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Abstract

The first chapter provides an overview on intermolecular interactions in solid
dispersions of amide-containing nonionic water-soluble polymers including
polyvinyl pyrrolidone (PVP), polyvinylpyrrolidone-co-vinyl acetate (PVP/VA),
poly(N-vinyl caprolactam)—polyvinyl acetate—polyethylene glycol graft copolymer
(Soluplus) and poly(2-oxazolines). Chapters 2 and 3 focus on the effects of structure
and properties of PVP and poly(2-oxazolines) on solid dispersions. A series of
poly(2-oxazolines) with equivalent degrees of polymerization were synthesized and
these polymers and PVP were used to prepare solid dispersions with haloperidol or
ibuprofen. Chapter 2 demonstrated that increasing the number of hydrophobic
groups (-CHz- and -CH3) in the polymer resulted in greater inhibition of
crystallinity of haloperidol. Interestingly, drug crystallization inhibition by poly(2-
isopropyl-2-oxazoline) was lower than with its isomeric poly(2-propyl-2-oxazoline)
because of the semi-crystalline nature of the former polymer. In order to explore
the impacts of both polymer hydrophobicity and drug—polymer hydrogen bonding,
in chapter 3, ibuprofen, a hydrophobic crystalline drug and strong hydrogen bond
donor (because of its carboxylic group), was selected to prepare solid dispersions
with poly(2-oxazolines) and PVP. Chapter 3 indicates the crystallinity disruption is
predominantly due to hydrogen bonding between the drug molecule (ibuprofen) and
the polymer. Both chapters show the crystallization inhibition was consistent with
drug dissolution studies using these solid dispersions, with the exception of poly(2-
propyl-2-oxazoline), which exhibited lower critical solution temperature that

affected the release of haloperidol and ibuprofen.

Chapter 4 and 5 investigate the mucoadhesion properties of modified poly(2-ethyl-
2-oxazoline) and  poly(N-(2-hydroxylpropyl)methacrylamide) = (PHPMA),
respectively. In chapter 4, the presence of methacryloyl groups and residual amines
in methacrylated poly(2-ethyl-2-oxazoline) had a strong synergistic effect on the
mucoadhesive properties of these polymers. In chapter 5, the presence of maleimide
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groups was shown to positively affect the mucoadhesive properties of PHPMA.
These poly(2-ethyl-2-oxazoline) derivatives and PHPMA derivatives have
significant potential as mucoadhesive materials for formulation of dosage forms for

nasal drug delivery.

The final chapter discusses the general conclusions and possible future work. The
poly(2-oxazolines) and functionalized derivatives appear to offer great potential in

pharmaceutical applications.
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Figure S3  Mucus production by Arion lusitanicus slugs in contact with 182
positive (1% solution of BAC in PBS) and negative (PBS solution)
controls as well as test materials after 60 min exposure.
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Chapter 1

Overview of intermolecular interactions in solid dispersions with

amide-containing nonionic water-soluble polymers

This chapter illustrates the typical intermolecular interactions between amide-
containing nonionic water-soluble polymers and drugs in solid dispersions, and the
influence of the interactions on drug crystallinity, drug stability and dissolution rate.
In addition, the amide-containing water-soluble polymers which have not yet been

studied in solid dispersions will also be described.

This manuscript is under review before submission.



Overview of intermolecular interactions in solid dispersions with

amide-containing nonionic water-soluble polymers

Xiaoning Shan, Adrian C. Williams, Vitaliy V. Khutoryanskiy*

Reading School of Pharmacy, University of Reading, Whiteknights, PO Box 224,
Reading RG6 6AD, United Kingdom

KEYWORDS: solid dispersions, polymers, intermolecular interactions,

crystallinity, stability, dissolution
Abstract:

