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Next generation strategy for tuning the
thermoresponsive properties of micellar and
hydrogel drug delivery vehicles using ionic liquids¥
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Amongst the greatest challenges in developing injectable controlled thermoresponsive micellar and
hydrogel drug delivery vehicles include tuning the cloud point (CP) and reducing the gelation temperature
(Tgel). below 37 °C, without compromising stability and solubility. Here, a unique strategy is employed
using ionic liquid (IL) matrices to produce stable micellar and hydrogel delivery vehicles of distinct
thermoresponsive  properties. Each formulation includes the in-house synthesised polymer
OEGMA300,0-b-BuMA,,-b-DEGMA; with FITC-IgG. Both micellar-IL and hydrogel-IL formulations
exhibit enhanced stability following 120 days of storage under 4 °C compared to in phosphate buffered
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saline (PBS). Visual tests demonstrate that the CP of the micellar-IL carriers can be finely tuned
(31-46 °C). Rheology measurements show that hydrogel strength is significantly increased and Tgye is
reduced from 40 °C in PBS to 30 °C with IL. Finally, a unique stabilisation mechanism is proposed, trig-

rsc.li/polymers gered by the synergetic action of the excipients and IL in each system.
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Introduction

Thermoresponsive polymers have attracted increasing interest,
with applications in targeted and sustained release vaccines
and as topical and injectable scaffolds.' ™ This promising class
of smart drug delivery vehicles includes hydrogels,
micelles, interpenetrating networks and nanoparticles.”™
Advantageously, physical hydrogels can present thermoreversi-
ble gelation properties in aqueous solutions, from room temp-
erature to body temperature, serving as injectable drug delivery
vehicles.*® Similarly, thermoresponsive polymeric micelles
can show variable cloud points (CP), valuable for targeted and
controlled drug delivery.” " Thus, as opposed to acting pas-
sively as traditional drug carriers, thermoresponsive polymers
can interact and respond to environmental stimuli offering
great potential for biomedical applications.

Recently, we have discovered a family of thermoresponsive
ABC triblock terpolymers based on oligo(ethylene glycol)
methyl ether methacrylate with average M, 300 g mol™"
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(OEGMA300, A block), n-butyl methacrylate (BuMA, B block)
and di(ethylene glycol) methyl ether methacrylate (DEGMA, C
block) (Fig. 1).">™ The polymer structure consists of one
hydrophobic central block, BuMA, and two hydrophilic outer
blocks, OEGMA300 and DEGMA. The DEGMA units exhibit
thermoresponsive behaviour at approximately 30 °C, expressed
as CP."»'" The combination of these three blocks allows
micelle self-assembly above the critical micelle concentration
(CMC), as OEGMA300 and DEGMA are exposed to water at
25 °C and BuMA forms the micelle core. With increasing temp-
erature DEGMA becomes hydrophobic, promoting elongation
of the micelles and forming a stable three-dimensional

OEGMA300,,-b-BuMA,,-b-DEGMA,,
0BD

OEGMA300: . DEGMA:
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Fig. 1 Chemical structure of the thermoresponsive polymer
OEGMA300,0-b-BuMA,,-b-DEGMA;; (OBD), with hydrophilic
OEGMA300 units shown in cyan, hydrophobic BUMA units in black, and
thermoresponsive DEGMA units in purple.
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network for injectable hydrogel drug delivery applications.
Additionally, in concentrated solutions these three units exhibit
gelation behaviour, and a member of this family, namely
OEGMA300,¢-b-BuMA,,-b-DEGMA, 1,(OBD) shows high solubility
at 25 °C." Notably, as solution concentration is increased from
10 to 20 w/w% in phosphate buffered saline (PBS), the gelation
temperature (Tye) decreases from 44 to 40 °C."?

While OBD exhibits high physical and chemical stability in
PBS, its Ty of 40 °C at 20 w/w% is outside the biological
regime, thus rendering it not suitable for therapeutic appli-
cations. Furthermore, above the CMC, at 2 w/w% in PBS, OBD
presents a CP of 47 °C, enabling high drug loading, reduced pre-
mature drug release and increased bioavailability.'> However,
given the relatively high CP, while sustained drug release is
possible, injectable temperature-responsive drug delivery is not
feasible. Thus, CP tunability would be highly advantageous,
enabling expansion and diversification of OBD applications and
of similar thermoresponsive micellar delivery vehicles.

