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Articl.E‘ history: Sustainably derived poly(glycerol adipate) (PGA) has been deemed to deliver all the desirable features
Received 2 December 2022 expected in a polymeric scaffold for drug-delivery, including biodegradability, biocompatibility, self-
Revised 17 February 2023 assembly into nanoparticles (NPs) and a functionalisable pendant group. Despite showing these advan-
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Available online 22 March 2023 tages over commercial alkyl polyesters, PGA suffers from a series of key drawbacks caused by poor

amphiphilic balance. This leads to weak drug-polymer interactions and subsequent low drug-loading
in NPs, as well as low NPs stability. To overcome this, in the present work, we applied a more significant
variation of the polyester backbone while maintaining mild and sustainable polymerisation conditions.
We have investigated the effect of the variation of both hydrophilic and hydrophobic segments upon
physical properties and drug interactions as well as self-assembly and NPs stability. For the first time
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we have replaced glycerol with the more hydrophilic diglycerol, as well as adjusting the final amphiphilic
balance of the polyester repetitive units by incorporating the more hydrophobic 1,6-n-hexanediol (Hex).
The properties of the novel poly(diglycerol adipate) (PDGA) variants have been compared against known

polyglycerol-based polyesters. Interestingly, while the bare PDGA showed improved water solubility and
diminished self-assembling ability, the Hex variation demonstrated enhanced features as a nanocarrier.
In this regard, PDGAHex NPs were tested for their stability in different environments and for their ability
to encode enhanced drug loading. Moreover, the novel materials have shown good biocompatibility in
both in vitro and in vivo (whole organism) experiments.

© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The application of polymeric nanomaterials as vehicles for drug
delivery is a rapidly expanding area of research, with over 1600
articles published on this topic in 2021 (source Web of Science).
[1] Polymers used in these applications should preferably be
biodegradable but most importantly biocompatible.[2] They
should ideally be multifunctional or be able to allow the introduc-
tion of novel functionalities, along their backbones or side chains.
They should self-assemble in aqueous environments and, at the
same time they should encode for the highest drug loading through
encapsulation.[3-5] Whilst polyethylene glycol (PEG) based poly-
mers are widely used in many drug formulations, they are not
readily biodegraded in the body and their overuse has been shown
to cause bioaccumulation as well as PEG antibody formation
within the population[6,7]. The consequences of this include
hypersensitivity, faster drug clearance and occasionally life-
threatening side effects.[6,7] In addition to this, the synthesis of
PEG includes the use and production of hazardous chemicals. For
example, the anionic polymerisation of ethylene oxide, a known
carcinogen, produces 1,4-dioxane as a by-product, which is a sus-
pected carcinogenic compound.|[7,8].

Polyesters present an alternative, biodegradable solution to this
challenge.[3] Many polyesters can be readily hydrolysed in physi-
ological conditions and have been shown to be useful in drug deliv-
ery applications including polyglycolic acid and polycaprolactone.
[9] Polyglycolic acid has been shown to have the key properties
required to make a suitable material for nanoparticle (NPs) formu-
lation and drug encapsulation.[10] Its monomeric precursor, gly-
colic acid is typically synthesised via the hydrolysis of
chloroacetic acid (highly toxic and corrosive) and on an industrial
scale is typically petrochemical derived.[11,12] Recent develop-
ments by Pujing Chemical Industry Limited Co. have demonstrated
that the production of polyglycolic acid can be made more environ-
mentally friendly on an industrial scale by avoiding the use of toxic
chemicals and utilising industrial by-products in the synthesis.
[11,12].

Polylactic acid (PLA) is an example of a sustainably derived,
biodegradable polyester.[13] Different PLA-containing products
are FDA approved and have been extensively shown to facilitate
the targeted delivery of hydrophobic drugs.[14] However, there
are several limitations associated with the use of PLA in drug deliv-
ery applications including a lack of backbone functionality to facil-
itate cell specific interactions, as well as low loading efficiencies
with hydrophilic compounds (e.g. proteins) due to the hydrophobic
nature of the polymer.[15] PLA is commonly used in block copoly-
mers to overcome these limitations, often in combination with
PEG.[3].

Poly(lactic-co-glycolic acid) (PLGA) is composed of both lactic
and glycolic acid monomers and has a degradation profile that
can be finely tuned according to its intended application.[ 14| PLGA
NPs have been widely shown to be proficient in the encapsulation
and targeted delivery of both hydrophobic and hydrophilic
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molecules.[16] Whilst this polymer has been shown to be very
effective for targeted drug delivery, surfactants and stabilisers are
often required in the formulations, some of which have reported
side effects including toxicity.[16].

Other literature examples of bioderived and biodegradable
polyesters used in drug delivery include jasmine lactone derived
polymers[17] and polyhydroxyalkanoates|3]. However, many of
these polymers require multiple step synthesis and have not yet
been shown to be scalable. Therefore, there is an academic and
industrial driving force to expand the library of biocompatible
and bioderived polymers.[18,19].

Poly(glycerol adipate) (PGA) is a glycerol derived biodegradable
and biocompatible polyester that has been shown to be a polymer
highly suited to drug delivery applications.[20-22] Glycerol, a by-
product of biodiesel production, is produced on an enormous scale,
predicted to exceed 4000 million litres per year by 2026.[23] With
limited large-scale industrial applications of this polyol, there is a
broad interest in developing applications. PGA can be enzymati-
cally synthesised in a one-pot reaction using a lipase enzyme
(Novozym 435), known to be selective to primary alcohols. This
enables the synthesis of linear polyesters with minimal branching
of the tertiary glycerol hydroxyl group, leaving the pendant hydro-
xyl groups largely unreacted.[21,24] In addition to being a sustain-
ably derived polyester, PGA is capable of self-assembling due to its
well-balanced amphiphilicity, aided by the pendant hydroxyl
groups.[25-27] Literature examples have shown that PGA can
self-assemble into non-toxic NPs of around 100 nm in size, without
the requirement of additional (often PEG-based) surfactants or
additives to stabilise the NPs.[27-29].

Whilst PGA can self-assemble into NPs without the use of sur-
factants, previous work by multiple researchers shows that PGA
NPs can be stabilised by the addition of fatty acids onto the poly-
mer backbone through an esterification of the pendant hydroxyl
group.[27,30,31] Furthermore, the addition of other drug like
molecules onto the polymer backbone via esterification has been
utilised to synthesise polymeric pro-drugs that are capable of
self-assembly into stable NPs, with good efficacy.[26,32] Steglich
esterifications have been frequently used in literature as an effi-
cient route to polymeric pro-drugs and modified polymer back-
bones. However, there are several disadvantages associated with
the Steglich esterification modification route including long reac-
tion times, multiple purification steps and the use of toxic
reagents.