It is well known that the solid dispersion approach has been widely and successfully
applied to improve the solubility, dissolution rate and, consequently, the
bioavailability of poorly water-soluble drugs. Various reviews on solid dispersions
and carriers used for solubility enhancement of poorly water-soluble drugs have
been recently reported. However, there the intermolecular interactions in solid
dispersions of amide-containing nonionic water-soluble polymers, which could act
as hydrogen bond acceptors and donors in intermolecular interactions between the
carrier and drugs, have not been previously reviewed. Here, we explore typical
intermolecular interactions between amide-containing nonionic water-soluble
polymers and drugs, and the influence of these interactions on drug crystallinity,
drug stability and dissolution rate. In addition, other amide-containing water-

soluble polymers which may be useful in solid dispersions are described.
1. Introduction

Solid dispersion technology using various pharmaceutically acceptable polymer
excipients has successfully improved dissolution rates and thereby absorption of
poorly water-soluble drugs [1]. Drugs can potentially co-exist in both an amorphous
form and in a crystalline state in solid dispersions. The crystalline state has a long-
range order molecular packing, with a characteristic melting point (Tm), and

2



genralyl excellent stability whereas the amorphous state is characterized by
disorganised or the complete loss of lattice packing which provides good drug
solubility and enhanced bioavailability. A disadvantage of the high free energy
amorphous state is physical instability [2, 3]. Therefore, due to the higher free
energy of the amorphous form of drug, these dispersions are not thermodynamically
stable with the drug tending to re-crystallize upon storage to its more

thermodynamically stable, crystalline form [4].

The presence of a hydrophilic polymer in the solid dispersion tends to maintain the
drug in the amorphous form for extended periods, while the mixing of the drug at
the molecular level with the hydrophilic polymer serves to improve its dissolution
rate [5, 6]. A polymer with a high glass transition temperature (T) will increase the
Ty of the system which corresponds to the deceleration of molecular mobility
controlling the cold crystallization process at a certain temperature. In contrast to
the above, a polymer with a low T, will decrease the T, of the system which
corresponds to the acceleration of molecular mobility [7]. The molecular
interactions between the drug and the hydrophilic polymer are therefore key drivers
for the drug to remain in its amorphous form when stored or during the dissolution

process itself [8].

Intermolecular interactions such as hydrogen bonding, ionic interactions, van der
Waals forces, dipole-dipole interactions and hydrophobic effects (effect of polymer
hydrophobicity on solid dispersions) commonly occur between components in solid
dispersions [9]. These molecular interactions crucially affect drug crystallinity, drug
release and the stability of the solid dispersion system. Generally, these interactions
may inhibit drug crystallinity (to some extent), maintain physical stability during
storage and improve drug dissolution rate [10, 11]. For solid dispersions using
nonionic amide-containing water-soluble polymers as carriers, the primary
interactions are typically hydrogen bonding, van der Waals interactions, dipole-

dipole interactions, and hydrophobic interactions. Of these, hydrogen bonding



usually plays a pivotal role in determining the overall interaction strength between
the drug and polymer components [12-15]. This review considers various amide-
containing nonionic water-soluble polymers used to prepare solid dispersions and
explores the influence of drug-polymer interactions on drug crystallinity, drug
stability and dissolution rate. In addition, amide-containing water-soluble polymers

which have not yet been studied in solid dispersions are described.
2. Amide-containing nonionic water-soluble polymers in solid dispersion studies.

Numerous amide-containing nonionic water-soluble polymers have been used as
solid  dispersion  carriers, notably  polyvinyl  pyrrolidone (PVP),
polyvinylpyrrolidone-co-vinyl acetate (PVP/VA), poly(N-vinyl caprolactam)—
polyvinyl acetate—polyethylene glycol graft copolymer (Soluplus®) and poly(2-
oxazolines). Amide-containing water-soluble polymers as potential future carriers

are discussed in Section 3.

