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ARTICLE INFO ABSTRACT

Keywords: Despite the success of polyethylene glycol-based (PEGylated) polyesters in the drug delivery and biomedical
G%yceml fields, concerns have arisen regarding PEG’s immunogenicity and limited biodegradability. In addition, inherent
Diglycerol limitations, including limited chemical handles as well as highly hydrophobic nature, can restrict their effec-
Nanoparticles

tiveness in physiological conditions of the polyester counterpart. To address these matters, an increasing amount
of research has been focused towards identifying alternatives to PEG. One promising strategy involves the use of
bio-derived polyols, such as glycerol. In particular, glycerol is a hydrophilic, non-toxic, untapped waste resource
and as other polyols, can be incorporated into polyesters via enzymatic catalysis routes.

In the present study, a systematic screening is conducted focusing on the incorporation of 1,6-hexanediol
(Hex) (hydrophobic diol) into both poly(glycerol adipate) (PGA) and poly(diglycerol adipate) (PDGA) at
different (di)glycerol:hex ratios (30:70; 50:50 and 70:30 mol/mol) and its effect on purification upon NPs for-
mation. By varying the amphiphilicity of the backbone, we demonstrated that minor adjustments influence the
NPs formation, NPs stability, drug encapsulation, and degradation of these polymers, despite the high chemical
similarity. Moreover, the best performing materials have shown good biocompatibility in both in vitro and in vivo
(whole organism) tests. As preliminary result, the sample containing diglycerol and Hex in a 70:30 ratio, named
as PDGA-Hex 30%, has shown to be the most promising candidate in this small library analysed. It demonstrated
comparable stability to the glycerol-based samples in various media but exhibited superior encapsulation effi-
ciency of a model hydrophobic dye. This in-depth investigation provides new insights into the design and
modification of biodegradable (di)glycerol-based polyesters, potentially paving the way for more effective and
sustainable PEG-free drug delivery nano-systems in the pharmaceutical and biomedical fields.

Degradability
Polyesters
Amphilic balance

1. Introduction environment. [1,2] Aliphatic polyesters have been extensively studied
and are capable of degradation through hydrolysis of ester bonds along

A critical aspect for the application of (bio)polymers in pharma- the main backbone, or via enzymatic degradation, rendering them
ceutical and biomedical fields is polymer degradation, as it can prevent suitable materials in the field of drug delivery. [3-8] The rate and extent
the accumulation of hazardous materials within organisms and the of degradation depends on polymer properties including
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hydrophilicity/hydrophobicity, polymer chain length, nature of
pendant side groups, and degree of crystallinity. [9,10] Poly(glycolic
acid), poly(lactic acid) (PLA), and poly(e-caprolactone) (PCL) are
biocompatible materials that are widely used in pharmaceuticals and
biomedical fields due to their physicochemical and mechanical prop-
erties. [9,11,12] While these materials do exhibit several advantageous
properties, their applicability is limited due to their lack of chemical
handles, restricted physicochemical properties, including high melting
points and low solubility, and hydrophobic nature. Therefore, the
degradation rate and consequently the responsiveness of the polymer in
physiological conditions can be limited. In addition, due to the hydro-
phobic nature of such polymers, the use of these materials as
nano-carriers is restricted unless copolymerised or functionalised along
the backbone. [11,13,14] One widely studied method of modifying
aliphatic polyesters involves their copolymerisation with polyethylene
glycol (PEG) (PEGylation). PEGylation introduces a hydrophilic block
into the polyester resulting in amphiphilic block copolymers capable of
self-assembly into nanoparticles (NPs). [14-16] Despite the widespread
use of PEG in drug delivery systems, concerns have been raised due to its
limited biodegradation, tissue accumulation, and potential for immu-
nogenicity. [17-19]

To circumvent these problems recent research has focused on iden-
tifying alternatives to PEG in the synthesis of amphiphilic degradable
polyesters. [20] One synthetic strategy for producing polyesters is to
replace the PEG segment with bio-derived polyols, such as sorbitol and
glycerol via enzymatic catalysis routes. [21-24] This approach reduces
reliance on petrochemical derived products, alleviates their negative
environmental impacts, and contributes to a more sustainable bio-
materials landscape. Glycerol is a major by-product of the biodiesel in-
dustry with a steadily growing production capacity of over 2 million
tonnes per year predicted between 2023 and 2025, whilst enzymatic
catalysis allows the production of controlled structures and retention of
mild conditions. [25]

Among the glycerol-based polyesters reported in the literature, poly
(glycerol adipate) (PGA) exhibits some of the key properties required to
be considered a versatile polymeric carrier in drug delivery due to its
intrinsic amphiphilicity facilitating self-assembly into polymeric NPs
and drug encapsulation. [26-30] The unique chemoselectivity and
regioselectivity provided by lipase (CaLB) enables the secondary hy-
droxyl group of glycerol to remain relatively unreacted and available as
reactive pendant group. The control of self-assembly in a wide range of
length scales may permit to tailor the nano- and micro-structure of
materials thus optimising their performances in different fields,
including drug delivery. [31,32] This eliminates the necessity for
lengthy protection and deprotection steps and facilitates subsequent
post-polymerisation functionalisation. [23,33-36] The main strategy
adopted in the literature to promote amphiphilicity and introduce new
functionality into PGA has been the modification of this free hydroxyl
group. There are multiple examples in the literature where this moiety
has been functionalised with a variety of molecules including fatty acids,
drugs (e.g., indomethacin, mefenamic acid, methotrexate), cholesterol,
tocopherol, folic acid, curable groups, amino acids, and PCL chains.
[37-42] The nature and degree of substitution of the pendant group has
been reported to influence PGA crystallinity, amphiphilicity,
self-assembling ability, encapsulation efficiency, and the degradation
profile of the polymers. [8] If the polymer functionalisation is not finely
tuned, the post-polymerisation functionalisation can hinder the unique,
beneficial properties that PGA is known to exhibit.

