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The ring-opening copolymerisation of cyclic anhydrides with an oxetane derived from natural monosac-
charide p-xylose has been used to synthesise fully biobased water soluble polyesters, which are able to
stabilise the amorphous phases of nifedipine and mefenamic acid, enhancing their apparent solubility in
water up to 918 and 142% respectively. 2D picolitre-scale inkjet-printing, coupled with polarised optical
microscopy (POM) analysis, enabled an initial, high-throughput miniaturised (ng—pg scale) screening of
drug formulations. The best formulations were scaled up and analysed by FT-IR spectroscopy and DSC,
revealing interactions between the drugs and polymers. Finally, drug dissolution studies demonstrated the
effectiveness of the polymers in improving the drugs’ apparent solubility in water. These results showcase
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Introduction

It is estimated that more than 70% of drug development candi-
dates belong to class II, as defined by the Biopharmaceutics
Classification System (BCS), where low solubility in water is the
limiting factor in achieving a suitable bioavailability in patients."
One common method of enhancing the apparent solubility of
class II compounds is the amorphous solid dispersion (ASD)
method, created when the active drug is molecularly dispersed in
an inert, water-soluble polymeric matrix.>* This polymer matrix
stabilises the drug in an amorphous state, lowering the thermo-
dynamic barrier to dissolution, enhancing the apparent solubility.
Strong interactions between the drug and polymer are key to pre-
venting nucleation and ecrystallisation.* However, no single
polymer can effectively stabilise all amorphous drugs.>”

To create an effective ASD, the polymer properties must be
carefully considered to complement that of the drug.
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the potential of synthetic carbohydrate polymers as excipient for tailored drug formulations.

Miscibility with the drug, an amorphous nature and biocompat-
ibility are only the start. Intermolecular interactions, such as
hydrogen bonding, ionic or dipole-dipole interactions, result in
strong interactions between the drug and polymer that may help
to stabilise the amorphous state.>® Taylor and co-workers used
FT-IR spectroscopy to show a good correlation between the hydro-
gen bonding ability of four different polymers (poly(vinyl alcohol)
(PVA), poly(vinylpyrrolidone-vinyl acetate) (PVPVA), hydroxypropyl
methylcellulose acetate succinate (HPMCAS) and poly(vinyl
acetate) (PVAc)) and their effectiveness in inhibiting the crystalli-
sation of hydrophobic felodipine.'® One indication of the inter-
molecular interactions between polymer chains is its glass tran-
sition temperature (7,) which is directly related to chain flexibility,
steric hinderance, symmetry and polarity."* The antiplasticisation
effect refers to the increase in T of a drug, resulting from its com-
bination with a high T, polymer.'” Drug crystallisation is then
inhibited as the molecular mobility becomes limited."*"*
However, the antiplasticisation effect is generally only effective to
a point: a difference in T greater than 50 °C between the drug
and polymer can conversely increase the molecular mobility of
the drug and promote crystal growth."® Therefore, it is not a uni-
versal solution to use a high T, polymer to create an ASD.
Finding polymers with a T, up to 50 °C higher than the drug
becomes a key step in determining which polymers are suitable
for use in solid dispersions.

A limited number of polymers have been so far approved by
the Food and Drug Administration, including polyethylene
glycol (PEG), PVA and PVPVA, but these polymers do not
provide sufficient structural diversity to enable a detailed struc-
ture activity relationship.'®™® With sustainability concerns in
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mind, cellulose-based polymers such as hydroxypropyl methyl-
cellulose (HPMC) and HPMCAS, can be used in ASDs to
replace petroleum derived, synthetic polymers such as PVP,
and PVPVA (Fig. 1).>'%?° Limited materials and time often
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Fig. 1 Top: Reported polymers, both petroleum (polyvinylpyrrolidone—
vinyl acetate (PVPVA), polyacrylic acid (PAA) and polyvinylpyrrolidone
(PVP)) and bioderived (hydroxypropyl methylcellulose (HPMC), hydroxy-
propyl methylcellulose acetate succinate (HPMCAS)), polyglycerol
adipate (PGA) and cellulose acetate phthalate (CAP) that have been used
for ASDs.??! Bottom: Sugar-derived polymers described herein for ASDs
of nifedipine and mefenamic acid (MFA).
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pose challenges in the initial phases of drug development.
Utilising high-throughput methods to assess drug crystallinity
and solubility offer significant benefits in the rapid optimi-
sation of ASDs, often mitigating substantial costs. Examples of
high-throughput systems have been published which show
good correlation to upscaled ASD results, although many were
limited by their dependence on multiple dilution steps, no
automated sample preparation and the necessity to premix the
ASD solutions.”*>* Inkjet printing is a versatile, fully auto-
mated and economical technique, used to deposit liquids on a
surface with high precision.*>?® 1t also allows for small batch
screening on the nanogram scale which presents exciting
opportunities for new drug delivery techniques.””

In parallel, the Ring-Opening Copolymerisation (ROCOP) of
cyclic ethers/anhydrides provides a simple method for poly-
ester synthesis.”® One major advantage of ROCOP is that the
T, and functionality of the resulting polyester can be con-
trolled by variation of the cyclic anhydride. For example,
switching the cyclic anhydride from phthalic anhydride (PA) to
glutaric anhydride (GA) (which can both be biosourced),>**°
lowers the T, of butylene oxide/allyl glycidyl ether copolymers
from 38 to —39 °C respectively.”’ Our group, among others,
has also identified xylose as a rich sustainable feedstock for
polymer synthesis, owing to their low cost, low toxicity, and
high abundance.?*** The presence of multiple hydroxy groups
also offer the potential for pre- or post-polymerisation functio-
nalisation.>® Previously, we have reported the ROCOP of a
p-xylose 3,5-anhydrosugar derived oxetane, p-Ox, with seven
cyclic anhydrides, producing a family of bioderived polyesters
with T,s ranging from 60-145 °C.** To the best of our knowl-
edge, polyesters produced via ROCOP have not been reported
for ASD formulation.