Recently, Jacob et al. introduced a novel approach to PGA mod-
ifications by introducing a second diol into the polymer backbone
in a one-pot enzymatic reaction.[28] This alternative method of
introducing an extra functionality avoids the use of toxic coupling
reagents and requires minimal purification steps. At the same time,
pendant hydroxyl groups on the polymer backbone which are vital
for self-assembly are maintained.[33].

To further investigate the effect of amphiphilic balance on the
self-assembly and stability of NPs, the physical properties and drug
interactions, variation of both hydrophilic and hydrophobic
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segments of PGA was carried out. In the present work, for the first
time, we have replaced glycerol with a glycerol derivative - diglyc-
erol and adjusted the final amphiphilic balance of the polyester
repetitive units by incorporating the more hydrophobic 1,6-n-
hexanediol (Hex). Although very similar to glycerol, it is synthe-
sised industrially using epichlorohydrin via the Epicerol process
developed by Solvay, producing 100% biobased epichlorohydrin.
[23] The greener synthesis of this starting material highlights
diglycerol as a monomer capable of introducing additional
hydrophilicity into polymer backbones in a facile manner.

Herein, we report the synthesis of a novel class of polyesters -
poly(diglycerol adipate) (PDGA) and its modification with 1,6-n-
hexanediol (PDGAHex). The properties of the novel poly(diglycerol
adipate variants have been compared against known polyglycerol-
based polyesters. PDGAHex, in particular, has shown superior
physical properties as well as enhanced properties essential for
application in drug delivery compared with previously studied
PGA derived polymers.

2. Experimental section
2.1. Materials and methods

Novozym 435 lipase, derived from Candida antarctica immo-
bilised on an acrylic macroporous resin, glycerol, diglycerol and
1,6-n-hexanediol were purchased from Sigma-Aldrich, UK. Divinyl
adipate was purchased from Tokyo Chemical Industries, UK. All
Chemicals were used as received without further purification. Sol-
vents were purchased from Fisher Scientific UK and were used
without further purification.

2.2. Characterisation

2.2.1. Nuclear magnetic resonance spectroscopy (NMR)

Successful polymer synthesis and repeat unit structure were
confirmed using 'H NMR spectroscopy. NMR spectra were
recorded using a Bruker DPX 400 MHz spectrometer using ace-
tone dg solvent. Chemical shifts are given in ppm.

2.2.2. Gel permeation chromatography (GPC)

Polymer molecular weight and polydispersity were determined
using GPC in THF (HPLC grade) eluent at 40 °C. Chromatographs
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. Sam-
ples were detected using a differential refractometer (DRI). Sam-
ples were prepared by dissolving sample (6 mg) in THF (2 mL)
and filtering through 0.22 pM Teflon filter. Poly(methyl methacry-
late) samples were used for the system calibration with average
molecular weights ranging from 540 to 1.02 x 10° g mol~! and dis-
persity (P) of approximately 1.

2.2.3. Differential scanning calorimetry (DSC)

Thermal properties of the polymers were measured using DSC.
Analysis was performed on a TA-Q2000 (TA instruments), cali-
brated with sapphire and indium standards under N, flow at
50 mL min~'. Polymer (~5 mg) was weighted into a T-zero alu-
minium pan (TA instruments) with a reference pan (T-zero alu-
minium) remaining empty. Pan lids were pin-holed, and samples
were heated at a rate of 20 °C min~! from —90 to 200 °C. Two heat-
ing 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 (Tg) and melting temperature (T,) of
polymers.
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2.2.4. 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°. Samples
were equilibrated for 30 s at 25 °C prior to measurement. 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 filtered through 0.22 pM filter.

2.2.5. Water contact angle measurement (0.,)

Water contact angle samples were prepared by solvent casting
of polymer in a solution of acetone onto microscopic glass slides.
Samples were prepared at a concentration of 3 mg/mL. Water con-
tact 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 four repli-
cates of each measurement recorded.

2.2.6. CAC measurements

Critical Aggregation Concentration (CAC) was evaluated using a
Zetasizer Nano ZS as previously reported.[34] A constant attenua-
tor was chosen from the highest solution concentration
(1000 pg/mL). The count rate (kcps) intensity decreases from the
highest to the lowest dilution (1000-1.00 pg/mL) until reaching a
plateau. CAC was then calculated by plotting intensity (kcps)
against concentration (pg/mL) and intersecting the two lines.[35].

2.2.7. Transmission electron microscopy (TEM) measurements

NP dispersions (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.

2.2.8. Rheological measurements

Rheological measurements were performed on an Anton Paar
MCR102X Rheometer equipped with a 25 mm parallel plate geom-
etry. Measurements were carried out at a gap of 1 mm and 25 °C.

2.2.9. Analytical ultracentrifugation

Analytical ultracentrifugation (AUC) was carried out using a
Beckman XL-I (Indiana, USA). Samples were dissolved at 10% con-
centration in PBS 0.1 M at pH 7 and loaded into the chamber of
cells constructed from Al-epon centrepieces, sapphire windows
and aluminium housing. The solvent channel was filled with PBS.
Samples were centrifuged at 50 k rpm and scanned with interfer-
ence optics until no further movement was observed.

Sedimentation equilibrium data (AUC-SE) were analysed using
SEDFIT-MSTAR,[36] using a partial specific volume of 0.82 mL/g,
[37] and the built in ¢(M) algorithm to fit baseline.

2.2.10. Small angle X-ray scattering

The X-ray scattering measurements were performed at SAXSLab
Sapienza with a Xeuss 2.0 Q Xoom system (Xenocs SAS, Grenoble,
France) equipped with a micro-focus Genix 3D X-ray Cu source
(A =0.1542 nm) and a two-dimensional Pilatus3 R 300 K detector
placed at a variable distance from the sample (Dectris Ltd., Baden,
Switzerland). The beam size was defined through the two-pinhole
collimation system equipped with “scatterless” slits to be 0.5 mm
x 0.5 mm. Calibration of the scattering vector modulus q range,
where q=(47 sin6)/A, 26 being the scattering angle, was performed
using silver behenate. The solutions of the polymers dissolved in
acetone (10 mg/ml) and the polymer NPs obtained by nanoprecip-
itation in water (2.5 mg/ml, and then filtered through 0.22 pM fil-
ter) were loaded into disposable borosilicate glass capillaries and
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sealed with hot glue. Measurements were performed at room tem-
perature (25 + 1 °C) and at reduced pressure (<0.2 mbar). The
sample-detector distance was 550 mm for the polymer solutions,
whereas acquisitions at distances of both 2500 mm and 262 mm
were performed for the NPs in water samples. The available g
range was therefore 0.1-6.0 nm ™' and 0.042-17 nm™!, respec-
tively. The two-dimensional scattering patterns were subtracted
for the “dark” counts, and then masked, azimuthally averaged,
and normalized for transmitted beam intensity, exposure time,
and subtended solid angle per pixel, by using the FoxTrot software
developed at SOLEIL. The one-dimensional intensity vs. q profiles
were subtracted for the contributions of the empty capillary and
the solvent (acetone or water) and put in intensity units of macro-
scopic scattering cross-section (cm~!) by dividing for the capillary
thickness estimated from the alignment scans. Model calculations
of scattering profiles were performed using the software SasView
(SasView version 5.0.2, (n.d.). https://www.sasview.org/ (accessed
September 7, 2019)) and SASfit.[38] In order to get an indication
of the size in the real space of the inhomogeneities giving rise to
the SAXS profiles, pair distance distribution functions were
obtained by indirect Fourier inversion using the software GNOM
of the ATSAS package.[39].