To minimise these synthetic limitations and expand the chemical
space explored in the enzymatically synthesised PGA-based polyesters,
our group has previously introduced a straightforward one-pot synthetic
modification. [29,36,43] A small library of functionalised diols was used
in combination with glycerol - introducing a variety of functional groups
as well as hydrophobic linkers into polymer backbone while retaining
the glyceryl secondary hydroxyl group. The incorporation of hydro-
phobic 1,6-n-hexanediol (Hex) enhanced the ability of the polymer to
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self-assemble and encapsulate a model hydrophobic small molecule. In a
similar fashion, by recently focusing on branched glyceride-like poly-
esters, Perin et al., have shown that by modifying the nature of the diacid
counterpart, it is possible to alter amphiphilicity, physical properties,
and ability of such polymers to self-assemble into NPs. [33] On this
basis, we have expanded these works by demonstrating that the incor-
poration of the more hydrophilic diglycerol, instead of glycerol, further
enhanced the ability of the polyesters to encapsulate hydrophobic small
molecules. [44,45]

However, in all previous examples, the focus of the variation of the
polymer backbone was on a single ratio of (di)glycerol:diol, 50:50 mol/
mol. While this provided useful insight into the benefits of rebalancing
the amphiphilicity of these polyesters, a more in-depth screening of
amphiphilicity rebalancing has not been conducted.

For this reason, in the present work we have performed a methodical
screening of the effect of the incorporation of Hex into both PGA and
poly(diglycerol adipate) (PDGA). Ratios of (di)gly:hex at 30:70, 50:50,
and 70:30 mol/mol were investigated. Additionally, both the impact of
diol ratios and subsequent polymer purification, through various pre-
cipitation steps, have been examined on the resulting physicochemical
properties of both the polymers and nanoparticles (NPs). Through these
modifications, we prove that the self-assembling properties of PGA and
PDGA-based polymers are significantly influenced by the minor alter-
ation of amphiphilicity in the polymer chain. This systematic screening
enhances our understanding of amphiphilic balance effects polyester
properties and related behaviour of their self-assembling NPs.

2. Materials and methods
2.1. Materials

Divinyl adipate (DVA) was purchased from Tokyo Chemical In-
dustries, UK. Glycerol, diglycerol and 1,6-n-hexanediol (Hex) were
purchased from Sigma-Aldrich, UK. Phosphate buffer saline (PBS),
bovine serum albumin (BSA), coumarin 6, Novozym 435 lipase, derived
from Candida antarctica immobilised on an acrylic macroporous resin,
were also purchased from Sigma Aldrich. Solvents were purchased from
Fisher Scientific UK (tetrahydrofuran, 2-methyltetrahydrofuran, diethyl
ether, hexane, and ethanol) and Sigma Aldrich (acetone, acetone d6),
and were used without further purification. All chemicals and solvents
were used as received without further purification.

2.2. Characterisation

2.2.1. Nuclear magnetic resonance spectroscopy (NMR)

Successful polymer synthesis was confirmed using 'H NMR spec-
troscopy. NMR spectra were recorded using a Bruker DPX 400 MHz
spectrometer using acetone-dg solvent. Chemical shifts are given in
ppm. Approximately 5 mg of polymer was dissolved in 0.6-0.7 mL of the
solvent. MestReNova 14.3.2 copyright 2023 (Mestrelab Research S.L.)
was used for analysis.

2.2.2. Gel permeation chromatography (GPC)

Polymer Number Average Molar Mass (M,) and dispersity (P) were
determined using GPC in THF (HPLC grade) eluent at 40 °C. Chro-
matographs were recorded using two Agilent PL-gel mixed D columns in
series with a flow rate of 1 mL min~! and an injection loop of 50 pL.
Samples were detected using a differential refractometer (DRI). Samples
were prepared by dissolving sample (6 mg) in THF (2 mL) and filtering
through 0.22 pm Teflon filter. Low dispersity (P) poly (methyl meth-
acrylate) standards were used for the system calibration with average
molar masses ranging from 540 to 1.02 x 10° g mol 1.

2.2.3. Differential scanning calorimetry (DSC)
Thermal properties of the polymers were determined using DSC.
Analysis was performed on a TA-Q2000 (TA instruments), calibrated
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with sapphire and indium standards under N, flow at 50 mL min ..
Polymer (~5 mg) was weighed into a T-zero aluminium pan (TA in-
struments) with a reference pan (T-zero aluminium) remaining empty.
Pan lids were pin-holed, due to the stickiness of the polymer, and
samples were heated at a rate of 10 °C min from —90 to 200 °C. Two
heating cycles were recorded in order to remove any thermal history of
the polymers. The second heating cycle was used to determine the glass
transition temperature (T,) and melting temperature (T;,) of polymers.

2.2.4. Water contact angle measurement (6,,)

Water contact angle samples were prepared by solvent casting of
polymer from a solution of acetone onto microscopic glass slides. Sam-
ples were prepared at a concentration of 3 mg/mL using the film tech-
nique, by pipetting 3-4 drops of polymer solution onto the whole surface
of the glass slides and letting the solvent evaporate overnight. Water
contact angles were measured using a KSV Cam 200 (KSV Instruments
Ltd, Helsinki, Finland) equipped with CAM200 software. Samples were
measured at a constant temperature (25 °C) with at least three replicates
of each measurement recorded at two different time points, t=0 (the
exact moment when water touches the polymer surface) and t=5 sec (as
soon as the drop settles on the surface).

2.3. Polymer synthesis

For PGA synthesis, the published protocol was followed. [44] In a
20 mL vial, glycerol (12.50 mmol) and DVA (12.50 mmol) were weighed
and dissolved in 2-MeTHF (10 mL). Novozym 435 (0.11 g, 4.4%w/w
compared to DVA) was added to all the mixtures, which were then
stirred at 200 rpm at 50 °C for 5 h in a sealed vial, with the rubber
septum being pierced with two needles to allow the release of acetal-
dehyde, a by-product of the reaction. After 5 h, the reaction was stopped
by removal of the enzyme by filtration. The solvent was removed under
reduced pressure. The polymer was kept under reduced pressure at 25 °C
for a week to remove residual solvent leaving a viscous, pale-yellow
polymer. The polymer conversion was quantitative, as confirmed by
1H NMR spectroscopy.