2.1  Polyvinyl pyrrolidone (PVP)

° (=
AIBN : \ 0
~ A
n
Vinylpyrrolidone Polyvinyl pyrrolidone

Figure 1. PVP synthesis and structure.
2.1.1 PVP synthesis, general properties and applications in solid dispersions

PVP is a water-soluble polymer that also dissolves in other polar solvents. It is
synthesized via free radical polymerization starting from the vinylpyrrolidone (VP)
monomer, using a free radical initiator such as azobisisobutyronitrile (AIBN). The
synthesis and structure of PVP are given in Figure 1. There are different grades of

PVP which are grouped according to their molecular weight by K values, e.g., K12
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(2600-5500 Da), K17 (7100-11,000 Da), K25 (19,300-31,100 Da), K30 (31,700—
51,400 Da), and K90 (790,000-1,350,000 Da) [16]. Cross-linked PVP is also
available as a swellable excipient used in tablet formulations and has also been used

as a carrier for solid dispersions [17, 18].

PVP possesses many pharmaceutically useful properties including excellent
solubility in water and other conventional solvents, adhesive and binding properties,
film-forming ability, affinity to hydrophilic and hydrophobic surfaces, ability to
form complexes with numerous drugs and is a thickening agent. Thus, PVP is a
widely used excipient in various drug delivery systems for oral, topical, transdermal,

and ocular administration [19].

PVP is a biocompatible and non-toxic polymer; it was recognized as safe by the
Food and Drug Administration (FDA). However, PVP is highly hygroscopic due
to the electronegative groups of the carbonyl moiety in the pyrrolidone structure
which can form hydrogen bond with water [20]. This may worsen physical stability
and lead to drug recrystallization in the polymer carrier caused by the plastisizing
effect of absorbed water. Therefore, moisture adsorption must be controlled during
storage. The influence of hygroscopicity on the thickness of PVP films can be

avoided by adding acetylated monoglycerides to the coating mixture [21].

PVP is extensively used to formulate solid dispersions; a Scopus database search
(September 2021) yielded 939 records of PVP based solid dispersions since 1978.
Some 122 drugs have been incorporated with PVP into solid dispersions,
summarised in Table 1. Owing to its solubility in a wide variety of organic solvents,
PVP is particularly suitable for the preparation of solid dispersions by the solvent
method, which can be scaled-up by spray drying. Therefore, a large number of
studies attempted to formulate PVP-based dispersions through solvent and spray
drying methods [22-28]. PVP is an amorphous polymer so doesn’t melt into a liquid
at high temperatures, which makes it unsuitable for producing solid dispersion via
the fusion method, particularly for low melting point and thermo-labile drugs.
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Nevertheless, reports describe the use of hot melt extrusion (HME) for preparation
of solid drug dispersions [29-32]. Furthermore, the rate of dissolution of PVP-based
solid dispersions is highly dependent on the molecular weight of PVP employed to
prepare the dispersions; an increase in the molecular weight correlated negatively
with the rate of dissolution, due to an increase in the viscosity and swelling of PVP
within the solution phase. This consequently decreases the diffusion of drug
molecules from the surface boundaries of the viscous material into the bulk of the
solution, leading to retarded dissolution [33]. The optimum balance between
dissolution rate and polymer grade has led to the prolific utility of PVP 30 K grade,
among others, to prepare PVP-based dispersions. Moreover, PVP has been used for
the dissolution enhancement of very slightly soluble drugs by its high hydrophilicity
and strong interaction with some drug molecules [34]. The commercial solid

dispersion products produced with PVP are summarised in Table 2.

2.1.2 Influence of drug-PVP interactions in solid dispersions on drug crystallinity,

drug stability and dissolution rate

It can be seen from Table 1 that, of the 122 drugs dispersed into PVP, approximately
65% were reported to hydrogen bond with the carrier whilst dipole-dipole
interactions were reported in four studies, hydrophobic interactions were reported
in three studies and Van der Waals interactions were described in three publications;
approximately 30% of the studies reported no interactions between the drug and
carrier. PVP can form a hydrogen bond either through the nitrogen or carbonyl
group on the pyrrole ring. However, steric hindrance constrains the involvement of
the nitrogen atom in intermolecular interactions, thus making the carbonyl group

more favorable for hydrogen bonding [35].