Typically, tailored formulations using different traditional
excipients, including sugars, amino acids, polyols and
aqueous buffers such as citrate or PBS are developed to tune
the properties and enhance the stability of active ingredients
and polymeric delivery vehicles in solution."®'” However,
these excipients can alter the structural stability of bio-
molecules, leading to irreversible aggregation and
degradation.”'® As well, the interactions between the polymer
and aqueous solvent may change, influencing the hydrophilic/
hydrophobic balance of the polymer molecules and hence the
thermoresponsive  properties.>'”™*°  Furthermore, there
remains the hurdle of designing stable drug formulations of
extended shelf-life and sustained release.>*"> *® Thus, control-
ling the thermoresponsive properties of delivery vehicles,
whilst maintaining solubility and stability in solution, hinders
advancements in drug delivery applications. These challenges
are largely due to the lack of delivery vehicles developed, few
excipients available, and appropriate matrices established to
date for injectable and controlled drug delivery.

Currently, we have developed a strategy using ionic liquids
(IL) and traditional excipients, at specific concentrations, to
stabilise and control the responsive behaviour of materials
upon different external stimuli.*>*' ILs are composed entirely
of cations and anions and form liquids near or below 100 °C.**
By selecting different ions we can modulate the properties of a
system for desired biological applications.”’** Given the
unique properties of ILs, room-temperature ILs can play a key
role in pharmaceutical innovation as a new class of chemical
excipients. In the context of drug delivery, ILs can be used to
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prevent aggregation and precipitation of delivery vehicles and
proteins and enhance the solubility, thermal and structural
stability of materials in solution.”*** In particular, the ILs
choline chloride [Cho][Cl], choline dihydrogen phosphate
[Cho][DHP] and choline acetate [Cho][OAC] have shown great
promise as protein and enzyme stabilisers in aqueous solu-
tions (Fig. 2). Notably, while the mechanism of stabilisation
has yet to be completely elucidated,”®>* these ILs may be
useful in the development and stabilisation of antibody conju-
gated polymeric nanoparticle and hydrogel delivery vehicles
for controlled and targeted drug delivery and vaccine
applications.

To tackle the ongoing challenges in drug delivery and
advance the field of thermoresponsive polymers, for the first
time, we combine ILs with traditional excipients to create
stable micellar-IL and hydrogel-IL delivery vehicles of con-
trolled CP and Ty, respectively, for injectable drug delivery
applications. We also aim to avoid insolubility and aggregation
over extended storage. We select the thermoresponsive
polymer OBD due to its capability to form well-defined
micelles (2 w/w% OBD) or hydrogels (20 w/w% OBD) depend-
ing on the concentration used. Our choice of incorporating
FITC-IgG as our model protein system is based on its wide use
in targeted and controlled drug delivery applications, and to
challenge the high aggregation propensity of antibodies in
liquid formulations, particularly extended
storage.'”?%**2° To design our formulations, we apply our
recently developed theoretical and experimental strategy for
stabilising active ingredients in solution above 25 °C .>%*!
Here, we use the biocompatible ILs [Cho][Cl], [Cho][DHP] and
[Cho][OAC] (Fig. 2) found to effectively stabilise macromater-
ials in solution mainly via hydrogen bonding, hydrophobic
and electrostatic interactions.”®>"** We produce a series of for-
mulation buffers with different combinations of the traditional
excipients, sucrose, trehalose, p-cyclodextrin, t-histidine,
L-arginine, tween 20, glycerol, and polyvinylpyrrolidone (PVP).
We take into consideration that r-arginine residues can con-
tribute salt bridge interactions,"”*° and i-histidine and PVP
can form a spanning hydrogen bonded network around a
protein and with other excipients.’’*> Additionally, the
hydroxyl groups in trehalose, sucrose, cyclodextrin, tween 20
and glycerol could allow for the formation of hydrogen bonds
with FITC-IgG surface and OBD. We note that the while the
role of these excipients in drug formulations and protein
stabilisation has been considerably investigated, the combined
effects of the selected excipients with ILs and thermo-
responsive polymers has yet to be explored. We challenge our
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Fig. 2 Chemical structures of (a) choline chloride [Cho][Cl], (b) choline dihydrogen phosphate [Cho][DHP] and (c) choline acetate [Cho][OAC].
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approach in that for a given formulation, we selectively
produce both stable micellar-IL and hydrogel-IL delivery
vehicles, yet of distinct desired thermoresponsive properties.
To examine the contribution of the individual ILs, we add
[Cho][Cl], [Cho][DHP] and [Cho][OAC] to each prepared buffer
and systematically compare the formulations. To characterise
our formulations, we obtain the pH and ultraviolet-visible
(UV-Vis) spectra of each, and of comparable control systems of
FITC-1gG in micellar and hydrogel vehicles in PBS. We conduct
zeta potential measurements to determine the charge of each
system, and dynamic light scattering (DLS) measurements to
compare the size of each sample fresh and following 120 days
of storage under 4 °C. Then, we examine the solubility, CP and
Tge1 Of each system by visual tests and rheology measurements.
Finally, we explore and propose stabilisation and thermo-
responsive control mechanisms of the micellar-IL and hydro-
gel-IL systems developed herein.