Herein, we report the synthesis of two fully bioderived
water soluble polyesters, dp-poly(p-Ox-alt-PA) and dp-poly(p-
Ox-alt-GA) (Table 1), via the ROCOP of p-Ox with PA and GA
respectively, followed by acetal deprotection, and their formu-
lation with mefenamic acid (MFA) and nifedipine, selected as
representatives of class II BCS drugs (Fig. 1). The water in-
soluble polymer precursors, poly(p-Ox-alt-PA) and poly(p-Ox-
alt-GA), have also been investigated to probe the influence of
the polymers’ T, and water solubility on their suitability for
ASDs. 2D inkjet printing was first used to screen polymer-drug
combinations on the nanogram scale, followed by more
detailed analysis of the upscaled ASDs and drug dissolution
studies.

Results and discussion
Polymers synthesis and optimisation

Previously we have reported the ROCOP of p-Ox with seven
cyclic anhydrides, catalysed by rac 1,2-cyclohexanediamino-N,
N'-bis-(3,5-di-t-butylsalicylidene)chromium(mi), CrSalen.*® The
catalyst system was optimised, with three new complexes
tested (Table S1}). An Al-centred aminotrisphenolate complex
(AlTris) was found to provide enhanced activity while also
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Table 1 Post-polymerisation acetal deprotection to yield water-soluble hydroxy-functionalised polymers

o}
0.0
60 Y \,’é AlTris/PPNCI C _ TFAH0 (411) t oJ \\9»
' \ 1,2- dlchlorobenzene dlchloromethane
o : R’ R2
5
Polymer My, sic” Dy? T,* Trm Water soluble
Poly(p-Ox-alt-PA) 11300 1.20 143 — No
dp-Poly(p-Ox-alt-PA) 10100 1.29 130 — Yes
Poly(p-Ox-alt-GA) 6200 1.94 62 — No
dp-Poly(p-Ox-alt-GA) 3000 2.18 43 — Yes
“Calculated by SEC (against polystyrene standards in THF, or PEG standards in DMAc/LiBr for dp-polymers). ? By = M,,/M,. ° Values taken from

DSC second heating cycle.

yielding highly selectively high molar mass (M,) co-polymers.
Using AlTris as the catalyst and bis(triphenylphosphine)
iminium  chloride (PPNCI) as the initiator (po-
Ox: anhydride : AlTris : PPNCI ratio of 200:200:1: 1), two p-Ox
polyester copolymers were thus synthesised with PA and GA,
with >99% conversion of p-Ox calculated by NMR analysis,
yielding poly(p-Ox-alt-PA) and poly(p-Ox-alt-GA), respectively
(Table 1).*® An M, of 11300 g mol™" (Py = 1.20) and 6200 g
mol ™" (Py = 1.94), were obtained for poly(p-Ox-alt-PA) and poly
(0-Ox-alt-GA) respectively, as measured by SEC (in THF, against
narrow polystyrene standards).

The Tgs of these polymers were 143 °C and 62 °C respect-
ively, as observed by DSC in the second heating cycle.
Deprotection of the xylofuranose core acetal group was
achieved via acid hydrolysis with trifluoroacetic acid (TFA),
yielding two DMSO and water soluble polyesters: dp-poly(p-Ox-
alt-PA) and dp-poly(p-Ox-alt-GA) (deprotected at >99% and
93%, respectively) (Table 1).** SEC analysis (in DMAc/LiBr,
against narrow PEG standards) showed the resulting polymers
had a M, of 10100 g mol™" (Py = 1.29) and 3000 g mol ™" (Py
= 2.18) respectively, with a T, of 130 and 43 °C. Those changes
in M, and dispersity may be due to changes in SEC method
and in polymer hydrodynamic volumes, affected by the pres-
ence of OH groups. During deprotection, acid catalysed trans-
esterification may also happen, even if no evidence of branch-
ing was seen by NMR spectroscopy. Polymer molar mass and
dispersity have been shown to impact ASD performance,®” and
the molar masses of the polymer studied here are relatively
low and some dispersities high. However, it is worth noting
that their thermal properties are in line with most commercial
polymers used (usually at higher molar masses), including
with HPMC (vide infra dissolution studies). In addition, having
short polymer chains is likely to make ASD more (bio)degrad-
able and therefore can be seen as an advantage.

The p-Ox copolymers can be fully bioderived, potentially
providing a more sustainable alternative to petroleum derived
polymers for ASDs such as PEG or PVA. This synthetic
approach also allows for improved control and tuneability over
chemically extracted polymers such as HPMC and HPMCAS.
HPMC and HPMCAS have been used in solid dispersions but

106 | RSC Appl. Polym., 2024, 2, TIO4-1112

suffer from high melt viscosity, preventing them from being
scaled to the industrial level using hot melt extrusion.*®3°
They are also typically incompatible with lower T, drug
compounds.*>*" For example, nifedipine, with a T} of 42 °C,*’
falls below the 50 °C optimal range of most common bioder-
ived polymers, which have a T, > 92 °C (HPMC, HPMCAS)
(Fig. 1). We hypothesised that the thermal properties of dp-
poly(p-Ox-ait-GA) (T, = 43 °C) would be well suited to produce
nifedipine ASDs, with the acetal deprotection also providing
H-bonding between the polymer and the drug. Moreover, dp-
poly(p-Ox-ait-PA) would also be well matched to MFA (Fig. 1),
another type II drug, which has been shown to be more chal-
lenging to stabilise than nifedipine, but also more compatible
with high T, polymers (although its T, has been calculated to
be 51 °C).***?