Intermolecular interactions are largely responsible for drug crystallinity reduction
and consequent improvements in dissolution rate. Our recent study [36] described
solid dispersions of haloperidol prepared using PVP and poly(2-oxazolines) and
showed that hydrogen bonding interactions and hydrophobic effects influenced the

6



crystallinity of the drug and its release from solid dispersions. PVP was superior to
the poly(2-oxazolines) in reducing crystallinity of haloperidol and gave rapid drug
release from solid dispersions. This was attributed to not only its relative high

hydrophobicity but also its ability to form hydrogen bonds with the drug molecules.

Kanaze et al. [37] found that dissolution enhancement of flavonoid aglycone drugs
naringenin and hesperetin was achieved by the solid dispersion technique; drug
dissolution was 100% after 2 h using PVP as the carrier whereas using a PEG carrier
resulted in lower dissolution at 2 h (<70%). This difference was attributed to the
amorphous form and nano-dispersions of the flavanoid drugs into the PVP matrix,
whereas with PEG the compounds were partially crystalline with particle sizes > 1
um. FTIR spectra showed the presence of hydrogen bonds between PVP carbonyl
groups and hydroxyl groups of both flavanone aglycones. These interactions
prevent crystallization of naringenin and hesperetin aglycones in the PVP matrix.
On the other hand, the ability of PEG carrier to form hydrogen bonds with flavanone
glycosides or aglycones was limited, thus both flavanone glycosides and their

aglycones remained predominantly crystalline.

Li et al. [38] found that the hydrogen bonds were formed between PEG and
nitrendipine (TDP) and that these interactions were stronger than the hydrogen
bonds formed between PVP and TDP. 3D molecular docking results of TDP with
PEG or PVP showed that TDP-PEG had only hydrogen bond energy while TDP-
PVP had both hydrogen bond energy and hydrophobic energy, resulting in higher
overall binding energy of TDP-PVP. The higher binding energy of TDP-PVP can
sufficiently explain why the involvement of TDP had stronger impact on PVP and
the better amorphous state of TDP in TDP-PVP. The faster drug release of TDP-
PVP was attributed to stronger binding energy (between drug and excipient) than
TDP-PEG. The higher binding energy contributed to better amorphous state of TDP
in TDP-PVP, reflecting that the intermolecular forces had significant influence on

drug dissolution.



Karavas et al. [39] found that the hydrogen bonding interactions are the cause for
the dissolution enhancement of felodipine (FEL) from FEL: PVP binary systems
for high polymer concentrations where the hydrogen bonding intensity is high. The
mechanism of such enhancement could be attributed to the effect of the interactions

on the solubility and the specific surface of FEL particles in the system.

Jun at al. [40] reported a higher dissolution rate of cefuroxime axetil (CA) from
solid dispersions, which was probably attributed to the formation of amorphous or
non-crystalline forms due to intermolecular hydrogen bonds, resulting from the
crystallization inhibition facilitated by PVP K-30, the increased wettability and
reduction in particle size, resulting in an increased surface area available for

dissolution.

Ghobashy et al. [41] found the in vitro rate of amlodipine dissolution depends on
the drug—polymer intermolecular H bond. The rate of amlodipine dissolution is
increased due to the drug—drug intramolecular hydrogen bonding replaced with the
drug—polymer intermolecular hydrogen bonding, which reduces the crystal packing.
The presence of hydrogen bonds between amlodipine and the hydrophilic polymers
(PVP) in the solid dispersions is the primary cause of the rise in its solubility and

dissolution.

Guedes et al. [42] established that the rise in the rate of dissolution of LPSF/FZ4 in
binary solid dispersion systems is directly related to the presence and intensity of
intermolecular interactions formed with the hydrophilic polymers, especially the
hydrogen bonds identified. These interactions at molecular level appear to control
the changes in the physical (crystalline or amorphous) state and to have an influence
on particle size. For the LPSF/FZ4-PVP 1:9 system, which provided better results
in terms of a dissolution profile, various characterization techniques showed the
existence of relatively stronger interactions than those with the PEG polymer, and
this was confirmed by a theoretical study of molecular modeling. This suggests that
PVP is the preferred polymer for use in formulations developed for LPSF/FZ4 to
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improve its solubility, dissolution, and gastrointestinal absorption.