For the hexanediol-variants, according to the published protocol,
[44] synthesis occurred by weighing 1,6-n-hexanediol (6.25 mmol),
glycerol (6.25 mmol) and DVA (12.50 mmol) into a 20 mL glass vial and
dissolving in 2-MeTHF (10 mL). This ratio glycerol:hexanediol 50:50,
will be further referred to as PGA-Hex 50% (% is always refereed to the
amount of Hex in the polymers). 30% (PGA-Hex 30%) and 70%(PGA--
Hex 70%) hexanediol variants were prepared with 3.75 mmol and
8.75 mmol hexanediol respectively, and the moles of glycerol adjusted
according to Mgjycerol + Mhexanediol = 12.50 mmol.

A revised procedure was followed for PDGA based polymers; digly-
cerol is poorly soluble in 2-MeTHF, therefore THF was used instead.

PGA:1.65(4H,s),2.37 (4 H, s), 4.02-4.24 (5 H, m, 1,3 disubstituted
glycerides), 5.08 (fraction of 1 H, m, 1,2 disub) and 5.28, 5.35 (fraction
of 1 H, m, 1,2,3 trisub)

PGA-Hex 50%: 1.40 (2 H, m) 1.64 (4 H, s), 2.35 (6 H, s), 4.02-4.23
(5H, m, 1,3 disubstituted glycerides), 5.08 (fraction of 1 H, m, 1,2 disub)
and 5.28, 5.35 (fraction of 1 H, m, 1,2,3 trisub)

PDGA: 1.66 (4 H, s), 2.36 (4 H, s), 3.43-4.39 (10 H, m 1,3 disub-
stituted diglycerides), 5.01 (fraction of 1 H, m, 1,2 disub) and 5.20
(fraction of 1 H, m, 1,2,3 trisub)

PDGA-Hex 50%: 1.40 (2 H, m)1.64 (4 H, s), 2.34 (6 H, s), 3.43-4.39
(10 H, m 1,3 disubstituted diglycerides), 5.00 (fraction of 1 H, m, 1,2
disub) and 5.19 (fraction of 1 H, m, 1,2,3 trisub)

2.4. Polymer purification

Purification by fractionated precipitation of a solution of polymer
into a non-solvent for the polymer should provide the remotion of low
molar mass entities and shorter oligomers, leaving the longer and more
uniform chains. After complete dissolution of the polymer (250 mg) in
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acetone (1 mL), the precipitation was performed in a series of non-
solvents, hexane, diethyl ether, a mix of these two at 50:50 ratio, and
methanol (15 mL). The precipitated materials were collected by
centrifugation and after removal of the supernatant, the pellets con-
taining the purified polymers were dried in a vacuum oven to remove
the residual solvent and subsequently analysed (Table S1).

2.5. NPs formulation and characterisation

2.5.1. NPs formation

NPs were prepared by nanoprecipitation. Briefly, polymer (10 mg)
was dissolved in acetone (2 mL) and then added dropwise into deionised
water (4 mL) under constant stirring at 500 rpm. The uncapped solutions
were left stirring overnight to allow for complete evaporation of
acetone. The final NPs concentration was 2.5 mg/mL. Samples were
analysed for size and zeta potential before and after filtration (0.22 pm)
using cellulose filters.

2.5.2. Dynamic light scattering (DLS) and zeta potential measurements

Dynamic light scattering was used to determine NPs size using a
Zetasizer Nano spectrometer (Malvern Instruments Ltd.) equipped with
a 633 nm laser at a fixed angle of 173° and a Wyatt DyanPro DLS Plate
Reader. Samples were equilibrated for 30 s at 25 °C prior to measure-
ment. Zetasizer Nano spectrometer was also used to measure zeta-
potential of the NPs. All samples were measured in triplicate. NPs
were prepared at a concentration of 2.5 mg/mL and measurements were
done in both samples that were unfiltered and filtered through 0.22 uM
filter.

2.5.3. Coumarin encapsulation and fluorescence microscopy

Coumarin (Cou6) solutions (1 mg/mL) were prepared in acetone.
Polymer (10 mg) was weighed into a vial and dissolved in coumarin
solution (1 mL). In this way, formulations with a polymer:Cou6 ratio, by
weight, of 10:1 were prepared. Polymer solutions were subsequently
added dropwise into deionized water (4 mL) whilst stirring at 500 rpm.
Vials were left under stirring overnight to enable acetone evaporation.
Nanoparticle-dye dispersions were filtered through a 0.22 pm filter.
Coumarin blank was filtered and measured in water without the addi-
tion of polymer. Particle sizes and Z-potential were determined using
DLS. In addition, the encapsulation was qualitatively determined using
fluorescence spectrophotometry, by measuring the fluorescence in-
tensity of the NPs-dye dispersions at excitation wavelength A = 460 nm
and emission wavelength A = 500 nm.

AF

AF% _a7 (FNPS - FCouG)

F FCnuf) x 100

Fnps = fluorescence signal of NPs formulation with encapsulated
Coub, normalised by the polymer F.
Fcous = fluorescence signal of the free dye in water

2.5.4. NPs stability in BSA and PBS

Stock solutions of polymers were prepared at 2.5 mg/mL. Stock so-
lution of bovine serum albumin (BSA) was prepared at 2 mg/mL in DI
water, following the published protocol. Stock solution of phosphate
buffered saline (PBS) was prepared at 3 mg/mL in DI water. The poly-
mer solutions (100 pL) were mixed with BSA (100 pL) and PBS (100 uL)
in a well plate. Samples were measured in a DLS plate reader att =0, 3,
and 24 h to assess the stability of NPs.