2-D inkjet printing

Here, 2-D inkjet printing was used as an initial, high-through-
put and nano-scale method to compare the behaviour of each
of the polymers in ASDs. Bradley and co-workers first reported
such a high-throughput 2D printing technique, printing micro-
arrays of carbamazepine, sulfamethoxazole, and 2-[(2-nitrophe-
nyl) amino]-3-thiophenecarbonitril onto different commercial
polymers, and analysing them using Raman spectroscopy.**
This was possible with only 27 pg of polymer and 1 mg of
drug. Since this pioneering work, the 2D inkjet printing of
microarrays to screen polymer-drug solid dispersions has
been expanded and optimised.*>*® Taresco and co-workers
used a piezo electric inkjet printer to print PVPVA with six
different drugs, showing 2D inkjet printing could be used to
approximate the threshold for the drug loading in bulk and
correctly correlate the microarray data to the literature.*’

In the present work, six microarrays were printed: nifedi-
pine or MFA with poly(p-Ox-alt-GA), dp-poly(p-Ox-alt-PA) or dp-
poly(p-Ox-alt-GA). Poly(p-Ox-alt-PA) was not printed due to poor
solubility in DMSO. Polymer solutions of 1 mg mL ™" and drug
solutions of 5 mg mL™" were printed with an average final
droplet total volume of 314.6 pL. The weight/weight % ratio of
drug/polymer was varied from 100-0%, with an average of 1.6
ng of drug per composition. To investigate if diffusion enabled

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sufficient mixing, each composition was printed in duplicate,
first by printing the drug then the polymer at a specific spot,
and second, in the adjacent column, by printing the polymer
then the drug (Fig. 2). The slides were left for 48 hours at 50%
relative humidity and 29.8 °C to allow DMSO to evaporate then
analysed with non-polarised and polarised optical microscopy
(POM).

Microscopy images of the pure excipients were either trans-
parent/translucent (with dp-poly(p-Ox-alt-PA) and dp-poly(p-
Ox-alt-GA)) or opaque (with poly(p-Ox-alt-GA)), and did not
exhibit any birefringence, consistent with their amorphous
character. For the pure drugs, POM showed that MFA formed
birefringent crystals after two days, whereas nifedipine did not
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Fig. 2 Schematic representation of the sequential steps needed to
develop a solid microarray (1) Printing the drug. (2) Printing the polymer.
(3) Solvent evaporation. (4) Schematic of the microarray, “%" reflect the
weight/weight % ratio of MFA/polymer. (5) Optical microscopy images
(48 hours after printing) of the dp-poly(p-Ox-alt-PA) and dp-poly(p-Ox-
alt-GA)—-MFA microarray varying the weight/weight ratio from 0-100%.

~<o
o
HO™ % dp—poly(D-Ox aI-GA)

View Article Online

Paper

exhibit any obvious birefringence under crossed-polars,
suggesting an amorphous character. Similar behaviour has
been reported for a microarray of flufenamic acid when inkjet
printed, and was attributed to the low volumes resulting in
abnormal crystallisation behaviour.*’

The order of printing was shown to not influence the occur-
rence of crystallisation. All nifedipine spots remained smooth
and transparent, suggesting the dispersion remained amor-
phous after two days. Dp-poly(p-Ox-alt-PA/GA)-MFA spots
suggested amorphous dispersions up to 38% and 25% w/w
MFA loadings respectively (Fig. 3). Improved stability of MFA
in dp-poly(p-Ox-ait-PA) may be due to non-covalent interactions
between aromatic groups as MFA is less polar than nifedipine.
Previously, PVAc has been reported to stabilise MFA up to a
50% w/w when printed, whereas PEG was only effective up to
an MFA loading of 20% w/w and is therefore outperformed by
dp-poly(p-Ox-alt-PA).*"*8

Optical microscopy revealed aggregation occurred with poly
(p-Ox-alt-GA) ASDs with nifedipine and MFA, with phase con-
trast showing MFA microcrystals (length < 61 pm) were evenly
dispersed throughout the aggregated polymer up to a MFA
loading of 51% w/w (Fig. S5T). Beyond 51% w/w, larger bire-
fringent crystals were observed. This highlighted the necessity
for polar, water-soluble polymers for those ASD formulations.