In addition, the intermolecular interactions are also responsible for physical stability,
particularly carbonyl functionality of PVP usually forms hydrogen bonds with the
drugs containing —NH> and —OH functionalities. For example, Obaidat et al. [43]
found that a specific molecular interaction between the -NH> group of celecoxib
(CEL) and the -C=0 group of PVP was the major reason behind the formation and
performance of a stable CEL-PVP amorphous system. By specifically interacting
with CEL, PVP arrested drug molecular motions, and prevented the rearrangement
of CEL molecules from a disordered molecular state into a thermodynamically
stable, ordered crystalline form. Thus, the interaction with PVP provided enhanced

physical stability to the amorphous form of CEL.

Kakran et al. [44] reported that curcumin (CUR) dispersions in PVP maintained
their amorphous nature better than the CUR dispersion in PEG after storage for 9
months. This can be explained not only by the higher glass transition temperature
(Tg) for PVP (155 <C) than that of PEG (—22 °C), which resulted in more stable
formulations with PVP, but also by the presence of functional groups that are either
donors or acceptors for hydrogen bonds, since specific interactions increase the
solubility of the drug in its carrier and also seem to play an important role in
inhibiting phase separation and crystallization of a drug. The CUR interactions were
greater with PVP than with PEG (as confirmed by FTIR study), which also
contributed to improved stability of the CUR dispersion in PVP. Greater drug-PVP
interactions also increased the solubility of the drug in its carrier and thus inhibited

phase separation and crystallization of the drug.

Due to the potential for electron sharing in COOH hydrogen bond donor moieties,
the bond between the O and the H is relatively weaker for the OH group compared
to the bond between the N and H in NH hydrogen bond donor moieties. Thus, the
hydrogen atom in the COOH moiety is a better hydrogen-bond donor compared to
the hydrogen atom in the NH moiety. This in turn leads to stronger hydrogen bonds

9



between COOHrg-COpvp compared to the hydrogen bonds between NHgrug-COpvp.

It is speculated that the strength of the drug-polymer interactions, which in turn will
influence the mixing enthalpy, it is important to determine which system will be
susceptible to moisture induced immiscibility. Thus, model drugs with NH moieties
were sensitive to moisture induced immiscibility while those containing COOH
functions did not undergo this phenomenon. For example, Rumondor et al. [45]
found that in the case of nifedipine, felodipine, droperidol and pimozide, drug-
polymer hydrogen bonds are formed between the NH moiety of the drug and the
carbonyl moiety of PVP (susceptible to moisture-induced phase separation); for
ketoprofen and indomethacin, hydrogen bonds were formed between the COOH
moiety of the drug and the carbonyl moiety of PVP (no experimental evidence of

moisture-induced phase separation).

Table 1. Drugs employed in solid dispersions with PVP. “N” represents “no

interactions reported” (September 2021).

Drug-PVP interactions

No. Drug Chemical Structure Hvd Dinole- Van d
ydrogen ipole . an der
bonding dipole Hydrophobicity Waals

ol
1 Aceclofenac @NH o [22] N N N
cl oA,
0
2 Albendazole 0 [46] N N N
3 Amlodipine [41] N N N
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4 Andrographolide Ho*“'g;j/ [23, 47]
HO/
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.
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30 | Dihydroartemisinin [61] N
31 Dipyridamole [62] N
32 Droperidol [45] N
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120 UC-781 N g o~ [117] N N N
121 Valdecoxib N N N N
Oy_.OH N
T b
122 Valsartan H/ko O [118] N N N

Table 2. Commercial solid dispersion products produced with PVP. *Withdrawn in

2000 due to adverse drug reactions.