2.5.5. Engymatic degradation/hydrolytic enzymatic assay

Lipase from porcine pancreas, Type II (>125 units/mg protein (using
olive o0il (30 min incubation)), 30-90 units/mg protein (using triacetin))
was used in this experiment. A solution of enzyme at 10 mg/mL in PBS
was prepared. 50 uL of this solution were added to 250 uL of NPs (at
concentration of 2.5 mg/mL in water, as mentioned previously). The
effect of the enzyme was observed within 24 h at 25 °C.
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2.5.6. Transmission electron microscopy (TEM) measurements

NPs suspensions (13 pL, 2 mg/mL) were added to a copper grid
(Carbon film 200 mesh copper (Agar Scientific)) and left for 2 min after
which time the excess sample was removed. The TEM grids were left to
dry for 3 h before measuring. Analysis was performed using a FEI
Biotwin-12 TEM fitted with a digital camera.

2.6. Invitro cell culture

The human intestinal epithelial adenocarcinoma cell line Caco-2 was
obtained from the American Type Culture Collective (ATCC) and used
between passages 40-50. Cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum
(FBS) at 37 °C in a humified incubator with 5% CO2. Cells were
routinely grown in 75 cm? culture flasks to 70% confluence.

2.7. Invitro PrestoBlue metabolic activity assay

Cellular metabolic activity was measured using the PrestoBlue
viability assay (Thermo Fisher Scientific) as an indication of cytotox-
icity. Caco-2 cells were seeded at 1x10* cells per well in 96 well plates
and cultured for 24 h. After 24 h, they were exposed to treatments in
100 pl phenol red free DMEM for 24 h. Triton X-100 was applied at 1%
(v/v) as positive cell death control and medium alone was used as
negative control. Following exposure period treatments were removed
and cells incubated with 100 ul 10% (v/v) PrestoBlue reagent per well,
diluted in phenol red free medium for 60 minutes. The resulting fluo-
rescence was measured on a Tecan Spark 10 M plate reader at an exci-
tation wavelength A = 560 nm and emission wavelength A = 600 nm.
Relative metabolic activity is calculated from PrestoBlue data by setting
values from the negative control as 100% and positive control values as
0% metabolic activity (Equation 1)

(x — Positive  control)

Relative metabolic activity = ((

control) )

Negative control — Positive
x 100

Equation 1. Calculation of relative metabolic activity. x = treated sample
fluorescence value. All values are from fluorescence at 560/600 nm (Aex/
Aem).

2.8. Invitro LDH release test

To study plasma membrane damage in vitro, the extracellular release
of lactose dehydrogenase (LDH) enzyme was assessed using the LDH
release assay (Sigma Aldrich, TOX7 kit) As above, Caco-2 cells were
seeded at 1x10* cells per well in 96 well plates and cultured for 24 h.
Cells were exposed to treatments in 100 pl phenol red free DMEM and
received either polymeric formulations, 1% Triton X-100 to induce cell
lysis or DMEM only to serve as the vehicle control. Following 24 hours
exposure, 50 pl of supernatant per well was sampled and transferred to a
new 96 well plate for detection of LDH released extracellularly. LDH
detection solution was prepared according to the manufacturer’s in-
structions and 100 pl detection reagent added per well to the 50 pL of
supernatant sample. The solution was incubated at room temperature
protected from light for 25 minutes and the absorbance of the resulting
solution measured at 490 nm on a Tecan Spark 10 M plate reader.
Relative LDH release was calculated by setting the absorbance signal of
1% Triton X-100, assumed to generate full cell lysis, as 100% LDH
release and the background signal generated by LDH detection solution
alone as 0%.

2.9. C. elegans in vivo cytotoxicity

In vivo toxicity was investigated by challenging Caenorhabditis ele-
gans nematodes to polymers PGA-Hex (30% & 50%, 0.5 mg/mL), and
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PDGA-Hex (30% & 50%, 0.5 mg/mL). Adult C. elegans were filtered
(Merk 20 um Nylon filter) and washed with M9 buffer solution (50 mL).
Nematodes (> 40 animals) were made up with 0.5 mg/mL of polymer,
suspended in M9 buffer solution, with 0.1 ODggg of Escherichia coli for
sustenance. Controls were used for experimental guidance in the form
E. coli alone (positive control) and absolute ethanol (20% v/v, negative
control). Nematodes were imaged at Time = 24 h. All experimental
conditions were conducted in triplicate, and error shown on data is
standard deviation. Viability of nematodes was determined according to
motile percentage calculations. [46] An absolute indicator of nematode
viability was also determined through the observation of progeny pro-
duction after 24 h.

2.10. Statistical analysis

NPs stability from different solvents and over time (Figs. 2A and 2B)
and cytotoxicity results for in vitro cell culture were tested for significant
differences from control group (DMEM) using two-way ANOVA and
Dunnett’s multiple comparisons post-hoc test. For in vivo C. elegans
cytotoxicity significance was tested using Student’s T test. Statistical
significance was determined at P<0.05.

3. Results and discussion
3.1. Polymer synthesis

PGA and PGA-Hex variants (Scheme S1) were successfully syn-
thesised using the sustainably resourced solvent 2-MeTHF. [47-49] This
was confirmed by both GPC and 'H NMR (Figure SI1) and comparing to
the existing literature. Full 'H NMR peak assignment has been described
by Taresco et al. (2016) [36] and Jacob et al. (2021). [43] Divinyl peaks
initially present in the DVA monomer at 4.59, 4.87 and 7.29 ppm dis-
appeared due to esterification and removal of side product acetalde-
hyde. [29,50] As previously reported, [36] protons relating to glyceride
peaks appeared between 3.5 and 4.4 ppm, indicative of the esterification
of the glycerol hydroxyl groups. Glycerol and adipic peaks also shifted
and broadened in shape relative to the monomers alone. These factors
combined confirm successful polymerisation(s). Despite the primary
alcohol selectivity of the lipase, a small percentage of secondary hy-
droxyl groups of glycerol had participated in polycondensation (likely
due to the unconventional temperature and use of organic solvent), [33]
the representative peaks labelled as ¢’ and c’’, respectively (INSET left,
Figure SI1).