Microscopy images were subsequently collected for the
micro-array samples after storage at room temperature for
approximately two months to probe the ASDs stability (Fig. 3).
The lack of birefringence of the pure excipients first indicated
that the polymers were still amorphous. For all binary combi-
nations of nifedipine with dp-poly(p-Ox-alt-PA/GA) or poly(p-
Ox-alt-GA), at all compositions 0-100% w/w, the printed spots
were transparent, translucent or opaque, without obvious
structure in phase-contrast images, and did not exhibit any
obvious birefringence under crossed-polars. This suggested
that these samples were still amorphous, showing nifedipine
had not crystallised during storage. This lack of crystallisation
is in line with literature reports of nifedipine behaviour such
as its class II glass-forming ability.*® From the micro-array data
no conclusions could therefore be drawn about the relative
ability of the polymers to stabilise nifedipine in its amorphous

ftr@\

dp poly(D-Ox-alt-PA)

MFA

Fig. 3 Phase contrast images (two months after printing) for % w/w combinations (as labelled) of MFA with: dp-poly(p-Ox-alt-GA) (left) and dp-poly
(0-Ox-alt-PA) (right). Each individual image is ca. 1.75 mm across. Columns are in duplicate: the drug-first printed spots appear on the left and the
excipient-first on the right. Numbers refer to the loading of MFA (% w/w). The red line denotes the estimated transition point where birefringence
appears (as a function of increasing composition).
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For the combinations of MFA with the various excipients a
different behaviour to that seen with nifedipine was noted. As
composition changed, a fairly clear transition was noted
between the opaque, structured and birefringent appearance
of the pure MFA systems and the transparent/translucent (or
opaque for poly(p-Ox-alt-GA)) unstructured appearance,
without birefringence, of the excipients. This transition is
highlighted with a red line on the images of Fig. 3 for a sub-
set of the compositions, either side of the transition, for the
MFA-deprotected polymer systems (see Fig. S61 for poly(p-Ox-
alt-GA) data). Dp-poly(p-Ox-alt-PA)-MFA dispersions remained
amorphous up to an MFA loading of 38% w/w, showing excel-
lent stability within the experimental timeframe. MFA dis-
persed in dp-poly(p-Ox-alt-GA) and poly(p-Ox-alt-GA) was less
stable, with the transition between the amorphous and crystal-
line phase decreasing from 25 to 14 and 51 to 44 MFA % w/w
over the storage time, respectively, with aggregation occurring
as before for poly(p-Ox-alt-GA) ASDs.

Upscaled ASD formulation

Having established the p-Ox copolymers were applicable to
ASDs, ASD formulation was upscaled using 20 mg of drug to
imitate pharmaceutically relevant conditions, at drug loadings
of 50, 33, 25 and 20% w/w, which were achieved by varying the
polymer concentration in solution from 5 to 20 mg mL™". Dp-
poly(p-Ox-ait-PA/GA) and drugs were stirred in a 9:1 aceto-
nitrile to water solution at 60 °C to ensure full solubility of all
components, while poly(p-Ox-alt-PA/GA) and drugs were stirred
in CHCIl; at 50 °C. The solvents were then removed, and the
samples dried in vacuo at 50 °C overnight. As a control, pure
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drugs were subjected to similar treatment. ASDs were also pre-
pared with HPMC, for comparison with a commercial standard
with structural similarities to the p-Ox derived polymers (poly-
saccharide vs. synthetic carbohydrate polymer).

The crystallinity and interactions of nifedipine within the
polymers were assessed by DSC and FT-IR spectroscopy. Up to
the highest drug loading of 50% w/w, all formulations, inde-
pendent of the polymer, were found to be amorphous, as indi-
cated by the disappearance in the DSC traces of the melting
transition at 176 °C of pure nifedipine (Fig. S71). The observed
crystallinity of pure nifedipine contrasts with the 2D inkjet
printing results. Here, the greater number of molecules
leading to a higher probability of nucleation, as well as the
elevated drying temperatures of the bulk ASDs, likely favours
crystallisation.*®

Dp-poly(p-Ox-alt-PA) had a clear antiplasticisation effect on
nifedipine, increasing the T, with increased polymer loading,
so that at a drug loading of 20% w/w, the T, increased from
42 °C to 102 °C (Fig. 4). Previous studies have found PVP to
have the same antiplasticisation effect on nifedipine.’®"
Experiments with HPMC and poly(p-Ox-ait-PA) revealed that
both polymers also exerted an antiplasticisation effect on nife-
dipine (Fig. S71). As nifedipine is known to crystallise through
H-bonding between the carboxylic acid ester and the amine,
disrupting these interactions is key to inhibiting crystallinity.>>
To observe this, previous studies have analysed the changes in
the vibrational stretches carbonyl and amine groups.®>** FT-IR
spectroscopy revealed dp-poly(p-Ox-alt-PA) effected a complete
disappearance of the vc— vibration at 1652 em™" in nifedi-
pine, likely a result of H-bonding between the diol repeat unit
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Fig. 4 DSC spectra (exo up, second cooling cycle), 20 °C min~* of nifedipine ASDs with (a) dp-poly(p-Ox-alt-PA) (-) and (c) dp-poly(p-Ox-alt-GA)
(-). FTIR spectra between 2000 and 1000 cm™ of nifedipine ASDs with (b) dp-poly(p-Ox-alt-PA) and (d) dp-poly(p-Ox-alt-GA) at 50% w/w (-), 33%
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and the carboxylic acid ester. This was also observed in HPMC-
nifedipine ASDs (Fig. S7f). In contrast, poly(p-Ox-alt-PA)
effected a significant decrease in the vy—o vibration intensity
at 1375 cm™" in nifedipine.