2.2.11. Poly(di)glycerol adipate and Poly(di)glycerol adipate-
hexanediol synthesis

PGA and P(D)GAHex were synthesised via enzymatic polymeri-
sation of divinyl adipate (DVA) and (di)glycerol following the pub-
lished protocol of Jacob et al. [28].

For PGA synthesis, (di)glycerol (12.50 mmol) and DVA
(12.50 mmol) were weighed into a 20 mL glass vial and dissolved
in THF (10 mL). Novozym 435 (0.11 g) was added to the mixture
which was then stirred at 200 rpm at 50 °C for 5 h in a sealed vial.
The rubber septum was pierced with a needle to allow the release
of acetaldehyde, a by-product of the reaction. After 5 h, the reac-
tion was stopped by removal of the enzyme by filtration. The sol-
vent was removed under reduced pressure. The polymer was
kept under reduced pressure at 25 °C for at least 3 days to removed
residual solvent leaving a viscous, pale-yellow polymer. The poly-
mer conversion was quantitative, as confirmed by 'H NMR spec-
troscopy. The polymers were not further purified.[24,27].

For P(D)GAHex synthesis, 1,6-n-hexanediol (6.25 mmol), (di)
glycerol (6.25 mmol) and DVA (12.50 mmol) were weighed into
a 20 mL glass vial and dissolved in THF (10 mL). Novozym 435
(0.11 g) was added to the mixture and the following steps were
performed as described above.

2.2.12. NPs formulation

NPs were prepared by nanoprecipitation following the method
published by Taresco et al. [30].

Polymer (10 mg) was dissolved in acetone (2 mL) and then
added dropwise into deionised water (4 mL) under constant stir-
ring at 500 rpm. The uncapped solutions were left stirring over-
night to allow for complete evaporation of acetone. The final NPs
concentration was 2.5 mg/mL.

2.2.13. Coumarin encapsulation study

Coumarin  (coumarin6  (Cou6) or  6,7-dihydroxy-4-
methylcoumarin (MeCou)) solutions (2 mg/mL) were prepared in
acetone. Polymer (10 mg) was weighed into a vial and dissolved
in coumarin solution (2 mL). Polymer solutions were subsequently
added dropwise into deionised 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 um filter. Coumarin blank was filtered and measured in water
without the addition of polymer. Encapsulation was determined
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using UV-vis spectrophotometry and particle sizes and Z-
potential were determined using DLS.

2.2.14. NPs stability in BSA (low and high concentration)

Stock solutions of PGA, PDGA, PGAHex, and PDGAHex were pre-
pared at 2 mg/mL. Stock solution of bovine serum albumin (BSA)
was prepared at 0.2 mg/mL in DI water. PGA, PDGA, PGAHex, and
PDGAHex (900 pL) were mixed with BSA (100 pL) in different vials.
The mixtures of NPs and BSA were incubated for 24 h. Samples
were measured in DLS at t = 0, 3 and 24 h to assess the stability
of NPs in BSA.

PGA and PDGA showed low stability when treated with
0.2 mg/mL, while PGAHex and PDGAHex were relatively stable in
this condition. Therefore, further stability studies were conducted,
on PGAHex and PDGAHex, in more concentrated solution of BSA
(2 mg/mL) in DI water. NPs (150 pL) and BSA (150 pL) were mixed
(resulting in NPs concentration of 1 mg/mL and BSA concentration
1 mg/mL), and samples were analysed by DLS to assess the stability
of the NPs at the given time intervals.

2.2.15. AA% calculation
The absorbance of the NPs-dye dispersions was measured using
a UV-vis spectrophotometer multi-well plate reader at A,y = 440-
nm. The apparent solubility (AA%) of each formulation was deter-
mined using equation (1), previously developed by Sanna et al. [40]
AA (A-Ao) )

7/ — =
AA% = — x 100 A

A x 100

2.2.16. Cytotoxicity of polymer NPs in vitro

HCT116 human carcinoma colon epithelial cells were purchased
from the American Type Culture Collection (ATCC). Cells were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM) supplied with
10% (v/v) Fetal Bovine Serum (FBS), and 2 mM t-glutamine at 37 °C
with 5% CO,. The PrestoBlue cell viability assay (Thermo Fisher Sci-
entific) was performed to assess NP cytotoxicity via the measure-
ment of cellular metabolic activity. Cells were seeded at
1 x 10% cells/well in 96 well plates and cultured for 24 h prior to
assaying. Formulations were exposed to cells at a concentration
0.5 mg/mL for 48 h and applied in 100 pL phenol red free DMEM
containing 10% (v/v) FBS. Following exposure, formulations were
removed and 100 pL of 10% (v/v) PrestoBlue reagent diluted in a
phenol red free medium was applied per well for 30 min. The
resulting fluorescence was measured at 560/600 nm (Aex/Aem). Rel-
ative metabolic activity was calculated by setting values from the
negative control as 100% metabolic activity.

2.2.17. Cytotoxicity and uptake of polymer NPs in vivo

The cytotoxicity of polymers was investigated by challenging
Caenorhabditis elegans nematodes to polymers PGA, PGAHex, PDGA
and PDGAHex (0.5 mg/mL). Briefly, C. elegans, maintained on
nematode growth media agar, were synchronised (eggs, Day 1,
20 °C) and collected (adults Day 4, 20 °C) using M9 Buffer. [41]
Adult C. elegans were filtered (Merk 20 pm Nylon filter) and
washed with M9 buffer solution (50 mL). C. elegans was collected
and counted and made up 10-20 nematodes in 0.5 mg/mL of poly-
mer, 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 = 0 h upon addition of challenge and at Time = 24 h. All exper-
imental conditions were conducted in triplicate with a minimum
of 10 nematodes per challenge. Viability of nematodes was deter-
mined according to motile percentage calculations. [42] An abso-
lute indicator of nematode viability was also determined through
the observation of progeny production after 24 h.
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NGM agar plates containing synchronized cycles of C. elegans
(L4-young adult stages) were harvested using sterile ultra-pure
deionised water (18.2MQ). The nematodes were washed with ster-
ile deionised water (1 mL, 3 times) and collected using centrifuga-
tion (2500 rpm, 1 min). C. elegans (~300 nematodes) were dosed
with PGAHHex and PDGAHex nanoparticles at 0.5 mg/mL (n = 3)
for 24 h and washed prior to imaging (3 times, 5 mL of sterile
deionized water, centrifugation 1500 rpm,1 min). Regions of inter-
est containing C. elegans that had ingested fluorescent nanoparti-
cles were imaged using Eclipse T1 and QIMAGING optiMOS
camera equipped with CoolLED pE-4000 fluorescence illumination
and pE-100 brightfield illumination and Nikon Plan Fluor
10 x (0.30NA) objective. Pictures analysis details in table below
(Brightfield: 5 ms, Green: 300 ms).