The ¢’ peak at 5.08 ppm relates to 1,2-disubsitution (not reported in
the scheme but reported previously in literature [36]), as this still pro-
vides a linear polymeric backbone, this peak is not included in the
branching percentage. The ¢’’ peak at 5.28 ppm corresponds to the 1,2,
3-trisubstiuted glycerol units (not reported in the scheme but reported
previously in literature [36]) and was calculated as a branching mol/-
mol%, as reported previously. [36,44] A small, additional branching
peak at 5.35 ppm was visible for all four polymers and may correspond
to methine protons on secondary glycerides trisubstituted with a
different environment and was included in the calculation for c’’. As
expected, percentage of 1,2,3- trisubstituted glyceride (branching) of the
polymer backbone decreased as the mole percentage of Hex was
increased, due to less glycerol present. Additionally, the glyceridic peak
at 4.12 ppm (c,d) decreases with increasing hexanediol. In the 'H NMR
spectra of the PGAHex-based polymers, the peak at 1.63 ppm, labelled b
and y, is comprised of 4 adipic protons and 4 methylene protons of
hexanediol (INSET right, Figure SI1). The integrals of these protons are
in agreement with the molar ratios of diols used in the polymer syn-
theses. For PGA-Hex 30%, the expected integral at 1.63 ppm is 5.2. This
value is the result of 4 (adipic) protons and 4 x 0.3 equivalents -CH3 of
hexanediol proton, y (Figure SI1) when the adipic peak at 2.36 ppm is
set to be equal to 4 protons. The measured integral of 5.12 is in agree-
ment with the expected value.
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PDGAHex-based polymers produced (in THF due to the low solubi-
lity of diglycerol in 2-MeTHF) were analysed by 'H NMR (Figure SI2) as
previously reported in the literature (full analysis has been performed
by. [44] As expected, with the addition of more Hex, a decrease in the
diglyceride peak intensity at 3.5-4.1 ppm occurs as the mole percentage
of diglycerol decreases, as was also shown for glycerol. The extent of
trisubstitution on the pendant OH group has been found to be <10%
mol/mol and decreases with increasing hexanediol content, as was also
seen for PGA based polymers (Figure SI2). This low level of trisub-
stitution can be achieved thanks to the use of Novozym 435 as chemo-
and regio-selective catalyst, reacting preferentially with primary hy-
droxyl groups. In fact, it is widely reported that when glycerol is used as
a monomer for the synthesis of polyesters via thermal polycondensation
(temperature > 120 °C) cross-linked networks can be produced. [51,52]
However, when an enzymatic catalysis route is selected, cross-linking is
avoided even at high monomer conversion but, as demonstrated herein a
low degree of branching can be expected. [53,54] Generally, the level of
trisubstitution is lower in diglycerol based polymers compared to
glycerol-based analogues due to the high steric hindrance provided by
the two vicinal pendant hydroxy groups when an immobilised lipase is
used as catalyst, as also shown previously. [44] As for the PGA
Hex-based polymers, the diglycerol:Hex ratio has been evaluated and
confirmed via 'H NMR spectroscopy (Figure SI2).

3.2. Molar mass analysis

GPC traces showed a broad (1.5 < P < 2.10) polymeric peak for each
derivative, ranging from M, 3600 up to 5400 g mol ! and traces of
oligomers, as previously observed in literature. [44] In addition, PDGA
showed a lower molar mass, due to its shorter chain length. This is likely
caused by the increased viscosity of diglycerol and therefore slow re-
action kinetics in the same reaction time as well as lower branching. A
finding that was in line with the literature. [44] The molar masses of the
Hex-based polymers were found to be higher than unmodified PGA and
PDGA (Table 1). [44] This may be due to a higher solubility of hex-
anediol in THF in comparison to the hydrophilic polyols, facilitating
hexanediol to react and therefore, higher molar masses. Moreover, for
the glycerol/diglycerol variants, increasing the amount of hexanediol
from 30% to 50% results in a rise in the molar mass, while the following
increase of 50-70% leads to a decrease in the molar mass. This is likely
explained by the fact that when increasing the amount of Hex, above the
50% threshold, although the complete polymerisation is promoted,
more oligomers can be produced due to the excess of hexanediol.
Furthermore, the addition of more Hex has an effect on final polymer

Table 1
Number average molar mass (Mp), D, Ty, Tr, and AHp,.
Polymer M, (g b M,/ Ty Tn (°C)°  AH, (J
mol )" M)’ co’ g
PGA 4.8 x10° 2.10 -28.2 N/A N/A
PGA-Hex 5.9 x10° 1.90 -39.7 N/A N/A
30%
PGA-Hex 6.1 x10° 1.70 -49.8 10.8, 5.0,13.4
50% 24.5
PGA-Hex 4.4 x10° 1.70 -50.1 32.3, 48.4
70% 37.0
PDGA 3.6 x10° 1.50 -17.6 N/A N/A
PDGA-Hex 5.0 x10° 1.80 -28.4 N/A N/A
30%
PDGA-Hex 6.9 x10° 1.80 -38.9 24.5 2.2
50%
PDGA-Hex 6.0 x10° 1.70 -40.1 29.5, 11.0, 16.3
70% 37.6

@ Molar mass was determined by GPC using THF eluent at 40 °C. GPC was
calibrated using low dispersity PMMA standards with molar mass ranging from
540 to 1.02 x 10° g mol ™.

b Thermal properties determined by DSC.
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solubility and linearity. Therefore, we postulate the detected molar mass
is due to a different elution volume of the polymer bearing 70% of Hex.