Analyses of MFA formulations were next performed. DSC
proved inefficient at assessing their crystallinity, due to the
sublimation of MFA occurring before melting (~210 °C and
233 °C respectively).”>** Powder X-Ray Diffraction (PXRD) analysis
was therefore carried out to evaluate the crystallinity of polymer
dispersions, including with HMPC (Fig. S8%). For all formu-
lations, PXRD analysis showed crystalline regions at drug loadings
between 20-50% w/w. Notably, new crystalline patterns were
observed compared to the pure MFA PXRD pattern (form I), at all
drug loadings, indicating polymorphic MFA crystals in the formu-
lations (forms I and I1).>> At MFA loading of 14% w/w, a halo
pattern became visible for dp-poly(p-Ox-alt-PA) ASDs, indicating
an amorphous nature (Fig. 5a). This was in line with the microar-
ray data, which predicted that dp-poly(p-Ox-alt-PA) dispersions
would be most effective in stabilising amorphous MFA.

Like nifedipine, MFA crystallises through H-bonding
between the amine and carboxylate or carboxylate and carboxy-
late groups.>® Previous FT-IR spectroscopic studies have shown
that whilst stabilising amorphous MFA, HPMCAS causes a
complete disappearance of its v(n-) vibration at 3304 em™".>’
Here, dp-poly(p-Ox-alt-PA) induced a significant shift of the
MFA yn-p) vibration shift from 3304 to 3346 em™, indicating
a shortening of the N-H bond (Fig. 5c¢ and d). The transition
from form I MFA to form II, a more soluble polymorph, is
known to be accompanied by a shift in the FTIR spectrum
from 3313 to 3347 cm™'.*® The FT-IR data, combined with the
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additional crystalline PXRD patterns, thus indicates that dp-
poly(p-Ox-alt-PA) assists the polymorphic crystallisation of MFA
from form I to form II.

DSC analysis of dp-poly(p-Ox-alt-PA) dispersions revealed a
single T, indicating of a single amorphous phase with no
phase separation. At high drug loadings (20-50% w/w), the
overall T, of the dispersion decreased with decreasing drug
loading (increasing polymer loading), suggesting the polymer is
not exerting an antiplasticisation effect, in contrast to what was
observed with nifedipine. However, below 20% w/w drug loading,
an antiplasticisation effect was observed, raising the T, of the
ASD back up to 113 °C (Fig. 5b). In agreement with PXRD ana-
lysis, at MFA loading of 14% w/w, the disappearance of an
exothermic event beginning at 160 °C, previously attributed to
traces of MFA crystallinity,>” was noted compared to higher drug
loadings. In comparison, HPMC-MFA ASDs showed no further
improvement in amorphicity when decreasing the MFA loading
below 20% w/w (Fig. S8t). Overall, DSC and PXRD analyses con-
verge towards a single ASD of dp-poly(p-Ox-alt-PA) and MFA, with
some crystalline drug separating out.

PXRD analysis of dp-poly(p-Ox-alt-GA) dispersions qualitat-
ively showed a less significant reduction in MFA crystallinity
compared to dp-poly(p-Ox-alt-PA) (Fig. S81). Notably, like for
dp-poly(p-Ox-alt-PA) ASDs, the PXRD pattern of dp-poly(p-Ox-
alt-GA)-MFA dispersions displayed evidence of polymorphic
MFA crystals formation. Finally, despite similar T,s, dp-poly(p-
Ox-alt-GA) was found to exert a significant plasticisation effect
on MFA, lowering its T, from 42 °C to 1 °C and 14 °C at 14 and
50% w/w MFA loadings, respectively, as observed by DSC
(Fig. S87).
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dp-poly(D-Ox-alt-PA)
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Fig. 5 dp-Poly(p-Ox-alt-PA) (-) MFA (=) ASDs at 50% w/w (-), 33% w/w
dp-poly(p-Ox-alt-PA)-MFA ASDs with MFA and dp-poly(p-Ox-alt-PA). (b)
and 2000 cm™. (d) FTIR spectra between 2000 and 1000 cm™,
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Overall, the results from the micro-array microscopy screen-
ing were in fair agreement with the PXRD and DSC data, given
the differences in sample size (mg vs. ng) and range of compo-
sition space investigated in the bulk and micro-array
approaches.

Dissolution studies

The solubility of nifedipine and MFA in DI water when formu-
lated as ASDs was next assessed and compared to the solubility
of the free drugs. Nifedipine ASD dissolution studies were
carried out with ASDs of 50% w/w as DSC analysis suggested
that at 50% w/w, nifedipine remained amorphous in all poly-
mers. MFA ASD dissolution studies were carried out with ASDs
of 14% w/w as microarray data and PXRD analysis suggested
that at 14% w/w, MFA is partially amorphous in dp-poly(p-Ox-
alt-PA) and HPMC.

Both nifedipine and MFA showed improved apparent solu-
bility in water when formulated with polymers compared to
the drugs alone (as shown by relative differences in UV-Vis
absorbance, AA% values; Fig. 6).

Dispersions of nifedipine within dp-poly(p-Ox-alt-GA) was
shown to improve its solubility in water after 2 hours by 918%,
compared to increase in solubility by 155% for dp-poly(p-Ox-
alt-PA) and 645% for HPMC. As predicted by the microarray
and bulk results, dp-poly(p-Ox-alt-PA) enhanced the solubility
of MFA most effectively, increasing the solubility of MFA by
296%, although AA% values were lower than with HPMC,
which increased solubility by 426%. As expected, higher solu-
bility enhancement of nifedipine was observed with dp-poly(p-
Ox-alt-PA/GA), compared to poly(p-Ox-alt-PA/GA); 155 vs. 45%
and 918 vs. 36%, respectively (Fig. S12t). This was expected as
the deprotected polymers were water soluble, and the solvation
of nifedipine would likely be aided by the solvation of these
polymers.