Results
IL polymeric delivery vehicle characterisation

Upon addition of OBD to each solution, we observed that for
both micellar-IL and hydrogel-IL formulations, containing 2
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w/w% and 20 w/w% OBD, respectively, solubility was highest
for PBS and [Cho][Cl] formulations, followed by [Cho][OAC]
and reduced in the presence of [Cho][DHP].

For each sample, including FITC-IgG in PBS, the absor-
bance spectra showed characteristic peaks at approximately
300 and 475 nm (Fig. S17), corresponding to FITC-IgG absor-
bance in each solution.*>**”” This qualitatively indicates that
the FITC remained intact, and the IL-delivery vehicles exhibit
similar UV absorption spectra to the PBS controls. We note
that by DLS and zeta potential measurements we obtained
comparable values for FITC-IgG and non-conjugated IgG from
human serum in PBS (Tables S1 and S27), in agreement with
the literature.>>>°?” Thus, we also confirm that FITC conju-
gation to IgG did not enhance the aggregation propensity of
the antibody.

Zeta potential measurements and long-term storage stability
study

For both micellar-IL and hydrogel-IL formulations, with pH of
approximately 6.5 following adjustment (Table S1t), the zeta
potential values remained nearly neutral (ranging from —0.13
+ 0.1 to —5.0 + 0.1 mV) (Fig. 3a, 4a and Table S17), as expected
based on the chemical composition of OBD."* While similar,
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(a) Zeta-potential values, (b) hydrodynamic diameters, and (c) polydispersity indices of FITC-IgG in micellar-PBS (MPBS) control and select

micellar-IL formulations (2 w/w% OBD). Before storage MPBS, FM[Cho][Cl], FM[Cho][DHP], and FM[Cho][OAC] are represented by white, faint blue,
faint yellow and magenta, respectively, and after storage by grey, cyan, dark yellow, and purple, respectively. For all micellar-IL formulations see

Tables S1 and S3.7

2342 | Polym. Chem., 2022,13, 2340-2350

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2py00053a

Open Access Article. Published on 25 Meurzh 2022. Downloaded on 2025-11-04 23:40:01.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

the zeta potential values were slightly lower for FITC-IgG in
[Cho][DHP], raised in [Cho][OAC], and highest for [Cho][ClI]
formulations, in line with previous work.>**"?* Notably, the
neutral and minimal difference in zeta potential values com-
pared to the control formulations, FITC-IgG in micellar-PBS
(MPBS) (2 w/w% OBD) (-1.5 + 0.1 mV) and hydrogel-PBS
(HPBS) (20 w/w% OBD) (—0.13 + 0.1 mV), is in agreement with
the literature (Table S1}), and also indicates good physical
stability of the IL delivery vehicles.?**°

To determine the ability of the IL-matrix to protect the anti-
body from aggregation in solution compared to PBS, we
conduct DLS measurements of each sample fresh and follow-
ing 120 days of storage under 4 °C. Fresh FITC-IgG in the
micellar-IL formulations exhibited significantly lower hydro-
dynamic diameter values (between 20 + 0.6 nm and 32 +
0.9 nm) compared to fresh MPBS (50 + 0.4 nm) (Fig. 3b and
Table S371). Likewise, the fresh hydrogel-IL formulations exhibi-
ted significantly lower hydrodynamic diameter values (between
40 + 0.2 and 48 + 0.2 nm) compared to fresh FITC-IgG in HPBS
(67 + 0.3) (Fig. 4b and Table S37). Consistently, IL delivery
vehicles showed significantly lower hydrodynamic diameter
and polydispersity index (PDI) values compared to micellar
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and hydrogel delivery vehicles in the absence of IL (Table S4).
Additionally, in an attempt to induce aggregation,*®?” we
found that even under stress conditions, following heating of
micellar-IL and hydrogel-IL formulations to 60 and 50 °C,
respectively, we observed minimal changes in hydrodynamic
diameter and PDI values (Table S51). This further supports our
claim of restricted aggregation by the IL delivery vehicles.
Following storage, we found that for all IL delivery vehicles par-
ticle size was minimally changed, and antibody aggregation
was inhibited compared to the control samples (MPBS and
HPBS) and delivery vehicles in the absence of IL. Notably, both
fresh and following storage, micellar-[Cho][Cl] and hydrogel-
[Cho][Cl] vehicles exhibited relatively smaller hydrodynamic dia-
meter and PDI values compared to [Cho][OAC] and [Cho][DHP],
also lower in general when combined with p-cyclodextrin, gly-
cerol, or tween 20 (Fig. 3c, 4c and Tables S3, S47).

