEGylated chain towards the water
droplet. On the other hand, more hydrophobic moieties like 1,3-benzendimethanol and 1,6-n-
hexanediol endowed the final polymers with a hydrophobic property translated in higher contact
angles (62.5 to 66.9).



Table 2. Number-average molecular weight (My), dispersity (P), degree of branching, T, and water
contact angle of PGA-derivatives.

Entry PGA-modification Acronyms M, D Degree of T: (°C)¢ Water
(g mol?) branching (%) ® contact
angle (°) ¢
1 PGA PGA 3200 2.90 ~6 -28 58.2+0.4
2 PGA-ethylene glycol PGA-EG 2200 2.00 ~2 -41 59.3+0.3
3 PGA-PEG400 PGA- 3500 1.70 ~2 -50 19.2+£0.6
PEG400
4 PGA-1,4-butynediol PGA-1,4BY 2700 2.10 ~2 -30 579114
5 PGA-1,4- butenediol PGA-1,4BE 2600 2.60 ~3 -47 48.6+0.4
6 PGA-1,3-benzendimethanol PGA-1,3Ph 2500 2.10 ~4 -30 62.5+0.8
7 PGA-1,6-n-hexanediol PGA-1,6H 6400 2.00 ~3 -50 66.9+1.6
8 PGA-2-hydroxyethyl PGA-SS 4400 1.65 ~2 -38 58.0t1.4
disulfide

a Molecular mass determined by GPC at 40 °C, using THF as the mobile phase. @*Due to the lack of purification, oligomers
peaks can be noticed. These have been taken into account in the total integration. ® Polymer branching calculated by H-
NMR (comparison between the integrals of the methine CH peak of trisubstituted glycerol at 5.30 ppm, to that at 1.66 or
2.39 ppm of CH,CH,C(O) of adipic acid repeating units). cMeasured by DSC. 9 Measured by Kruss DSA 100.

PGA reactive and responsive variations

A particular example of modification is the incorporation of alkene and alkyne moieties into the
polymer backbone. This can then lead to a highly versatile approach to a variety of additional
functionalities by exploiting a series of well-established reaction pathways, including azide-alkyne
cycloadditions and thiol-ene modifications.”®*® To prove the reactivity of these ene- and yne-
functionalities and to highlight the possibility to endow the PGA backbone with additional properties,
we probed the reactivity of the double bond by a radical thiol-ene reaction with benzyl mercaptan as
the model thiol (Scheme 2). The macromolecules were reacted with 10 equivalents of the thiol with
DMPA as a photo-initiator, followed by irradiation at 365 nm for 120 minutes.**! The intensity of the
resonance related to the alkenyl protons, at 5.9 ppm, reduced by half when compared to the CH,
peaks of the adipic repeating units at 2.39 ppm (Figure S4).
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Scheme 2. PGA-1,4BE thiol-ene reaction scheme.

In addition to the abovementioned modifications, we also investigated the insertion of an additional
moiety into the backbone to bring additional functionality. 2-Hydroxyethyl disulfide is a readily
available and well-known redox-responsive linear diol.°**® As a proof of concept and with the aim of
producing a multiresponsive (redox responsive and biodegradable) polymer in a straightforward
synthetic pathway, we substituted 1,6-n-hexanediol with 2-hydroxyethyl disulfide. The incorporation
of this diol was successful as confirmed by *H NMR and GPC (Figure 2). In addition, the polymer can
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self-assemble in water producing NPs with sizes around 115 nm and PDI of 0.08. This modification may
provide interesting opportunities in the future as a smart multiresponsive polymeric platform for drug
delivery applications.
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Figure 2. (LEFT) Stacked *H-NMR spectra of PGA vs PGA-disulfide and (RIGHT) GPC chromatographs
of PGA and PGA-disulfide (presence of oligomers can be noticed in both chromatograms). Due to
solubility reasons, the PGA-disulfide variation has been synthesised in THF.
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Polymer Cytotoxicity

These novel materials show potential for pharmaceutical and more specifically for drug delivery
applications, so an initial assessment of their in vitro toxicity on NIH 3T3 model cell line was conducted.
Cytocompatibility tests of the modified PGAs resuspended in cell culture aqueous medium at a fixed
concentration of 100 ug mL? showed no significant in vitro cytotoxicity; no decrease in cellular
metabolic activity over 24-48 h on the cell type studied (Figure 3a and 3b). One should bear in mind
that in accordance with ISO 10993-5:2009° if the cell viability is greater than or equal to 70% in
relation to control group (100% viability) the polymer material can be considered non-cytotoxic.

a) Viability after 24h b) Viability after 48h
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Figure 3. Cytocompatibility of NPs on NIH 3T3 cells after a) 24h and b) 48h. No significant drop in
vitality below 80% was observed. Culture medium DMEM was used as positive control. Data are
presented as mean = S.D. (n = 4).
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Self-assembling ability of hydrophilic/hydrophobic PGA variants