From the data, the structure of the polymer is key for the
efficacy of the ASDs to increase the drug apparent solubility in
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Fig. 6 (A) relative UV absorbance at 340 nm in DI water after 2 hours

when dispersing nifedipine in polymer versus the free drug (triplicate
measurement). (B) Relative UV absorbance at 292 nm in DI water after
2 hours when dispersing MFA in polymer versus the free drug (triplicate
measurement).

MO | RSC Appl. Polym., 2024, 2, 104-1112

View Article Online

RSC Applied Polymers

water. The superior ability of dp-poly(p-Ox-ait-GA) to solubilise
nifedipine may be attributed to their similar T,s (42-43 °C),
compared to HPMC (T, = 143-147 °C) or dp-poly(p-Ox-alt-PA)
(Ty =130 °C). As such, it meets the criteria of a polymer with a
T, 0-50 °C higher than the drug."® The superior ability of dp-
poly(p-Ox-alt-PA) to solubilise MFA may be attributed, as
shown by FT-IR spectroscopy, to the ability of dp-poly(p-Ox-alt-
PA) to disrupt key N-H bonding interactions required for MFA
crystallisation. Additionally, PXRD analysis suggests that dp-
poly(p-Ox-alt-PA) facilitates the formation of polymorphic MFA
which may add to the improved solubility.>®

The poor ability of dp-poly(p-Ox-alt-GA) to improve MFA
apparent solubility in water can be rationalised by the low T,
of the 14% w/w dispersion (1 °C). Such plasticisation effect
would allow for molecular mobility and crystallisation. This
result was correctly predicted by 2D inkjet-printing which
showed that MFA remained dispersed within dp-poly(p-Ox-alt-
PA) up to 38% w/w after 2 months, whereas it would begin to
crystallise out of dp-poly(p-Ox-alt-GA) at 25% w/w after two
days.

Computational modelling of solubility parameters

Although matching drugs and polymers based on their T,
proved effective to obtain dispersions that enhance the solubi-
lity of nifedipine in water, this was not the case for MFA dis-
persions. The drug and polymer miscibility with each other
were thus also evaluated using molecular dynamics, by calcu-
lating their solubility parameters (see ESI, Table S2f).
Materials with similar solubility parameters are expected to
show enhanced mixing, so that the closer the solubility para-
meter values of the drug and of the polymer, the more phys-
ically stable the resulting ASD would be.>*°

Dp-poly(p-Ox-alt-PA) was found be more polar than dp-poly
(0-Ox-alt-GA), with solubility parameters of 19.0 and
11.7 (MJ m™3): respectively. MFA, with a solubility parameter of
18.5 (MJ m~°): is therefore most compatible with dp-poly(p-Ox-
alt-PA), according to this model. These computational results
may shed light on the improved performance of dp-poly(p-Ox-
alt-PA) in stabilising amorphous MFA compared to dp-poly(p-
Ox-alt-GA), governed by well-matched solubility rather than
well-matched T,. It should be noted that nifedipine
(22.1 (MJ m™)) and dp-poly(p-Ox-alt-GA) do not fit this model,
with a difference in solubility parameters of 9.8 (MJ m™3)
despite the high performance of dp-poly(p-Ox-alt-GA)-nifedi-
pine ASDs. These results highlight the complexity in predicting
the efficiency of ASDs, especially with new polymers where
limited data is available.

Conclusions

The controlled copolymerisation of a xylose-derived oxetane
into fully biobased polyesters allowed facile tuning of the
polymer properties to complement the properties of two
poorly water-soluble drugs, nifedipine and MFA, which is non-
trivial through conventional methods such as polymer side-
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chain modification. Using high-throughput 2D inkjet printing
and optical microscopy, the polymers were found to maintain
MFA in an amorphous state at 38% w/w in dp-poly(p-Ox-alt-PA)
and 25% in dp-poly(p-Ox-alt-GA). Microarray data showed a
good correlation with the performance of the polymers in bulk
and their effectiveness at improving the drug water solubility.
Analysis of bulk dispersions revealed the nature of the
polymer-drug interactions varied significantly with the
polymer structure. FT-IR spectroscopy indicated that the
acetal-deprotected polymers were effective in disrupting key
H-bonding in both nifedipine and MFA. Drug dissolution
studies showed that dp-poly(p-Ox-alt-GA) improved the solubi-
lity of nifedipine by 918%, a significant improvement com-
pared to commercial standard HPMC, which improved the
solubility of nifedipine by 645%. This was attributed to the low
T, of dp-poly(p-Ox-alt-GA) being more compatible with nifedi-
pine (both 42-43 °C). MFA dissolution studies showed that the
solubility enhancement effected by dp-poly(p-Ox-ait-PA) com-
pared well with that of HPMC (296% vs. 426%, respectively).
These proof-of-concept results highlight the potential of bio-
derived (specifically xylose-derived) polyesters made by ROCOP
as a promising platform for ASDs, with several tuneable fea-
tures (e.g., molar mass and dispersity, sequence, architecture)
yet to be explored.

Author contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript. EC: all experimental work and preparation of
the manuscript. AH: control of the piezo electric inkjet printer
(Sciflexarray S5, Scienion). SMF: initial experiments which
became the foundation of this work. JFM: computational mod-
elling and manuscript review and editing. JCB: conceptualis-
ation of inkjet printing, manuscript review and editing VT:
conceptualisation, manuscript writing, review and editing,
supervision. AB: conceptualisation, manuscript writing -
review and editing, supervision and funding acquisition.