Lower Threshold Upper Threshold
Control 180 200
PGA 180 200
PGDGA 180 1400

3. Results & discussion
3.1. Synthesis of PGA and PDGA

PDGA and PGA successful enzymatic synthesis in THF
(Scheme 1) was confirmed by different analytical and spectroscop-
ical techniques. The synthesis of PGA has been previously reported
in the ‘greener’ 2-MeTHF, [28] however, diglycerol was found to be
insoluble in 2-MeTHF, preventing the polymerisation from
proceeding.

'H NMR spectroscopy confirmed the consumption of DVA vinyl
protons in both PGA polymers (Fig. 1A-B and S1). Peaks at 7.26,
4.83 and 4.55 ppm, indicative of the vinyl group of DVA were found
not to be visible in the 'TH NMR spectrum of PGA. Differently, traces
of vinyl protons could be seen in the '"H NMR spectra of PDGA poly-
mers (Fig. 1C and S2). This may be explained by the lower molec-
ular weight observed in the PDGA polymerisation, resulting in a
higher concentration of vinyl polymer end groups per sample com-
pared to PGA. Additionally, the expected chemical shift from 4.0 to
4.26 ppm of the glyceryl protons was observed in the 'H NMR
spectrum of PGA.[24] While, in the 'H NMR spectrum of PDGA, a
broadening of the —CH, proton peak, attributed to the ether adja-
cent protons of diglycerol, was observed at 3.56 ppm. A shift from
3.56 ppm to 4.13 ppm was observed for the ester adjacent -CH,
protons, a downfield shift indicative of successful esterification.
Moreover, a broad peak at 3.97 ppm was confirmed to be that of
the methine proton of the 1,2-disubstituted diglycerol group.[24]

In accordance with previous 'H NMR literature on PGA,[24,28]
broadening of the adipate protons at 1.66 and 2.39 ppm was seen
in both polymers, indicating successful polymerisation of DVA into
a polymeric species, PGA and in this new example PDGA. The peak
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at 5.30 ppm in the '"H NMR spectrum of PGA indicates low levels of
branching, ca. 10%, (1,2,3-trisubstitution of the glyceryl group) giv-
ing further evidence of successful polymerisation of predominantly
linear motif.

A peak at 5.02 ppm in the 'H NMR spectrum of PDGA, indicative
of 1,2,3-trisubsitution of the diglyceryl group was observed. The
level of 1,2,3-trisubstitution of PDGA was determined to be ca.
6% (integral of peak at 5.02 ppm, with respect to CH, adipate pro-
ton peak at 1.66 ppm). The presence of a methine proton in this
position was confirmed by HSQC 'H NMR spectroscopy (Figure S3).
The likelihood of a reaction at the secondary hydroxyl position of
both glycerol and diglycerol remains low due to the regioselectiv-
ity of the enzyme. [43] The lower levels of branching in PDGA may
be a result of additional steric hinderance at the secondary hydro-
xyl position of diglycerol, further reducing the likelihood of reac-
tion at the site.

3.2. Synthesis of modified PGA and PDGA

Following the successful synthesis of both PGA and PDGA, 1,6-
n-hexanediol was added in stoichiometric amount with the aim
of synthesising PGA and PDGA derived polyesters with a variation
in their hydrophilic-hydrophobic balance (Scheme 2).

The successful incorporation of 1,6-hexanediol (Hex) was con-
firmed by 'H NMR spectroscopy (Fig. 2, $4 and S5). A shift in the
peak of the internal chain -CH, protons of Hex from 1.37 to
1.41 ppm was observed. This peak was also found to be broadened,
both indicative of successful polymerisation. The peak of -CH,
(yellow protons, Fig. 2, S4 and S5) also shifted from 1.52 to
1.65 ppm in agreement with results previously published by Jacob
et al. [28] Post polymerisation, this peak lies in the same region as
the adipic protons of both PGA and PDGA. No residual -CH, proton
peak could be seen at 1.52 ppm indicating complete incorporation
of Hex into the polymer backbone. A shift in the alcohol/ester adja-
cent -CH, proton peak of hexanediol from 3.54 to 4.07 ppm was
also observed, further confirming the incorporation of Hex into
the polymer backbone.

As was seen with the '"H NMR analysis of unmodified PGA and
PDGA, peak broadening of the adipic -CH, protons at 1.66 and
2.39 ppm was observed, although the latter now coincides with -
CH, protons of Hex (orange protons, Fig. 2, S4 and S5). A lower
level of 1,2,3-trisubstitution (~4%) was seen in the 'H NMR of
PGA-Hex, as previously reported by Jacob et al. [28], likely due to
the lower concentration of secondary hydroxyl groups available
to participate in the reaction. This phenomenon was also observed
for the PDGAHex modification where the level of 1,2,3-
trisubstitution lies around 4% with a minor peak at 5.02 ppm in
the 'H NMR spectrum.

3.3. Molecular weight analysis in organic solvent

GPC analysis confirmed the successful polymerisation of both
PGA and PDGA. The molecular weight of PDGA was found to be
slightly lower than that of PGA with varying dispersity values for

o OH OH Novozym 435 OH OH o
A) o OF s o K o o e oo A ogn ANy
o THF S n
o OH Novozym 435 Ok o
B) /\o)l\/\/\gro\/ + Ho L _oH e (,o\/k/o\g/\/\)l\)n\
THF

Scheme 1. Enzymatic synthesis of A) PDGA, B) PGA in THF. Only linear polymer representations have been shown due to the low levels of 1,2,3-trisubstitution within the

polymer as a result of the regioselectivity of the enzyme.[24,43].
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Fig. 1. 'H NMR spectra of A) DVA B) PGA C) PDGA. Peaks between 3.5 and 4.0 ppm in spectra B and C are the result of polymer end group protons which have been described
in more depth in Figures S1 and S2.
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Scheme 2. Enzymatic synthesis of A) PGAHex and B) PDGAHex in THF. Only linear representations of PGAHex and PDGAHex have been included due to the low levels of 1,2,3-
trisubstitution of (di)glycerol in the polymer backbone, a result of the regioselectivity of the enzyme.[43] The degree of 1,2,3-trisubstitution observed in PGAHex and
PDGAHex was further reduced compared to unmodified PGA and PDGA due to the reduced amount of glycerol, and consequently the lower concentration of secondary
hydroxyl groups available to react.[24,28] Blue dashed lines indicate that the diols in the polyester backbones may not be ideally alternating.