Product name Drug Indication Company
Afeditab® Nifedipine Lower high blood pressure Elan Corp, Ireland
Eli Lilly and Company, USA;
Cesamet® Nabilone ]::raejzelllalli;eihaelﬁo\iﬁr;ﬁ:;g Valeant Pharmaceuticals, Canada;
Meda Pharmaceuticals
Ibuprofen® Ibuprofen Anti-inflammatory Soligs, Germany
Isoptin SRE-240% Verapamil Lower high blood pressure Soligs, Germany
Rezulin®" Troglitazone Antidiabetic Pfizer, USA
2.2 Polyvinylpyrrolidone-co-vinyl acetate (PVP/VA)

2.2.1 PVP/VA synthesis, general properties and applications in solid dispersions

PVP/VA is an amorphous and water-soluble polymer. It is a copolymer of vinyl

pyrrolidone and vinyl acetate in a 6:4 ratio, which is also popularly known by the

trade names Kollidon VA64 (BASF, Germany) and Plasdone S-630 (Ashland, USA).

The synthesis and structure of PVP/VA are given in Figure 2.
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Figure 2. PVP/VA synthesis and structure.

PVP/VA has traditionally been used as a binder and film-forming agent in the
pharmaceutical industry [119]. PVP/VA has a significant advantage over PVP in
terms of processability. First, owing to the relatively less hydrophilic vinyl acetate
substituent, PVP/VA exhibits phase solubility with a wide range of active
pharmaceutical ingredients (APIs) with varied polarity [34]. Furthermore, a recent
study demonstrated that the physical stability of the PVP/VA copolymer may be
better than that of pure PVP due to an overall decrease in the hygroscopicity of the
polymer [120]. This means that replacing the hydrophilic VP repeat units with
hydrophobic VA repeat units will not only significantly inhibit the crystallization
upon dissolution of the amorphous solid dispersion, but may also improve the
physical stability of the formulation during storage [121, 122]. For example, Chen
et al. [62] found the moisture uptake into PVP/VA SDs was lower than that for PVP
SDs at the same weight ratio of dipyridamole and carriers, attributed to the
difference between the chemical structures of PVP and PVP/VA. Second, it was
also found that the tensile strengths of tablets composed of PVP/VA SDs at various
ratios were greater than those of tablets of PVP SDs at the same compression
pressure [62]. This result could be explained by the lower T, of PVP/VA copolymer
compared to PVP which made it an excellent direct compression binder aid and
allowed it to undergo plastic deformation during compression. Also, the lower T
and higher degradation temperature presents an opportunity to employ the polymer
to formulate solid dispersions of low as well as high melting temperature APIs [119].
Therefore, when the drug is sensitive to moisture, or when the compressibility of

the drug powder is poor, PVP/VA may be a better material than PVP. There are 49
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drugs reportedly incorporated into PVP/VA as solid dispersions, summarised in
Table 3. The commercial solid dispersion products produced with PVP/VA are

presented in Table 4.

2.2.2 Influence of drug-PVP/VA interactions in solid dispersions on drug
crystallinity, drug stability and dissolution rate

It could be seen from Table 3 that hydrogen bonding interactions between drug and

PVP/VA are much more often reported than the other intermolecular interactions.

Therefore, the influence of hydrogen bonding interactions between drug and

PVP/VA on drug crystallinity, drug stability and dissolution are considered below.

It has been demonstrated that the replacement of about 40% of vinyl pyrrolidone
units with vinyl acetate (as in PVP/VA) results in reduced inhibition of
crystallization and the PVP homopolymer is more effective in crystallization
inhibition than the copolymer at a comparable molecular weight [123] because the
higher VP content leads to higher propensity to hydrogen bonding with the API [83].
Chan et al. reported that the intensity of ketoprofen-polymer interaction follows the
trend PVP>PVP/VA>PVA and the degree of drug-polymer interaction does
interfere with the degree of amorphousness in the solid dispersion during the
manufacturing process [124]. In similar studies but with ibuprofen (IBP), the
interaction parameters yispr-polymer are negative and vary in the order PVP <PVP/VA
< PVA which means that the order of IBP-polymer miscibility is
PVP>PVP/VA>PVA [78]; the “dissolving powers” of the polymers tested for
indomethacin and nifedipine also follow the order PVP>PVP/VA>PVA [125]. In
another study, out of 10 APIs (celecoxib, clotrimazole, cinnarizine, felodipine,
indomethacin, itraconazole, ketoconazole, ketoprofen, loratadine, miconazole),
only celecoxib, clotrimazole, felodipine, indomethacin, and ketoconazole resulted
in the formation of single-phase homogenous amorphous solids with no crystalline
content. A possible explanation of these occurrences was presented, based on the

interaction between API and PVP/VA, which can lead to their complete miscibility
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in the amorphous solid dispersion [126].