3.3. Thermal properties

DSC analysis was used to further confirm the success of the poly-
merisation of all variants (Table 1) when compared to the known liter-
ature. [43,44,55,56] Regarding the thermal analysis, polymers without
Hex were found to be completely amorphous, with Ty values ranging
from —40 to —20 °C (Table 1), while the hexanediol-modified glycer-
ol/diglycerol variants showed both a T in the region between —50 °C
and —30 °C (Table 1) and weak melting transitions between 10 and 37 °
C (Table 1). The melting peaks cannot be appreciated when the amount
of Hex is below 30%, while two melting peaks can be observed in most of
the other Hex variants, suggesting the presence of either small traces of
unreacted Hex or two possible polymorphs due to the heterogeneity of
the polymer backbone. In general, the use of hexanediol decreased the
polymer Ty further with respect to the pure PGA. All polymers maintain
good flexibility at room or body temperature as all the Ty,s are below or
around 37 ° C.

3.4. Water contact angle (6,,)

The water contact angle is adopted as a qualitative way to evaluate
whether the surface has a hydrophobic or hydrophilic characteristic.
[57] As expected, as the hexanediol ratio increased, the hydrophobicity
of the final polymer increased almost in linear fashion (Figure SI3).
However, all the ©,, measured were below the conventional hydro-
phobic threshold of 90° hinting at a generally hydrophilic surface. We
observed that as soon as the water droplets reached the polymer surfaces
(Figure SI3, t=0 s), the polymers with the lower hexanediol amounts
showed smaller contact angles. In addition, when the droplets settled on
the polymer surface (Figure SI3, t=5 s) a rearrangement of the surface
occurred, presumably, causing the -OH to segregate (reassembling/-
rearranging) towards the droplet, leading the droplet to flatten/spread
out and "wet" the surface more. This is likely due to increased hydroxyl
moieties that could rearrange and interact with the droplet. This
time-related wetting behaviours and related hydroxyl groups/polar
moieties rearrangement towards the water droplets may be used as
further evidence of the amphiphilic nature of the polymeric materials.
Finally, the largest change with the subsequent largest drop in contact
angle was observed for the PDGA variants corroborating the hypothesis
that more hydroxyl groups may be able to rearrange towards the water
droplet.

3.5. Purification results — PGA-Hex 50% polymers

In order to understand the effect of polymer purification (via direct
polymer precipitation) upon chemical properties and self-assembling
ability of the polymers, four different (non)solvent systems with
different polarity properties; hexane, diethyl ether, a mix of these two at
50:50 ratio, and methanol were used. Showing PGA-Hex 50% as an
example: 'H NMR analysis of PGA-Hex 50% was repeated after purifi-
cation in the solvent mixtures (Fig. 1). Overall, the polymer structure
remained consistent throughout, with no structural change in the
polymer visible in the 'H NMR analysis and with unchanged glycerol:
hex ratios. However, the level of 1,2,3-trisubstitution slightly changed
only for the case of purification in Hexane (Fig. 1, inset), likely due to
selective removal of more linear fraction.

GPC proved that although the M, and D of the purified polymers
remained largely the same (Table SI1) for the more non-polar mixtures
(hexane, diethyl ether, and the 50:50 ratio mix), the purification step
using the more polar methanol allowed the full removal of low molar
mass shoulders, likely due to oligomers (Figure SI4 and Table SI1). This
resulted in the fractioning and selection of a higher molar mass/DP and
well-defined peak (Figure SI4) with lower solubility in the polar solvent,
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methanol. However, the yield of the precipitation step from methanol
was low (Table SI1), due to a large proportion of the polymer chains
being soluble in the non-solvent and only worked for the glycerol-based
polymers. In addition, to confirm this observation, other polar solvents
were used for the diglycerol-based polymers, ethanol and ethyl acetate.
Regardless of the change in polarity, the yields remained at low levels
(Table SI1).

Moreover, when testing the self-assembly behaviour of the purified
PGA-Hex 50 from the different non-solvents, it was observed that the
size of NPs before and after purification still ranged within the same size
range (130-145 nm) (Figure SI5). Only when methanol was used, the
NPs produced were slightly smaller in the range of roughly 90 nm.
Despite this, the size distribution was broader (PDI= 0.107) than the
non-purified, which was as narrow as 0.037. Considering the experi-
mental evidence, purification with polar solvents fractionate longer

chain entities and reducing branched species, however it does not
enhance the self-assembly properties of the polymers. Therefore, puri-
fication is an extra procedural step that leads to use and waste of toxic,
hazardous solvents and consequently can be avoided, in the interest of a
more sustainable process.

3.6. NPs formation and solvent analysis

In the nano-formulation screening, PGA and PDGA have been
excluded according to previous literature assessment of their poorer
performances when compared to their Hex polyester variants. 44

All the unpurified polymers synthesised in this work have been tested
for their ability to form NPs according to the protocol previously applied
in the literature for similar polymers. [58] To optimise the NPs forma-
tion, two solvents were used for the nanoprecipitation technique:
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acetone and THF. [59] The nanoprecipitation technique is a complex
process, which can be affected by many factors, including water-solvent
miscibility and polymer nature. [60] THF gave slightly larger PDGA-Hex
NPs sizes than acetone due to different water-solvent miscibility. THF
has lower dielectric constant and solubility parameter than acetone,
suggesting that the difference in water-THF miscibility was greater than
that in the case of acetone. Lower water-solvent miscibility hindered
water-solvent blending rate and thus, leading to larger NPs size. [61]

Although at t=0 (after overnight solvent evaporation) NPs sizes are
similar for both solvents, after t=1 week all the NPs prepared using THF
showed both instability (with some noticeable precipitation), substan-
tial and very significant (P<0.001) enlargement of sizes via DLS
(Fig. 2A). On the other hand, the NPs prepared using acetone showed no
evident precipitates after 1 week. Size consistency was visible over the
stability period throughout the PDGA series, regardless of the amount of
Hex. While, in the PGA series, a statistical difference in average size after
1 week it has been seen, however, the size did not vary more than 10 nm.
It is notable that PDGA-Hex polymer NPs were smaller than PGA-Hex
analogues from t=0. For this reason, it was decided to continue the
NPs production and screening using acetone alone. To further probe the
behaviours of the produced NPs, stability up to a month was also
investigated (Fig. 2B). Regardless Hex amount, all polymeric NPs
showed good stability, with limited size enlargement over the observed
timeframe and with differences in average sizes between time zero and
t=1month always below 40 nm. In addition, all NPs sizes were below
200 nm (ranging from ~90-150 nm) (Fig. 2B).