both polymers (PGA (2.6) and PDGA (1.7)) (Table 1, Entries 1 and 2; length of PDGA. The lower molecular weight of PDGA can be
chromatogram traces in Figure S6 left). This finding is consistent explained by the increased viscosity of diglycerol compared to
with the higher concentration of vinyl protons seen in the 'H glycerol, reducing the ability of the monomers and enzyme to
NMR spectrum of PDGA, suggesting that there is a higher concen- mix and react in more viscous conditions. The molecular weights
tration of polymer vinyl chain ends as a result of the shorter chain of the modified polymers were found to be higher than those with
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Table 1

Number average molecular weight (M,), dispersity (D).
Entry Sample M, | g mol~' 2* p? T, | °C” O, ]°
1 PGA 4930 2.6 -29 58.8 £ 1.1
2 PDGA 3220 1.7 -20 440+1.0
3 PGAHex 6250 2.0 —48 (T, = 8) 63.3 £0.5
4 PDGAHex 7450 2.1 -37 55513

" Polymers were not further purified post polymerisation; therefore, oligomeric peaks are visible in GPC and were taken into account during polymer analysis.
2 Molecular weight was determined by GPC using THF eluent at 40 °C. GPC was calibrated using PMMA standards with molecular weight ranging from 540 to 1.02 x 10° g

mol~! and dispersity (P) of approximately 1.
b Thermal properties determined by DSC.

unmodified backbones (Table 1, Entries 3 and 4; chromatogram
traces in Figure S6 right). This is possibly due to the increased sol-
ubility of hexanediol in THF in comparison to glycerol, resulting in
a higher propensity for hexanediol to react compared to the glyc-
erol/diglycerol alone, driving up the molecular weight of the
polymers.

3.4. Analysis of water-soluble chains

Since polymers were characterised and used for chemical, phys-
ical and biological characterisations without any post polymerisa-
tion purification steps, it was possible to notice oligomeric peaks in
all the GPC traces. Although this is aligned with the manipulation
processes previously reported in the literature of PGA, in the pre-
sent work, we were also interested in understanding whether the
short chains would show a different solubility behaviour. Consider-
ing the low molecular weight observed in the GPC traces, it was
hypothesised that these were water soluble, therefore, AUC-SE
analysis in aqueous environment was performed. AUC-SE mea-
sured molar mass information on the aqueous-soluble fraction
based on its interaction with the centrifugal field were obtained
by measuring concentration (in interference fringe displacement
units) as a function of radius. PGA and PDGA were more soluble
than their hexanediol equivalents, with 50-100 fringe increments
compared to ~ 10 fringe increments, respectively. Assuming a
refractive index increment of 0.13 mL/g, [44] this is equivalent to
2-4 % and 0.4 %, compared to the theoretical 10 % in preparation.
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PGA measured at 600 Da (rmsd 0.017), PGDA measured at
1400 Da (rmsd 0.054), PGAHex at 900 Da (rmsd 0.0067) and PGDA-
Hex at 500 Da (rmsd 0.0069) (Figure S7). Polydispersity indices,
based off z-average/w-average molar mass, were all 1.8 with the
exception of PGA which was 2.2. The knowledge of the solubility
tendency of the short oligomers may be exploited in formulations
in which water-soluble carriers are needed and considering the
flexibility of the synthetic approach adopted here, short chains
can be easily accessed.

3.5. Physical properties

All polymers, with the exception of PGAHex, were found to be
amorphous with Tgs below —20 °C (Table 1 and Figure S8-11).
The T,s of PGAHex and PDGAHex were lower than those seen in
the bare polymers. This may be a result of the higher flexibility
introduced by Hex in comparison to the unmodified PGA and PDGA
(Table 1). The reduction in hydrogen bonding between chains as a
result of the introduction of Hex and the consequent decrease in
fraction of glycerol/diglycerol could also explain the decrease in
T, for the modified polymers (Table 1). In addition to this, the
increased hydrogen bonding in PDGA, as a result of the additional
pendant hydroxyl group may explain their higher T; compared to
PGA. [45,46].

A weak endothermic band was observed with PGA-Hex (Fig-
ure S10), in agreement with previously reported results, possibly
related to melting of crystalline portions, induced by increased
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symmetry caused by the addition of the hexanediol chain. [28] No
melting transition band was observed for PDGAHex, likely because
the additional glycerol group disrupts the symmetry observed
instead for PGAHex.

Water contact angle (®,,) measurements were taken to deter-
mine the wettability of the polymer films. ®, of PDGA
(44.0 + 1.0) was found to be lower than that of PGA (58.8 + 1.1),
reasonably because of the larger fraction of the hydrophilic polyol
segments in the diglycerol containing polymer compared to the
glycerol containing one (Entries 1 and 2, Table 1). The same trend
was observed with PGAHex (63.3 + 0.5) and PDGAHex (55.5 + 1.3)
(Entries 3 and 4, Table 1). The water contact angles of the hexane-
diol modified polymers were found to be higher than those of the
unmodified polymers, indicative of a lower overall hydrophilicity
of the polymer upon inclusion of hexanediol in its chain.

Rheological shear ramp experiments were conducted to gain
insight into the flow behaviours of the synthesised materials
(Fig. 3). A similar pattern could be observed for all the polymers
where at relatively low shear rates Newtonian (constant viscosity
regardless of shear) behaviour was observed. Once a critical shear
rate was exceeded, rapid shear thinning was measured, producing
a typical example of a non-Newtonian shear thinning material.
[47] The critical shear rate is dependent on the force required to
overcome intermolecular interactions and to align and disentangle
polymer chains in the direction of the applied force. Polymers with
longer and more entangled polymer chains, or with greater inter-
molecular interactions (i.e. through increased hydrogen bonding
between chains) are therefore expected to display a higher critical
shear rate. In our case, PDGA and PGA display the highest critical
shear, reasonably because of a significantly larger amount of
hydrogen bonding between polymer chains in comparison to
PDGAHex and PGAHex.

The combination of chemical and physical characterisations
allowed us to both confirm the successful polymerisations and
investigate the key properties of these novel library of functional
and amphiphilic polyesters. It was clear how the addition of the
extra hydroxyl group of the diglycerol moiety enabled the forma-
tion of more hydrophilic chains but at the same time more hydro-
gen bonding centres. The stoichiometric combination of a polyol
and a hydrophobic/flexible diol permitted the fine tuning of ther-
mal, rheological and wettability features. Gathering this informa-
tion facilitates a more in depth understanding of the behaviour
of the NPs derived from these materials and their possible applica-
tion as enhanced carriers in drug delivery.