Data availability

The data supporting this article have been included as part of
the ESL¥

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Analytical facilities were provided through the Material and
Chemical Characterisation Facility (MC?) at the University of
Bath. Research funding from the Royal Society (UF/160021 and

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

URF\R\221027: fellowship to A. B., RGF\R1\180036 studentship
to E. F. C.), the EPSRC and AstraZeneca (Centre for Doctoral
Training in Transformative Pharmaceutical Technologies (EP/
S023054/1) studentship to A. H.), and the University of
Nottingham (Nottingham Research Fellowship to V. T.), is also
acknowledged.

References

1 L. Di, P. V. Fish and T. Mano, Drug Discovery Today, 2012,
17, 486-495.

2 J. Zhang, M. Guo, M. Luo and T. Cai, Asian J. Pharm. Sci.,
2023, 18, 100834.

3 A. Schittny, J. Huwyler and M. Puchkov, Drug Delivery,
2020, 27, 110-127.

4 R. Lalge, N. S. K. Kumar and R. Suryanarayanan, Mol.
Pharmaceutics, 2023, 20, 4196-4209.

5 S. P. Bhardwaj, K. K. Arora, E. Kwong, A. Templeton,
S.-D. Clas and R. Suryanarayanan, Mol. Pharmaceutics,
2014, 11, 4228-4237.

6 K. Kothari, V. Ragoonanan and R. Suryanarayanan, Mol
Pharmaceutics, 2015, 12, 162-170.

7 P. Mistry, S. Mohapatra, T. Gopinath, F. G. Vogt and
R. Suryanarayanan, Mol. Pharmaceutics, 2015, 12, 3339-
3350.

8 Q. Shi, H. Chen, Y. Wang, R. Wang, J. Xu and C. Zhang,
Pharmaceutics, 2022, 14, 1747.

9 N. S. Trasi and L. S. Taylor, CrystEngComm, 2012, 14, 5188-
5197.

10 U. S. Kestur and L. S. Taylor, CrystEngComm, 2010, 12,
2390-2397.

11 D.]J. Walton and J. P. Lorimer, Polymers, Oxford University
Press, Oxford, 2000.

12 A. Newman and G. Zografi, AAPS PharmSciTech, 2019, 21, 26.

13 C. Huang, C. T. Powell, Y. Sun, T. Cai and L. Yu, J. Phys.
Chem. B, 2017, 121, 1963-1971.

14 K. Khougaz and S. D. Clas, J. Pharm. Sci., 2000, 89, 1325-
1334.

15 S. V. Bhujbal, B. Mitra, U. Jain, Y. Gong, A. Agrawal,
S. Karki, L. S. Taylor, S. Kumar and Q. Zhou, Acta Pharm.
Sin. B, 2021, 11, 2505-2536.

16 C. Brough and R. O. Williams, Int. J. Pharm., 2013, 453,
157-166.

17 Y. Huang and W.-G. Dai, Acta Pharm. Sin. B, 2014, 4, 18-25.

18 S. Baghel, H. Cathcart and N. J. O'Reilly, J. Pharm. Sci.,
2016, 105, 2527-2544.

19 A. Iemtsev, F. Hassouna, A. Mathers, M. Klajmon,
M. Dendisovd, L. Malinova, T. Skoldkova and M. Fulem,
Int. J. Pharm., 2020, 589, 119845.

20 R. B. Chavan, S. Rathi, V. G. S. S. Jyothi and N. R. Shastri,
Asian J. Pharm. Sci., 2019, 14, 248-264.

21 V. Taresco, J. Suksiriworapong, I. D. Styliari, R. H. Argent,
S. M. E. Swainson, J. Booth, E. Turpin, C. A. Laughton,
J. C. Burley, C. Alexander and M. C. Garnett, RSC Adv.,
2016, 6, 109401-109405.

RSC Appl. Polym., 2024, 2, 104-1m2 | 1M


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lp00203b

Open Access Article. Published on 04 September 2024. Downloaded on 7/21/2025 5:58:21 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38
39

40

41

42

Y. Fan and S. Castleberry, Int. J. Pharm., 2023, 631, 122495.
N. Wyttenbach, C. Janas, M. Siam, M. E. Lauer, L. Jacob,
E. Scheubel and S. Page, Eur. J. Pharm. Biopharm., 2013, 84,
583-598.

B. Van Eerdenbrugh, J. A. Baird and L. S. Taylor, J. Pharm.
Sci., 2010, 99, 3826-3838.

P. Carou-Senra, L. Rodriguez-Pombo, A. Awad, A. W. Basit,
C. Alvarez-Lorenzo and A. Goyanes, Adv. Mater., 2023,
2309164.

N. Scoutaris, S. Ross and D. Douroumis, Pharm. Res., 2016,
33, 1799-1816.

D. Muhindo, R. Elkanayati, P. Srinivasan, M. A. Repka and
E. A. Ashour, AAPS PharmSciTech, 2023, 24, 57.

J. M. Longo, M. J. Sanford and G. W. Coates, Chem. Rev.,
2016, 116, 15167-15197.

S. Thiyagarajan, H. C. Genuino, M. Sliwa, J. C. van der
Waal, E. de Jong, ]J. van Haveren, B. M. Weckhuysen,
P. C. A. Bruijnincx and D. S. van Es, ChemSusChem, 2015, 8,
3052-3056.