However, both polymers prepared with the higher amount of Hex,
PGA-Hex 70% and PDGA-Hex 70%, respectively, produced aggregates
when formulated via nanoprecipitation at 2.5 mg/mL and from both
acetone and THF (Figure SI6). With the aim of performing an explorative
screening of the effect of hydrophobicity effect of polymer backbone
upon NPs formation, these two polymers were excluded from further
analysis.

3.7. NPs stability in biological conditions

To investigate the NPs stability and stealth-like properties in
biological-like conditions, bovine serum albumin (BSA) was used as a
model protein similar to the one in the human blood stream. [62,63]
Phosphate Buffered Saline (PBS) was also investigated due to having
ionic strength similar to cell culture media and human fluids. [64,65]
NPs of the two ratios (30% and 50%) for both PGA-Hex and PDGA-Hex
stability through DLS measurements were investigated (Fig. 2C). Out of
all the NPs, PGA-Hex 50% appears to be the most stable of the polymers
synthesised. This is due to the higher hydrophobicity of this polymer
compared to the other three samples, allowing a better NPs hydrophobic
core packing with consequent formation of a stable hydration shell and
enhanced stability of the nano-dispersion in aqueous media. Particle
sizes of PGA-Hex 50% remained unchanged for all time points in pres-
ence of PBS and only a slight change in the intensity when using BSA in
testing environment (Fig. 2C). Particle sizes of PDGA-Hex 30% and 50%
tended to remain unchanged after 24 h in BSA. PDGA-Hex 50% showed
instability in PBS and size broadening after 3 h. However, both polymers
afforded markedly size changes at the last time point of t=24 h (Fig. 2C).
The differences in stability between PGA polymers and the PDGA set
may be traceable again to the higher hydrophobicity and higher ©,,
values of the polymers bearing glycerol. The improved hydrophobic
character may provide a more stable core which could lead to more
stable NPs. On the other hand, the presence of diglycerol may lead to
more water-soluble polymers with more unbound NPs cores, which are
destabilised by the presence of higher ionic strength in PBS. [66]
However, these tests have been conducted to gather initial qualitative
information on size variation in different media in order to identify a fast
screening system. For this reason, statistical analysis on this data was not
performed.
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3.8. NPs qualitative degradation assay

In order to acquire knowledge on the behaviour of the prepared NPs
in the presence of a common lipase (details in Materials and Methods),
DLS was used as a rapid screening technique, monitoring the change in
nanoparticle size after enzyme addition. This experiment was conducted
to provide an indication of whether or not a lipase would degrade the
produced polymers, rather than a quantitative measure of the degree of
degradation as already suggested by the literature. [8] It has been pre-
viously shown that the increase in particle size is due to swelling, fol-
lowed by the aggregation of the NPs, which can be taken as an sign of
degradation. [67] In fact, before (Alone) and just after adding the
enzyme (t=0, at 25 "C) only a single peak is observed, reflecting the
well-defined and monodisperse NPs (Fig. 3 Alone and t=0 at 25 Q). As
the degradation progresses, the polyester chains are hydrolysed with
consequent formation of shorter and more hydrophilic chains within the
NPs first swelling and then aggregating (after 30 min, 5h and 24 h
respectively at 25 'C).

All polymers tested showed fast interaction with the enzyme with
swelling evident within the first 30 mins and remarkable size enlarge-
ment, hinting at aggregation from 5 h onwards (sizes >3 ym) (Fig. 3).
This increment in size was significantly different to the behaviour
observed in PBS after the same observation timeline (Figs. 2 and 3).
Additionally, attenuator values were automatically selected by the in-
strument, moving from approximately 6 (t=0) to 9 (after 24 h), for all
the samples. This means that the concentration of the material able to
scatter the light in the sample had decreased, again indicating degra-
dation and/or aggregation. However, due to the nature of the mea-
surement, this can be considered only as qualitative analysis of the
interactions between the NPs and lipase.

3.9. NPs toxicity testing

3.9.1. In vitro: intestinal epithelial

To assess the cytocompatibility of PGA-Hex and PDGA-Hex NPs
systems generated via nanoprecipitation with acetone, human intestinal
Caco-2 cells were exposed for 24 hours to 0.125, 0.25 or 0.5 mg/mL of
the polymeric formulations (Fig. 4). The resulting metabolic activity was
then probed as an indication of cell viability (Fig. 4A) and extracellular
release of LDH enzyme measured to evaluate potential plasma mem-
brane damage (Fig. 4B). The data demonstrate that the applied systems
are non-toxic, as indicated by no decreases in cellular metabolic activity
and no substantial differences in LDH release when compared to the
vehicle control (DMEM); statistical analysis using two-way ANOVA test
determined no significant difference between test systems and DMEM
control in both assays (P > 0.05). The top tested concentration of
0.5 mg/mL represents a concentration higher than necessary for future
applications thus it can be concluded based on in vitro testing that these
systems can be safely applied in a non-toxic manner for purposes such as
drug delivery. Furthermore, the observation of in vitro cytocompatibility
is in agreement with previously published data. [44]

Due to the amphiphilic nature of the polymers generated it was
deemed appropriate to investigate their potential to perturb the plasma
membrane via LDH release measurements. Amphiphilic surfactant-like
compounds have the properties to intercalate with the phospholipid
bilayer of the cell plasma membrane, which can result in damage and
loss of barrier function. [68,69] Lack of membrane damage as observed
with the systems tested here indicates the absence of a toxic
membrane-associated effect. However minor, non-destructive effects
such as changes in membrane fluidity cannot be ruled out without
further investigation. Nevertheless, the data suggest that the polymer
NPs systems remain intact in the extracellular media and do not disas-
semble into polymer units prior to interacting with cell plasma mem-
branes. While out of the scope of current study, future work with these
systems shall assess NPs endocytosis, subsequent intracellular degra-
dation in lysosomes and payload release.
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Fig. 2. A. DLS graph presenting the Z-average of the polymers by Intensity. Two solvents were investigated for the NPs production method; Acetone and THF and for
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Fig. 3. Demonstration of the DLS results for the degradation studies. All polymers were mixed with a lipase solution in order to investigate their degradation ability

through time.