3.6. Polymer self-assembly

The amphiphilic balance of the starting scaffold PGA was
adjusted by incorporating first 1,6-n-hexanediol, as from previous

Shear rate vs. viscosity
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Fig. 3. Rheology of PGA, PDGA and hexanediol modifications.
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literature, [28] then diglycerol and finally both. The change in the
hydrophilic/hydrophobic nature of the polymers was confirmed
by water contact angle measurements as well as by the self-
assembly of the polymers in aqueous environment. The polymers
were nanoprecipitated into deionised water, providing NPs with
sizes ranging from 120 up to 150 nm with very low PDI values (be-
tween 0.02 and 0.2) (Table 2). Switching from glycerol to diglycerol
led to an increase in the hydrodynamic size of the polymer NPs,
most likely due to the increase in hydrophilicity of the aggregated
structures. While the addition of 1,6-hexane diol led to a decrease
in the size of the NPs of both PGAHex and PDGAHex compared to
the unmodified polymers. The observed trends suggest that the
smaller NPs size may be a result of nanoaggregates with more
tightly assembled polymer chains. This is expected to occur in
polymers with higher degrees of hydrophobicity.

The obtained sizes were also verified by TEM analysis, showing
spherical nanoaggregates with an average diameter of between 98
and 157 nm (Figures S12-15 and S19). The sizes are generally in
good agreement with those inferred by DLS. Generally, throughout
the samples some shrinkage was observed, induced by the dehy-
dration that the samples undergo during the preparation for the
measurements. In additon, some aggregation was also seen, in par-
ticular, for the PDGAHex sample, which may be likely due to sam-
ple preparation non-optimisation. These phenoma may justify the
slightly different avarage sizes obtained with TEM when come-
pared to the hydrated sample via DLS. [48].

3.7. NPs stability

Many conventional nanoformulations require the addition of
stabilisers or surfactants in order to achieve stability. [49] We
observed stable dispersions of all the NPs produced in the present
work, without the addition of any additional stabilisers or surfac-
tants, at a concentration of 2.5 mg/mL. For all the samples, a neg-
ative zeta-potential was obtained, suggesting that the formed NPs
are well dispersed in water because of good electrostatic repulsion.
As for PEGylated NPs, the zeta potentials of our NPs were negative.
This is likely due to the presence of a hydrophilic shell due to the
presence of free hydroxyl groups and the corresponding associa-
tion of anions to form the outer layers as in case the oxyethylene
units in PEG coronas. [50,51] The zeta-potential of the PDGA based
polymer NPs is significantly lower than that of the PGA based NPs
(Table 2). This can be attributed to the extra pendant hydroxyl
groups in the PDGA facilitating additional interactions of the poly-
meric nanoaggregates with water. In all the cases, an additive
effect due to the possible presence of carboxylic end groups may
also be in action.

In agreement with the zeta-potential measurements, polymer
NPs were found to be generally stable in biological conditions,
using bovine serum albumin (BSA) as a model protein.[52,53]
NPs of PGA, PDGA, PGAHex, and PDGAHex at 1.8 mg/mL were incu-
bated with 0.2 mg/mL BSA for 24 h at 37 °C, and their sizes were
measured at predetermined times by DLS. PGA and PDGA NPs
became larger over time when treated with BSA (Table 3). How-
ever, particle sizes of PGAHex and PDGAHex tended to increase
very slightly or even remain unchanged at three different time
points. PDGAHex appears to be the most stable of the hexanediol
modified polymers, due to the presence of abundant hydrophilic
ether groups and pendant hydroxyl functionalities that facilitate
the formation of a stable hydration shell and the dispersion in
aqueous media. The hydration shell creates an efficient steric hin-
drance to the formation of aggregates with BSA, which in turn
makes the PDGA-Hex NPs more resistant and stable upon addition
of this protein. Protein binding assay using BSA is also influenced
by the solution pH. Indeed, since the isoelectric point (IEP) of albu-
min is at pH 4.7, BSA is negatively charged above the IEP.[54]
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Table 2
Size, PDI and zeta-potential of PGA and PDGA NPs.

Journal of Colloid and Interface Science 641 (2023) 1043-1057

Entry Sample Average size [ nm* PDI* Zeta potential /| mV
1 PGA 1382 +£04 0.02 + 0.01 -12.8+03
2 PDGA 150.2 £ 0.7 0.07 £ 0.02 -21.9+0.9
3 PGAHex 1202 £ 1.3 0.05 £ 0.03 -12.6 £ 0.7
4 PDGAHex 140.1 £ 1.6 0.21 + 0.02 -29.0+04
¢ Data acquired by DLS measurements.
Table 3
Stability of polymer nanoparticles against BSA (0.2 mg/mL) after 0, 3 and 24 h.

Entry Sample Time [ h Size [ nm* CAC (pg/mL)
1 PGA 0 279.3 +10.7 170
2 3 353.0+13.7

3 24 400.0 + 4.0

4 PDGA 0 268.4 + 2.0 240
5 3 412.6 + 20.0

6 24 501.2 + 144.2

7 PGAHex 0 203.8 +7.0 180
8 3 244 + 8.0

9 24 2619 +22

10 PDGAHex 0 139.0 £ 5.0 80
11 3 139.6 £5.3

12 24 1353 +£1.0

2 Size determined by DLS.

Moreover, the net charge of the BSA at pH 7 was found to be
—18 mV, so the higher the negative surface charge of the NPs,
the higher the electrostatic repulsion within BSA and NPs. This
confirms better stability of the PDGAHex NPs compared to PGA-
Hex. Building on this, the stability of the more stable formulations,
PGAHex and PDGAHex was screened again in the presence of BSA,
at concentrations comparable to physiological conditions.[53] The
size of the NPs was observed to remain largely unchanged after
exposure to the higher concentration of BSA after 24 h (181.8
and 136.5 nm for PGAHex and PDGAHex respectively, Table 4,
entries 3 and 6 and Figure S17).

Furthermore, the thermodynamic stability of the NPs was quan-
tified using critical aggregation concentration (CAC) measurements
by DLS (Table 3 and Figure S18). It was found that NPs of PDGAHex
have the lowest CAC value (80 pg/mL) (Figure S18) suggesting that
PDGAHex has a greater propensity to self-assemble in water. The
techniques used to assess the stability of the NPs are in good agree-
ment throughout the library of polymers.

3.8. SAXS analysis of polymers and related NPs

SAXS analysis was first performed on the unformulated poly-
mers to determine their behaviour and arrangement in acetone
(the solvent from which the nanoformulations were prepared).
The SAXS analysis of the synthesized polymers solubilized in ace-
tone, at a concentration of 10 mg/mL (Fig. 4 and Table S2), follow
a similar trend as the findings summarized in Table 1. The experi-

Table 4
Stability of polymer NPs against BSA (high concentration from Methods) after 0, 3 and
24 h.