Visual tests of micellar-IL delivery vehicles

In examining the ability to tune the CP and properties of the
micellar delivery vehicles, Table 1 shows that all micellar-IL
formulations exhibited CP values than MPBS.
Specifically, the micellar-[Cho][DHP] formulations presented
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(a) Zeta-potential values, (b) hydrodynamic diameters, and (c) polydispersity indices for FITC-IgG in hydrogel-PBS (HPBS) control and hydro-

gel-IL formulations (20 w/w% OBD), before and after storage. Before storage HPBS and the hydrogel-[Cho][Cl] formulations are represented by
white and faint blue, respectively; and, after storage by grey and cyan, respectively. To further distinguish, each sample is shaded with a different
pattern, including dots (HPBS), horizontal lines (FIH[Cho][Cl]), diagonal lines (F2H[Cho][Cl]), vertical lines (F3H[Cho][Cl]), horizontal bricks (F4H
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Table 1 Cloud points of FITC-IgG in the micellar-IL and micellar-PBS
(MPBS) (2 w/w% OBD) formulations

Formulation Cloud points +2 °C
MPBS 47
FIM[Cho][Cl] 44
F2M|[Cho][Cl] 42
F3M][Cho][Cl] 45
F4M|[Cho][Cl] 46
F5M[Cho][Cl] 46
F6M|[Cho][Cl] 46
F7M[Cho][Cl] 45

F1M[Cho|[DHP] 31
F2M[Cho|[DHP] 32
F3M[Cho|[DHP] 31
F4M[Cho]|[DHP] 31

1

]

]

F5M[Cho][DHP 31

F6M[Cho|[DHP 31
F7M[Cho|[DHP 31
F1M[Cho][OAC] 32
F2M[Cho][OAC] 34
F3M[Cho][0AC] 34
F4M[Cho][OAC] 37
F5M[Cho][OAC] 39
F6M[Cho][OAC] 41
F7M[Cho][0AC] a1

CP values below 37 °C, and [Cho][OAC] formulations exhibited
CP values varying between 32 and 41 °C. Most notably, we
found that the CP values of micellar-{Cho][Cl] formulations
varied from 42 to 46 °C, indicating enhanced thermal stability
over a wider higher temperature range, and lower propensity
for precipitation.'® This is also aligned with our observation of
improved solubility in micellar-[Cho][Cl] formulations. The
manifestation of these properties is attributed to the presence
of IL, previously shown to dictate and improve the thermal
stability and solubility of proteins in solution.?%*"2338

Taken together with the DLS data, we observe a correlation
between the CP and hydrodynamic diameter and PDI values
obtained for the micellar-IL delivery vehicles. We found that
[Cho][DHP] showed lower CP values and relatively higher par-
ticle size, fresh and following storage, compared to [Cho][OAC]
and [Cho][Cl]. Overall, these findings demonstrate that along
with enabling control and tunability of the CP value, from 31
to 46 °C, our micellar-IL formulations served to protect
FITC-IgG from aggregation, fresh and following long-term
storage.

Based on the CP values of all the micellar-IL formulations,
we highlight that the micellar-[Cho][Cl] carriers exhibited the
highest CP values with widest range; and for both micellar-
[Cho][Cl] and hydrogel-[Cho][Cl], a nearly neutral charge and
smallest change in particle size following storage (Fig. 3, 4 and
Tables S1, S37). Thus, we chose to further study and visually
examine all hydrogel-[Cho][Cl] delivery vehicles.