C. Robert, F. de Montigny and C. M. Thomas, Nat.
Commun., 2011, 2, 586.

M. Hirschmann, F. Andriani and T. Fuoco, Eur. Polym. J.,
2023, 183, 111766.

T. M. McGuire, ]J. Bowles, E. Deane, E. H. E. Farrar,
M. N. Grayson and A. Buchard, Angew. Chem., Int. Ed.,
2021, 60, 4524-4528.

D. K. Tran, A. Z. Rashad, D. ]J. Darensbourg and
K. L. Wooley, Polym. Chem., 2021, 12, 5271-5278.

M. Talebi Amiri, G. R. Dick, Y. M. Questell-Santiago and
J- S. Luterbacher, Nat. Protoc., 2023, 18, 1658-1658.

E. L. Daniels, J. R. Runge, M. Oshinowo, H. S. Leese and
A. Buchard, ACS Appl. Energy Mater., 2023, 6, 2924-2935.

T. M. McGuire, E. F. Clark and A. Buchard, Macromolecules,
2021, 54, 5094-5105.

C. Auch, M. Harms and K. Mider, Int. J. Pharm., 2019, 556,
372-382.

A. Butreddy, Eur. J. Pharm. Biopharm., 2022, 177, 289-307.
C. M. Oh, P. W. S. Heng and L. W. Chan, AAPS
PharmSciTech, 2015, 16, 466-477.

V. R. Kallakunta, S. Sarabu, S. Bandari, A. Batra, V. Bi,
T. Durig and M. A. Repka, J. Drug Delivery Sci. Technol.,
2020, 58, 101395.

H. Suzuki and H. Sunada, Chem. Pharm. Bull., 1998, 46,
482-487.

V. R. R. Cunha, C. M. S. Izumi, P. A. D. Petersen,
A. Magalhdes, M. L. A. Temperini, H. M. Petrilli and
V. R. L. Constantino, J. Phys. Chem. B, 2014, 118, 4333-
4344.

M2 | RSC Appl. Polym., 2024, 2, 1104-1112

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58
59

60

View Article Online

RSC Applied Polymers

D. Mahlin and C. A. S. Bergstrom, Eur. J. Pharm. Sci., 2013,
49, 323-332.

A. R. Liberski, G. J. Tizzard, ]. ]. Diaz-Mochon,
M. B. Hursthouse, P. Milnes and M. Bradley, J. Comb.
Chem., 2008, 10, 24-27.

V. Taresco, I. Louzao, D. Scurr, J. Booth, K. Treacher,
J. McCabe, E. Turpin, C. A. Laughton, C. Alexander,
J. C. Burley and M. C. Garnett, Mol. Pharmaceutics, 2017,
14, 2079-2087.

M. Sanna, G. Sicilia, A. Alazzo, N. Singh, F. Musumeci,
S. Schenone, K. A. Spriggs, J. C. Burley, M. C. Garnett,
V. Taresco and C. Alexander, ACS Med. Chem. Lett., 2018, 9,
193-197.

E. R. Turpin, V. Taresco, W. A. Al-Hachami, ]J. Booth,
K. Treacher, S. Tomasi, C. Alexander, J]. Burley,
C. A. Laughton and M. C. Garnett, Mol. Pharmaceutics,
2018, 15, 4654-4667.

D. Gordhan, S. M. E. Swainson, A. K. Pearce, 1. D. Styliari,
T. Lovato, J. C. Burley, M. C. Garnett and V. Taresco,
J. Pharm. Sci., 2020, 109, 1347-1355.

A. Alhalaweh, A. Alzghoul, W. Kaialy, D. Mahlin and
C. A. S. Bergstrom, Mol. Pharmaceutics, 2014, 11, 3123-
3132.

X. Yuan, D. Sperger and E. J. Munson, Mol. Pharmaceutics,
2014, 11, 329-337.

I. Saraf, R. Roskar, D. Modhave, M. Brunsteiner, A. Karn,
D. Neshchadin, G. Gescheidt and A. Paudel, Mol
Pharmaceutics, 2022, 19, 568-583.

J. Huang, R. ]J. Wigent and J. B. Schwartz, J. Pharm. Sci.,
2008, 97, 251-262.

S. K. Abdul Mudalip, M. R. Abu Bakar, P. Jamal and
F. Adam, Ind. Eng. Chem. Res., 2019, 58, 762-770.

E. Prasad, J. Robertson and G. W. Halbert, Int. J. Pharm.,
2022, 616, 121505.

S. SeethaLekshmi and T. N. Guru Row, Cryst. Growth Des.,
2012, 12, 4283-4289.

S. Nakapraves, M. Warzecha, C. L. Mustoe, V. Srirambhatla
and A. J. Florence, Pharm. Res., 2022, 39, 3099-3111.

A. Shukla, N. R. Dumpa, R. Thakkar, A. Shettar, E. Ashour,
S. Bandari and M. A. Repka, AAPS PharmSciTech, 2023, 24,
107.

R. K. Gilpin and W. Zhou, Vib. Spectrosc., 2005, 37, 53-59.
N. Mendonsa, B. Almutairy, V. R. Kallakunta, S. Sarabu,
P. Thipsay, S. Bandari and M. A. Repka, J. Drug Delivery Sci.
Technol., 2020, 55, 101459.

V. R. Wilson, X. Lou, D. J. Osterling, D. F. Stolarik,
G. J. Jenkins, B. L. B. Nichols, Y. Dong, K. ]J. Edgar,
G. G. Z. Zhang and L. S. Taylor, Sci. Rep., 2020, 10, 18535.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lp00203b

	Button 1: 