Entry Sample Time [ h Size | nm*" PDI"

1 PGAHex 0 1842 £53 0.11 + 0.02
2 3 183.6 £ 3.9 0.09 + 0.02
3 24 181.8 £+ 0.4 0.08 £+ 0.01
4 PDGAHex 0 141.2 £ 0.1 0.05 + 0.01
5 3 139.8 £2.4 0.07 + 0.02
6 24 136.5 £ 1.6 0.06 + 0.01

2 Determined by DLS.
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mental scattering profiles were interpreted according to the model
of polydisperse flexible polymers with Gaussian statistics.[55,56]
The M, and D values were fixed to those found by GPC analysis
(although different organic solvents were used), whereas the
radius of gyration (R;) and the intensity extrapolated at zero angle
(I(0)) were optimized to fit the data. From the I(0) value on abso-
lute scale, the polymer partial density (d) in solution that had to
be assumed to agree with the known mass concentration of the
samples was also estimated (see SI, R; and d values reported in
Fig. 4). The average size of the modified polymers containing Hex
were found to be indeed larger compared to the unmodified PGA
and PDGA polymers, as also seen from the pair distance distribu-
tion functions that extend to larger maximum dimensions above
7 nm. The power law followed by the scattering profiles in the high
qrange (>1 nm~!) was satisfyingly reproduced by the Gaussian coil
model, suggesting that the polymers in acetone at 25 °C do not
appreciably deviate from the 6-solvent conditions. In the case of
PGAHex (Fig. 4C), a clear intensity upturn in the q range < 0.3 nm
~1 deviating from the expected profile for the individual polymer
coil (dashed black line) was detected. In this case the data could
be reproduced by assuming an additional contribution from spher-
ical large aggregates (average diameter of the order of 100 nm,
grey dashed line), that, if the same density of the polymer is
assumed, would contribute for<4 % of the dispersed polymer mass.
Considering that PGAHex is the least polar of the series (with the
largest water contact angle, see Table 2), it could be that a small
fraction with highest molecular weight has some tendency to
aggregate in acetone.

The SAXS profiles collected on the water suspensions of the
nanoprecipitated polymers are in agreement with the average
diameters determined by DLS and TEM analyses. Due to the mini-
mum q being 0.045 nm™! (corresponding to a maximum detectable
size of 1/0.04 = 75 nm), the scattering signal from the particles is
for great part beyond the accessible q range. The recorded profile
shows a characteristic slope related to the particle-solvent sharp
interface observed in the q range 0.08-0.2 nm~' (q~* according
to the Porod law), before the signal starts to fall into noise level.
Nevertheless, reasonable P(r) functions could be estimated impos-
ing maximum sizes coincident with the average diameters
obtained by DLS (Fig. 5, inset). The absence of evident oscillations
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Fig. 4. SAXS analysis of the polymers PGA (A), PDGA (B), PGAHex (C) and PDGAHex(D) dissolved in acetone at 10 mg/mL. On the left: experimental scattering profiles on
absolute scale (coloured dots) and calculated theoretical profiles (black line) according to the model of polydisperse Gaussian coil. On the right, pair distance distribution
functions P(r) obtained by indirect Fourier inversion. The corresponding fits to the data in the g-range considered are shown in the insets.

due to a spherical form factor suggests rather high size polydisper-
sity, in agreement with TEM analysis. The preparation protocol has
a different impact on the final concentration of particles for the
four polymers: a higher number density can be inferred for PDGA-
Hex NPs considering that the detected signal is one order of mag-
nitude higher than for nanoprecipitated (and filtered) PGA and
PGAHex NPs; in the case of PDGA no appreciable signal from the
NPs could be detected in the final sample. For this latter we could
speculate that the particle concentration had been decreased
below detection limit due to both filtration of larger particles and
higher solubility in water.

3.9. NPs cytotoxicity

Both PGA and PGAHex have previously been shown to be
promising materials for drug delivery after showing minimal
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cytotoxicity against a NIH 3 T3 cell line. [28] The cytocompatibility
of PGA, PDGA, PGAHex and PDGAHex NPs, prepared with acetone,
were assessed at a polymer concentration of 0.5 mg/mL against the
HCT116 intestinal epithelial cells (Fig. 6A). Cell viability exceeded
93% for all formulations following 48 h incubation, indicating that
the NP formulations are non-toxic which is in agreement with pre-
viously published data. Furthermore, the in vivo cytotoxicity of the
polymer NPs was assessed (Fig. 6B).

3.10. Whole organism viability

All NPs did not exhibit significant changes in C. elegans viability,
measured as a function of nematode viability, after 24 h of expo-
sure (p > 0.05, Fig. 6B). This was observed by comparable nematode
motility between unchallenged control and polymer treated
C. elegans, as well as the production of progeny over the 24 h



P.L. Jacob, B. Brugnoli, A. Del Giudice et al.

Intensity (cm™)

q (nm')

Fig. 5. Experimental SAXS profiles of the nanoprecipitated polymers in aqueous
solution (expected concentration 2.5 mg/mL). The P(r) functions are shown in the
inset, and the corresponding fits are shown as black lines superimposed to the
experimental data.

experimental challenge (Fig. 6C and Supplementary video). Poly-
mers PGAHex and PDGAHex appear to aggregate after 24 h when
suspended in M9 buffer solution, nonetheless no toxicity effect
was observed. Nematodes were observed feeding on aggregates,
which also did not affect nematode viability. Nematodes chal-
lenged with absolute ethanol (20% v/v) displayed, an immediate
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decrease in viability and motility upon challenge initiation. Nema-
todes challenged with ethanol also did not exhibit the production
of progeny throughout the experiment, further indicating the
absence of viability. Therefore, all the polymers appear to demon-
strate in vivo biocompatibility, validating these polymers as a suit-
able tool to deliver to whole organism systems, as well as
nematodes serving as a suitable organism to evaluate the efficacy
of novel drug delivery tools. [57].

3.11. Encapsulation study

The ability of the polymer NPs to encapsulate hydrophobic and
amphiphilic compounds was assessed by co-nanoprecipitation of
the polymer with coumarin 6 (Cou6) (XLogP3 = 4.9) [58] and
MeCou (XLogP3 = 1.5) [59]. Cou6 has previously been used in
encapsulation studies as a model hydrophobic compound with a
drug-like structure. [60,61] It is highly insoluble in water, similar
to many pharmaceutical compounds while MeCou shows a higher
water solubility. In Table 5, size, PDI and zeta potential of Cou6
loaded polymer NPs are reported, while in Fig. 7A and 7B the DLS
profiles are shown.