Examining the thermoresponsive properties of hydrogel-IL
delivery vehicles

For both HPBS and the hydrogel-IL delivery vehicles, the
hydrogels remained stable and no gel syneresis (defined as gel
disturbance due to internal stresses)***° was observed up to

2344 | Polym. Chem., 2022, 13, 2340-2350

View Article Online

Polymer Chemistry

60

PRRXTLLLLL
cesonmmnunl
cosoonnmnnl

o
O
1
ccessssennnnl
cocesssnnnnnnl

cocommmmsnmnnmnnusl
cosmmmmnmmunnnnnnl

w
S
1

& o0 s Transparent Solution

Q 45 ] EI : Transparent Viscous Solution
2 +  Transparent Gel

g 40 Y i Cloudy Gel

£ i1 i + Gel Syneresis

2 359 F = Precipitation

bocarsrrrrrrrrrece

N
o
1

® loccoc00000000aREEEEsEEe

0 |pocccccoorrrrrrrrecccccece
2 locoorrrrrrrrrrrecsee

2 loocaorsrrrsrrrreses

D AN D AN S
o« Q'@\ Q’bek?“\\ Q‘J‘\\ Qﬁ‘\\ O‘\\

Hydrogel Formulation

Fig. 5 Visual state of FITC-IgG in HPBS and hydrogel-IL (2 w/w% OBD)
formulations, over the temperature range from 25 to 60 °C. White
squares correspond to transparent and runny solution, orange triangles
indicate transparent viscous solutions. Pink triangles and blue circles
indicate transparent and cloudy stable hydrogels; purple diamonds
show gel syneresis, and black squares indicate precipitation.

43-51 °C (Fig. 5). Upon heating above 48-55 °C, hydrogel
syneresis and precipitation (defined as complete phase separ-
ation into two phases) was observed for all samples; however, a
wider gelation range was detected for the hydrogel-[Cho][Cl]
delivery vehicles compared to HPBS. Most notably, in contrast
to FITC-IgG in HPBS (20 w/w%), the visual gelation tempera-
ture (Tyer,v) decreased from 39 °C to approximately 29-35 °C,
within the biologically relevant regime, highlighting that the
IL-excipient matrix serves to reduce Tyeyy-

Above 25 °C, with increasing temperature, DEGMA becomes
hydrophobic, with a transition from hydrophilic to hydro-
phobic, and the formation of worm-like micelles leads to gela-
tion.”" As such, we determine the Ty and the strength of the
hydrogel-IL delivery vehicles by rheology experiments (Fig. 6).
For each sample, we found that at 25 °C the storage modulus
(G') was lower than the loss modulus (G”). This indicated that
all samples were at liquid state at room temperature. As the
temperature was increased, so did the moduli until G' > G”,
indicating hydrogel formation after which a second crossover
followed as the hydrogel destabilised. For each sample, the
hydrogel formation temperature obtained from the rheology
(Tge1,r) experiment agreed with the Ty v value observed by
detailed visual tests, within the error of the techniques
(Table 2). Additionally, the hydrogel-IL delivery vehicles
formed soft hydrogels with maximum storage modulus varying
from 120 to 330 Pa. Specifically, F7H[Cho][Cl], containing
sucrose, p-cyclodextrin and PVP, formed the strongest hydrogel
(G' = 330 Pa) with Ty g well below body temperature (Tger =
31 °C); while F2H[Cho][Cl], containing solely sucrose, showed
the highest Ty r at 36 °C, forming also a weaker hydrogel, G’ =
180 Pa. This demonstrates that for each system our IL-matrix
strongly controls the Ty value and strength of the hydrogel
delivery vehicle, most notably serving to reduce Tyer by 10 °C
(FAH[Cho][Cl], containing trehalose and glycerol) compared to
FITC-IgG in HPBS.

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Storage (G', cyan squares) and loss (G", purple triangles) moduli as a function of temperature for the hydrogel-IL and HPBS (20 w/w% OBD)

formulations.

Table 2 Gelation temperature observed by visual tests (Tge ) and
rheology (Tge,r) Measurements for FITC-IgG in hydrogel-IL and HPBS
(20 w/w% OBD) formulations

Hydrogel Maximum storage
formulation Tgery +2 °C Tyer,r +1 °C modulus (G', Pa)
HPBS 39 40 260

F1H[Cho][C]] 34 32 120

F2H[Cho][Cl] 35 36 180

F3H[Cho][Cl] 35 33 290

F4H[Cho][Cl] 30 30 250

F5H[Cho][Cl] 35 33 200

F6H[Cho][Cl] 31 31 130

F7H[Cho][Cl] 29 31 330

Discussion

Consistently, for all of our micellar-IL and hydrogel-IL delivery
vehicles, the developed IL-matrices reduced particle size and
aggregation propensity of FITC-IgG in solution, fresh and fol-
lowing storage, compared to the corresponding control
samples, MPBS or HPBS, respectively, and in the absence of
IL. Thus, our formulations prove promising for extending the
shelf-life of pharmaceuticals. Furthermore, we demonstrate
our ability to tune the CP of the thermoresponsive micellar-IL
carriers, significant for designing delivery vehicles for con-
trolled drug release. We consider that above the CP, collapse of