Amphiphilic balancing to tune polymer self-assembly and interaction with small molecules was
achieved in the synthesized PGA variants by incorporating a range of hydrophilic and hydrophobic
moieties into the polymer backbone. In the nanoprecipitation step the different modified PGAs self-
assembled in water into nanoaggregates, with diameters ranging from ca. 88 nm up to 120 nm and
very narrow particle size distributions exhibiting PDI equal or below 0.1 (Figure 4A, Table 3). PGA-
ethylene glycol showed similar size and PDI values of the bare PGA, hinting at a minimal effect on the
final self-assembling behaviour of the short diol chain. While both the 1,6-n-hexanediol and PEG400
PGA variations gave small NPs (around 88 and 92 nm, respectively) the two modifications provided
opposite hydrophobic/hydrophilic behaviours from their contact angle values. This highlights the
importance of the amphiphilic modification of the repeating unit. On the other hand, the
incorporation of a bulky aromatic ring, in the case of PGA-1,3-benzenedimethanol, led to an increase
of around 15 nm of the hydrodynamic size of the final NPs compared to the bare PGA (Table 3).

Table 3. Size and PDI of empty and Cou6 loaded nanoparticles.?

Empty nanoparticles Coub loaded nanoparticles
PGA-modification Average size PDI Average size PDI

(nm) (nm)
PGA 102.8+4 0.104 £ 0.01 92.2+2 0.031+0.01
PGA-EG 108.6+2 0.077 £0.01 105.5+2 0.045 +0.01
PGA-PEG400 92.1+1 0.102+0.01 272.3+3 0.397 +0.07
PGA-1,3Ph 11761 0.079+0.01 93.46+2 0.131+0.03
PGA-1,6H 87.5+2 0.052 £ 0.03 875+1 0.098 + 0.01

@ All data were produced by DLS measurements.
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Coumariné enhancing solubility in an aqueous environment.

To prove the encapsulation ability of the novel PGA-variants, the highly hydrophobic Coumarin-6
(Cous) fluorescent dye was used as a model. Cou6 is a water-insoluble small molecule that can be
used as a model to mimic the behaviour of lipophilic drugs for initial evaluation of drug delivery- and
drug release experiments. Coub was co-nanoprecipitated in water with and without (control) PGA
modifications. In order to quickly rank the polymers in terms of Cou6 apparent-solubility
enhancement, AA% values were calculated (Figure 4b).

a) PGA varient nanoparticle size b) Polymer ranking
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Figure 4. a) DLS intensity of nanoparticles formed from PGA and its variants b) AA% of Cou6 vs the

panel of PGA-variants.

PEG400, showed the lowest AA% likely due to a shorter hydrophobic counterpart in the repetitive unit
compared to the rest of the library. PGA-EG and PGA-1,3Ph, instead, showed higher AA% (2292 and
2566, respectively) and therefore a higher ability to solubilise/encapsulate Cou6 when compared to
PGA (1633) and PGA-PEG400 (1075). This is likely because of the increased hydrophobicity portion in
the repetitive units able to interact with the small model dye. However, the aromatic modification,
despite a higher hydrophobicity contribution compared to the other modifications, did not show a
remarkable dye interaction, possibly due to the bulkiness of the ring. The aromatic ring might reduce
the space available inside the hydrophobic core of the nanoaggregates for the Cou6. On the other
hand, PGA-1,6-H AA% was around 4000, almost 2.5 times higher than that of the bare PGA. The
addition of the 1,6-n-hexanediol moiety seemed to be a perfect balance of amphiphilicity, chain length
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and chain flexibility which allowed for self-assembling of well-defined NPs as well as providing an
improvement of the apparent solubility in water of Cou6.

Conclusions

We have demonstrated that it is possible to alter the chemical composition of the PGA backbone by
utilising a small library of functionalised/functionalisable diols with a straightforward one-pot
synthetic modification of the common enzymatic pathway. The selected diols introduce additional
chemical handles, such as double/triple bonds, PEGylated chains and aromatic rings, directly into the
backbone of PGA. In addition, tuning of the PGA amphiphilic polymer backbone was demonstrated by
adding a series of diols with different hydrophilic/hydrophobic behaviours. The reactivity of the ene-
PGA variants was probed by a simple UV activated thiol-ene reaction. Self-assembly and the
encapsulation of a water-insoluble model molecule were demonstrated to be directly related to the
nature of the added functionalised diol. Furthermore, in vitro cell-viability assays demonstrated that
the produced PGA variants are nontoxic and may be considered appropriate vehicles for future
investigation as drug delivery carriers. In addition, in order to enhance the green credentials of the
enzymatic synthesis, a solvent derived from renewable resources, (2-methyl tetrahydrofuran, 2-
MeTHF) was employed for the synthesis of all the PGA-variants as replacement of the more
traditionally used and fossil-based tetrahydrofuran (THF).
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