The apparent solubility of each drug in water was determined in
a fast and semi-quantitavie fashion by using AA%. The polymers
were then ranked according to their AA% value, indicative of an
apparent solubility enhancement of Cou6. [28] PGA and PDGA
showed lower AA% values compared to their hexanediol modified
counterparts (1500 and 500 vs 2500 and 10,000 respectively)
(Fig. 7C). The increase in apparent solubility of Cou6 in the PGAHex
and PDGAHex formulations can be attributed to an improvement
in the amphiphilic balance by the introduction of hexanediol into

Nematode viability after 24 h

B)
100
ES
2
3 50
=

Fig. 6. A) Cell viability after 48 h, tested on HCT116 human carcinoma colon epithelial cells. B) C. elegans viability, as a function of motiloity, after completion of 24 h
challenge with polymers; experiments were conducted in triplicate per polymer with > 10 nematodes per experiment, no significant differences in viability were observed
(p > 0.05). C) Microscope images of nematodes before and after exposure to polymer NPs. Nematode progeny can be seen in control maintenance M9 alone and polymer

treated suspensions after 24 h of exposure, indicative of nematode viability.
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Table 5
Size, PDI and zeta-potential of Cou6 or MeCou loaded polymer NPs.

Journal of Colloid and Interface Science 641 (2023) 1043-1057

Encapsulated Molecule Entry Sample Average size [ nm * PDI * Zeta potential /| mV
Coub 1 PGA 1702 £ 1.2 0.03 £ 0.01 —-248 +0.8
2 PDGA 197.7 + 38.6 0.34 £0.10 -18.8 +0.1
3 PGAHex 1541 1.7 0.04 + 0.01 —-284+1.1
4 PDGAHex 126.6 = 0.7 0.05 + 0.02 -265+1.6
MeCou 5 PGA 148.0 £ 0.7 0.03 £ 0.02 —22.8+0.2
6 PDGA 2492.0 £ 0.9 1.00 + 0.01 -232+15
7 PGAHex 133.8+0.5 0.06 = 0.02 -328+05
8 PDGAHex 131.0 £ 0.9 0.05 + 0.01 -313+09
2 Determined by DLS measurements.
A) DLS size of PGA/PDGA NPs B) DLS size of Cou6 loaded PGA/PDGA NPs
25+ 30+
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Fig. 7. A) Polymer NPs sizes by DLS. B) Cou6 loaded NPs sizes by DLS. C) AA% of Cou6 against PGA, PDGA and modifications. D) AA% of MeCou against PGA, PDGA and

modifications.

the polymer backbone as well as the additional hydroxyl function-
alities provided by diglycerol.

The AA% values for the MeCou encapsulation were considerably
lower that the Cou6 counterparts (22.8, 8.5, 27.2 and 62.6% for
PGA, PDGA, PGAHex and PDGAHex respectively (Fig. 7D). This
can be explained by the increased solubility of MeCou in water
compared to Cou6 initially. Therefore, a lower apparent increase
in solubility is observed after encapsulation. In the PGA, PDGA
and PGAHex NPs, the average size of the NPs was larger than that
of the unloaded NPs, likely a result of the poor interaction between
the polymer and the drug. However, PDGAHex NPs showed a con-
traction in size after the encapsulation of MeCou. This was also
observed in the encapsulation of Cou6, and may be attributed to
stronger interactions between the polymer chain and the drug
molecule. This is in agreement with the measured AA% values for
the PDGAHex NPs, with this modification giving the highest AA%

value for the encapsulation of both Cou6 and MeCou. The mea-
sured zeta potential values for the MeCou encapsulated NPS were
lower than that of the Cou6 encapsulated NPs. This could be
explained by the increased solubility of the drug alone in water
which may stabilise the formulation by interacting with both the
polymer and the aqueous medium.

3.12. In vivo uptake

Coub is a hydrophobic dye with a negligible solubility in aque-
ous environments, as denoted by its LogP (see Encapsulation study
section). Therefore, the polymeric PGAHex and PDGAHex nanopar-
ticles provide a vehicle for Cou6 uptake, by nematode in vivo drug
delivery model and its transport across biological membranes. The
presence of fluorescent signal from the C. elegans treated for 24 h
with Cou6 encapsulated by PDGAHex and PGAHex NPs suggest
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Fig. 8. Fluorescence imaging of C. elegans control (M9), PGAHex and PDGAHex treated nematodes (0.5 mg/mL). Baseline fluorescence corrected to 0 green intensity for
control. The green intensity dynamic range for PDGAHex images was modified, to be 7 times greater than PGAHex, to overcome pixel saturation. Uptake of Cou6 was observed
distributed throughout the nematode anatomy in lipid rich regions. Populations of ~ 200 nematodes were screen for uptake assay. Scale = 200 pm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

that the NPs were taken up by the nematodes and Cou6 was then
delivered across C. elegans intestinal membrane (Fig. 8). Specifi-
cally, the NPs containing Cou6 distribution in the nematode anat-
omy appears to localise in lipid droplets adjacent to intestinal
track. This observation has been reported with other hydrophobic
dye based labelling in nematodes, such as studies with Sudan Black
B. [62] The higher propensity of PDGAHex, when compared to PGA-
Hex, to encapsulate the hydrophobic Cou6 was also observed in
both the encapsulation studies (Fig. 7C) as well as in the uptake
studies (Fig. 8B & 8C). To compensate for the enhanced Cou6
uptake with PDGAHex nanoaggregates, with respect to PGAHex
data, the green intensity dynamic range of PDGAHex was modified
to be 7 times greater, to overcome pixel saturation (Fig. 8B and C
and Experimental Section). This data indicates polymeric nanoag-
gregates, specifically PDGAHex, could be used as an effective vehi-
cle to deliver hydrophobic drugs, to simple in vivo drug delivery
models such as C. elegans. They potenially form the basis for the
preparation of advanced drug delivery systems to complex biolog-
ical systems, such as humans.

4. Conclusion

We have demonstrated that through the selection of the start-
ing polyols, both hydrophobic and hydrophilic, the enzymatic syn-
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thetic pathway can be exploited as a sustainable, one-pot tool to
produce new functional polyesters. An in-depth physico-chemical
and biological screening have been adopted to study the beha-
viours of the polymers (as whole, the water-soluble fraction and
final NPs). Among the newly synthesised polymers, the hexanediol
modification of poly(diglycerol adipate) has shown superior poly-
mer compared to the well reported PGA. PDGAHex demonstrated
greater stability in relevant aqueous environments as well as an
increased ability to encapsulate model dyes when compared to
the other polymers. This can be rationalised by an improvement
in the amphiphilic balance between the hexanediol-adipic
hydrophobic portion within the polymer backbone as well as the
additional hydroxyl functionalities provided by the diglycerol moi-
ety. The discovered synergistic relationship between the hydrophi-
lic and hydrophobic segments renders this novel material highly
suited to pharmaceutical and biomedical applications.
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