This journal is © The Royal Society of Chemistry 2022

the micelle structure leads to drug release.*>** Specifically, for
all micellar-{Cho][DHP] and for micellar-{Cho][OAC] formu-
lations with r-arginine or solely sucrose, the CP temperature
was reduced well below body temperature. Given the rapid col-
lapse of the micelles at lower temperatures, these formulations
could be suitable for high drug loading and burst drug
release.* In contrast, for all thermally stable micellar-[Cho][C]]
and for micellar-[Cho][OAC] formulations containing
B-cyclodextrin or tween 20, the higher CP observed may allow
for enhanced bioavailability and slower drug release, with the
delayed micelle collapse enabling diffusion driven drug
release.*’

We rationalise that for the [Cho][Cl] and [Cho][OAC]
systems, the increase in electrostatic interactions, hydrogen
bond strength and confinement can confer local rigidity and
stability to the thermoresponsive polymeric micelles.*™*” This
explains the slightly lower particle sizes in the range of
20-30 nm and also the higher CP temperatures of these formu-
lations. In contrast, for the micellar-{Cho][DHP] formulations,
intermolecular hydrogen bonds are likely less abundant due to
steric hinderance, as the bulky dihydrogen phosphate chains
can prevent a close approach of the hydrogen bond donors
and acceptors.”"***°™% Accordingly, the greater steric hinder-
ance and loss in electrostatic repulsions in [Cho][DHP] formu-
lations explains the relatively lower zeta potential values and
slight increase in the hydrodynamic diameter values in that

Polym. Chem., 2022,13, 2340-2350 | 2345
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size range. We also note that the presence of hydrophobic
alkyl chain, amine group, hydrogen bond accepting carboxy-
late moiety, and guanidinium functional group can also inter-
act with the protein and polymeric micelles, promoting
rearrangement.’”**>*® This would explain the relatively higher
hydrodynamic diameter and PDI values and lower CP values
obtained for formulations containing r-arginine.

It has previously been shown that the addition of tra-
ditional excipients, including sugars, polyols and surfactants,
can increase Ty, reduce gel strength, and result in
destabilisation.**>* However, when combining such excipients
with IL, we observed that in all cases T, was significantly
reduced, and for some formulations mechanical strength was
enhanced compared to HPBS. This highlights the role of IL in
controlling and tuning the thermoresponsive and mechanical
properties of the hydrogels, achieving the desired outcome. We
consider that a given hydrogel with Ty higher than body temp-
erature would be unsuitable for sustained injectable drug deliv-
ery. Similarly, a hydrogel with Ty and gelation window well
below 37 °C would not readily form a gel after injection.>>*°
Given that Tger of our developed hydrogel-IL formulations
ranged between 30 to 36 °C, these show great promise as inject-
able controlled and targeted drug delivery systems.

Based on our observations from the visual tests, DLS, zeta
potential and rheology measurements, we suggest that macro-
molecular confinement effects strongly regulate Ty g, G, and
stability of the hydrogels. Specifically, due to the formation of
intricate hydrogen bonding networks, a hydrogel confined
within an IL-excipient matrix exhibits significantly altered
thermoresponsive properties compared to HPBS, as exempli-
fied by F4H[Cho][Cl], with Ty reduced by 10 °C. We note
that depending on the mass fraction used in a formulation,
glycerol has been shown to act as an antiplasticiser’®>> and
tween 20 can have a plasticising role, enhancing
stability.'”*>® Given our observations of Ty z = 30 °C and G’
= 250 Pa for FAH[Cho][Cl], we propose that glycerol formed
strong hydrogen bonds with the hydroxyl groups of trehalose
and [Cho][Cl], thereby increasing the stability of FITC-IgG and
the hydrogel in a more rigid matrix. Correspondingly, Tgeir =
33 °C and the lower G’ = 200 Pa of F5H[Cho][Cl] implies that
the large number of hydroxyl groups present on tween 20
enhance the hydrogen bonding network, maintaining well dis-
tributed free volume between the polymer chains, leading to a
plasticising effect.'”***>3%°¢ Furthermore, we found that G' =
330 Pa was highest for F7H[Cho][Cl] indicating high stability,
as well as Ty r = 31 °C. This can be primarily attributed to the
formation of hydrogen bonds between p-cyclodextrin, sucrose,
PVP and [Cho][Cl] resulting in a more stable amorphous
matrix, confining the hydrogel and FITC-IgG and preventing
aggregation.'”?° Accordingly, in the absence of sucrose in F6H
[Cho][Cl], a lower degree of confinement by the IL and excipi-
ents would result in greater polymer chain flexibility, explain-
ing the significant reduction in G'. This claim is also sup-
ported by the higher Ty r = 36 °C and low G’ = 180 Pa
observed for F2H[Cho][Cl], further limited in composition to
[Cho][Cl] and sucrose. The effect of confinement dictated by
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the IL-excipient matrix is also highlighted by F1H[Cho][Cl] and
F3H[Cho][Cl], each containing IL with sugar and r-arginine at
varying amounts. While both show similar Ty z values, F1H
[Cho][Cl] exhibits a significantly lower G’ compared to F3H
[Cho][Cl] (G’ = 120 and 290 Pa, respectively). We consider that
despite the expected ability of trehalose to form more and
stronger hydrogen bonds with IL and r-arginine compared to
sucrose,”””® since a lower amount of sugar was used in F1H
[Cho][Cl], likely, confinement effects were relatively weak.
Thus, the electrostatic, hydrophobic networks and hydrogen
bond formation ability of [Cho][Cl] and the excipients provide
an important contribution to FITC-IgG and hydrogel stability,
and serve to hinder aggregation, lower Ty r, and raise G' com-
pared to traditionally used HPBS.