3.9.2. In vivo: organism viability

C. elegans is a simple model organism used to test biocompatibility
and toxicity for complex biological systems such as humans. [70] In this
context, nematodes can be used as suitable organism to evaluate the
efficacy and optimisation of nano-formulation systems [71] and in-
cludes drug delivery applications. [72,73]

C. elegans viability was determined by observing the motility of adult
worms and their ability to produce offspring. Worms that are motile are
considered viable, whereas nematodes treated with 20% v/v ethanol are
not motile or produce progeny.

The NPs PGA-Hex (30% & 50%) and PDGA-Hex (30% & 50%) did
not significantly affect the viability of C. elegans compared to M9 and
Ethanol (20% v/v) controls after 24 hours of exposure (Fig. 4 C; P >
0.05). This observation was supported by similar worm motility be-
tween the M9 control and those treated with polymeric NPs, along with
the offspring they produced over the 24-hour study (Fig. 4 D and Sup-
plementary video).

In addition, PDGA-Hex 50% displayed visible aggregation after being
suspended in M9 buffer solution for 24 hours (PDGA-Hex 50%, Fig. 4 D).
This is most likely linked to its reduced stability, in high salt solution
also exhibited in data with PBS (Fig. 4C). Nevertheless, a reduction in
viability was not observed detected from this sample. These data mirror
earlier studies, which highlight that nematodes appear to consume these
aggregates without any adverse impact on their viability or reproductive
capabilities. [44]

3.9.3. Model drug encapsulation screening

The ability of the polymeric NPs to encapsulate a hydrophobic model
compound was evaluated. Coumarin 6 (Cou6) is a fluorescent, water-
insoluble small molecule that has previously been used in encapsula-
tion studies as a model hydrophobic compound with a drug-like struc-
ture to mimic the behaviour of lipophilic active ingredients. [44] Cou6
was co-nanoprecipitated with and without (control) polymers. (Fig. 5A).
The apparent solubility of the drug-like Cou6 in water was determined in
a fast and semi-quantitative fashion by using AF%. The polymers were
then ranked according to their AF% value, which is directly related to
the enhancement of the water apparent solubility of Cou6. Previously,
the differences in UV-vis Absorbance (AA%) was adopted as direct
measurement of the water apparent solubility of Cou6. However, in this
case we opted for analysing the dye fluorescence signal due to the

negligible polymer effect and a better final detection of the dye signal.

After Cou6 encapsulation, a drop in zeta potential from around
—25mV to circa —30 mV for all the polymers in was observed in
agreement with previous studies on similar polymers. This might also be
due to more hydrophobic interaction between cou6 and NP core,
resulting in more compacted core of NPs compared to blank NPs and
higher negative ZP. More hydrophobic interaction of NP core may expel
more hydroxyl groups to present on the NP surface and drop the ZP to
more negative value. PGA-Hex 30% and PGA-Hex 50% showed lower AF
% (more than half compared to the PDGA polymers) values compared to
their PDGA-Hex modified counterparts (Fig. 5A). The increase in
apparent solubility of Cou6 in the PDGA-Hex 30% and 50% formula-
tions, as previously found for PDGA-Hex 50% alone, this is attributed to
an enhancement in the amphiphilicity of the polymeric backbones, the
greater hydrogen bond interactions from additional hydroxyl function-
alities (due to diglycerol), as well as the less hydrophobic and loosen
core. This latter is the consequence of lower hydrophobic interactions
inside the NPs core with consequent availability to host more dye, and
therefore higher AF%. Upon analysis of the best performing NPs, it is
observed that sizes after Cou6 encapsulation tended to slightly contract
(seen by both TEM and DLS, Fig. 5B and C). This is likely due to the
stronger interactions between the polymer chain, the hydroxyl group in
the side chain with the drug molecule.

Finally, by selecting the nanoprecipitation as a formulation strategy,
spherical NPs were produced as confirmed by TEM analysis (Fig. 5B).
However, for all the samples analysed, some aggregation occurred, and
therefore, heterogeneity in the size distributions was observed. This was
more evident for PDGA-Hex30% since this polymer showed only a T,
around —28 “C, while PDGA-Hex 50% showed a T below —38 °C but
multiple Tp,s above room temperature. In this regard, it has been shown
that soft materials with low Tg, tend to flow, migrate, and aggregate
during drying and during TEM analysis. [74] To better analyse these
systems and avoid artifacts, Cryo-TEM analysis will be performed in the
future.

4. Conclusion
In this work, we investigated the effects of purification steps and

variations in the stoichiometry of monomer feed ratio on the amphi-
philicity balance of glycerol/dyglycerol-based polyester backbones,
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indicator of viability.

prepared using a one-pot, one-step enzymatic polycondensation process.
We examined their impact on nanoparticle properties, including nano-
particle formation, stability and drug encapsulation. It was found that by
changing the (hydrophilic) polyol: (hydrophobic) diol feed ratio, poly-
mers with different properties could be prepared in mild and sustainable
conditions. The variation of the chain amphiphilicity allows the fine
tuning of NPs stability in biologically relevant media, as well as drug
encapsulation efficiency. Combined with the assessed biodegradability
and the absence of cytotoxicity in vitro experiments as well as in vivo
whole organism models, this work shows promising potential for further
screening of these polymers and new variations as nano-drug delivery
carriers. Although PDGA-Hex 30% proved to be the best candidate, by
balancing good stability in relevant media and good dye encapsulation,
a clear candidate has not been underpinned due to the limited number of
the polymers analysed. However, the promising results, reported in this
work, can be pivotal for more works in this area and to broaden interest
towards more sustainably sourced and synthesised PEG-free polyesters.
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