Conclusions

For both the thermoresponsive micellar-IL and hydrogel-IL
delivery vehicles, the negligible change in particle size follow-
ing 120 days under 4 °C indicates that the IL-matrix stabilised
and protected FITC-IgG from aggregation and degradation,
encouraging for increasing the shelf-life of pharmaceuticals.
The reduced CP values observed for each micellar-{Cho][DHP]
and formulations of micellar-{Cho][OAC] with r-arginine or
pure sucrose may allow for shorter half-life of a drug in targeted
and controlled delivery applications. Conversely, the higher CP
observed for each micellar-[Cho][Cl] and select micellar-
[Cho][OAC] formulations containing p-cyclodextrin or tween
20 may be suitable for extended drug half-life, thus reducing the
frequency of dosing. Our stable hydrogel-IL delivery vehicles
showed high solubility, low viscosity and strong mechanical pro-
perties, with Ty g reduced to as low as 30 °C compared to 40 °C
in PBS. Notably, the mechanism of gelation and stabilisation
did not involve covalent cross-linkers, rather we propose that sig-
nificant hydrogen bonding, electrostatic and hydrophobic inter-
actions between the IL-excipient matrix and OBD polymer are
responsible for the enhanced stability and restricted aggrega-
tion. Likely, the alkyl groups of cholinium bind with the protein
and OBD polymer via hydrophobic interactions, and significant
hydrogen bonding and electrostatic interactions between the
protein and ILs are also responsible for the enhanced stability.
Thus, the difference in behaviour between the thermo-
responsive formulations can be attributed to a change in the
hydrophilic and hydrophobic balance and confinement effects
on these systems by the IL-excipient matrix. Ultimately, these
stable injectable drug delivery vehicles are highly promising for
targeted and sustained drug release applications.

Materials and methods

Materials

Choline dihydrogen phosphate ([Cho][DHP]) was purchased
from abcr GmbH (Karlsruhe, Germany). Choline chloride
([Cho][Cl]), choline acetate ([Cho][OAC]), PBS, sucrose, treha-

This journal is © The Royal Society of Chemistry 2022
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lose, p-cyclodextrin, r-histidine/HCI, r-arginine, tween 20, gly-
cerol, PVP, and FITC-IgG and IgG from human serum were
purchased from Sigma-Aldrich Company Limited (Gillingham,
Dorset, UK), stored as recommended, and used without
further purification.

Formulation preparation

As previously described, OBD was synthesised by group trans-
fer polymerisation, purified via precipitation, followed by
drying in a vacuum oven to evaporate any remaining toxic sol-
vents."® Bulk solutions of [Cho][Cl], [Cho][DHP], and
[Cho][OAC] at 15 w/w% were prepared as reported prior.>"
Aqueous stock solutions of each buffer, shown in Table 3, were
prepared in deionised water at pH 7.4.

Final formulations consisted of 1:1.4:1.6 (w/w/w%)
protein-buffer-IL, with [Cho][Cl], [Cho][DHP] and [Cho][OAC]
examined with each buffer. In all cases the total content of
OBD in the micellar and hydrogel formulations was 2 w/w%
and 20 w/w%, respectively, also in the control samples with
PBS. The pH of each solution was measured using the pH elec-
trode Mettler Toledo InLab Micro (WOLFLABS, Pocklington,
York, UK) and the average results of three measurements is
reported (Table S1f). Based on the obtained pH values
(Table S1%), the pH of each formulation was adjusted by
addition of r-histidine/HCI to obtain a pH of approximately
6.5. All formulations were prepared, and immediately stored at
4 °C until measured.

Solubility and ultraviolet-visible (UV-Vis) spectroscopy
measurements

Following preparation, the solubility of each sample was visu-
ally inspected, and each sample was placed in a disposable
cuvette (Avantor Inc, Radnor, PA, USA). For each, absorbance
was measured using an Agilent Cary UV-Vis Compact Peltier
UV-Vis spectrophotometer (Agilent Technologies LDA UK Ltd,
Didcot, UK). Scan mode measurements were conducted at
25 °C from 800 to 250 nm at 0.5 nm intervals. For each
sample, the corresponding buffer solution was used as a
reference.

Dynamic light scattering and zeta potential measurements

To investigate the particle size and polydispersity index (PDI)
of each sample, DLS measurements were performed using a

Table 3 Buffer components (w/w%) in each formulation
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Zetasizer Nano ZS (Malvern Panalytical Ltd, Malvern, UK), at a
90° scattering angle, fresh and following four months of
storage at 4 °C. 300 pL of each sample was diluted with deio-
nised water at pH 7.4 to a concentration of 0.4 mg mL ",
placed in a disposable cuvette (Brand GmbH, Wertheim,
Germany) and allowed to equilibrate to 25 °C for 5 minutes to
obtain an appropriate count rate. For each sample, three DLS
measurements were conducted with 10 repetitions for each
measurement. Hydrodynamic size was determined by applying
the Stokes-Einstein equation and average results of the three
measurements are reported. Zeta potential measurements
were performed using the Litesizer 500 (Anton Paar GmbH,
Ostfildern, Germany). The sample, at 0.4 mg mL™", was placed
in an Anton Paar Q-shaped capillary of the zeta potential
cuvette (Anton Paar GmbH, Ostfildern, Germany), and allowed
to equilibrate to 25 °C for 5 minutes. For each sample three
measurements with 10 runs within each were conducted, with
the Smoluchowski approximation applied, and the average
results of the measurements are reported.

Visual tests

To conduct visual tests, each sample, prepared in a glass vial
(Thermo Fisher Scientific Inc, Waltham, MA, USA), was
immersed in a water bath (Philip Harris, Hyde, Cheshire, UK)
and continuously stirred using an IKA RCT basic stirrer hot-
plate (IKA-Werke GmbH, Staufen, Germany). Samples were
heated and the temperature was monitored using a tempera-
ture controller (Cole Parmer Instrument Company Ltd,
St Neots, UK). Samples were observed visually from 25 °C at
one-degree intervals. Micelle carriers (2 w/w% OBD) were visu-
ally tested to determine the CP, defined as the temperature at
which the solution turned from transparent yellow to opaque
yellow cloudy. Hydrogel vehicles (20 w/w% OBD) were exam-
ined for transitions: transparent and cloudy runny solution,
transparent and cloudy viscous solution, transparent and
cloudy hydrogel (defined as no flow observed upon tube inver-
sion), gel syneresis, and precipitation.

Rheology experiments

The hydrogel samples were subjected to oscillatory tempera-
ture ramp measurements using a TA-Discovery HR-1 hybrid
rheometer equipped with a 40 mm Peltier steel plate (TA
instruments-Waters LLC, New Castle, DE, USA). A solvent trap

Concentration of buffer components (w/w%)

Buffer L-Histidine Trehalose L-Arginine Tween 20 Sucrose Glycerol B-Cyclodextrin PVP
F1 0.60 1.8 0.63 — — — —
F2 0.15 — — — 2.7 — — —
F3 0.15 — 0.39 — 2.7 — — —
F4 0.29 5.0 — — 0.25 — —
F5 0.054 5.3 — 0.021 — — — —
F6 0.64 4.2 — — — — 6.7 3.0
F7 0.64 — — — 4.2 — 6.7 3.0

This journal is © The Royal Society of Chemistry 2022
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(TA instruments-Waters LLC, New Castle, DE, USA) was used
during the measurements to prevent solvent evaporation. The
angular frequency (w) and the strain (y) were kept constant at 1
rad s~ and 1%, respectively. The shear storage and shear loss
moduli (G' and G", respectively) were recorded and T, was
determined, defined as the temperature at which the storage
modulus exceeds the loss modulus.
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