Different degrees of hydrogen bonding between drug and polymer determines the
amount of moisture that is taken up by the sample and thus the physical stability.
For example, a significant physicochemical interaction between the drug
(indomethacin, lacidipine, nifedipine and tolbutamide) and polymer (PVP and
PVP/VA) was found for all extrudates. This interaction was caused by hydrogen
bonding between the carbonyl group of the polymer and a H-donor group of the
drug. The lacidipine-PVP/VA extrudate showed some crystallinity after 4 weeks
storage at 25°C/75% RH. In comparison, indomethacin-PVP/VA extrudate was
stable for 8 weeks under the same conditions [31]. In another study [127], felodipine,
pimozide, indomethacin and quinidine were used as model drugs with PVP and
PVP/VA used as carriers; favorable drug-polymer interactions in the form of
hydrogen bonding were found in all drug-polymer systems. For PVP/VA-
containing systems, evidence for stronger drug-polymer interactions can be found
with indomethacin when compared to those formed with felodipine, quinidine, and
pimozide. This was supported by analyzing the red shift experienced by the
carbonyl peak of the vinylpyrrolidone moiety of PVP/VA when hydrogen bonded
to the different drugs. In indomethacin-PVP/VA, 42~44 cm’' shifts to lower
wavenumbers were observed, greater than the 19~22 cm! shifts observed for the
other PVP/VA-containing solid dispersions investigated. Chemically, indomethacin
contains a COOH hydrogen bond donor group. This group is a better hydrogen bond
donor compared to the NH group in felodipine and pimozide and the OH group in
quinidine, resulting in stronger drug-polymer interactions. This analysis supports
experimental evidence whereby no evidence for moisture-induced drug-polymer
immiscibility was observed for indomethacin-PVP/VA, in contrast to the three other
systems. This study also showed that the hygroscopicity of the polymer must be
considered in addition to considering the strength of the drug-polymer interactions.
For felodipine- and quinidine-containing systems, the extent of amorphous-

amorphous phase separation following exposure to moisture was more severe for
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PVP-containing solid dispersions than for the corresponding PVP/VA-containing
solid dispersions. For example, for felodipine-PVP samples containing 50% (w/w)
polymer, storage at 84% RH resulted in a 50% reduction in the intensity of the peak
assigned to drug-polymer hydrogen bonding relative to the peak assigned to drug-
drug hydrogen bonding. For the comparable PVP/VA system, only a 17% reduction
in the relative intensity was observed. For the quinidine-PVP sample containing 50%
polymer, storage at 84% RH resulted in a 47% reduction in the intensity of the peak
assigned to drug-polymer hydrogen bonding relative to the free vinylpyrrolidone
carbonyl moiety. For the comparable PVP/VA system, the reduction was only 11%.
For both felodipine- and quinidine-containing model systems, the strength of drug-
polymer hydrogen bonding for PVP/VA-containing systems is approximately equal
to that of their PVP-containing counterparts, as evidenced by similar red shifts
observed from the IR spectra. Thus, the smaller extent of drug-polymer de-mixing
for PVP/VA-containing systems is most likely explained by the reduction in the

amount of water absorbed than by the strength of drug-polymer interactions.

A study has also shown that the solubility of glycyrrhetinic acid can be improved
by ternary solid dispersion (TSD) systems that incorporate alkalizers. PVP/VA
relies on hydrogen bonds to interact with alkalizers, and glycyrrhetinic acid
interacts with alkalizers to form ion-pair complexes through strong electrostatic
attraction. This may be an important reason for the increase in the dissolution of

glycyrrhetinic acid [128].
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Table 3. Drugs employed in solid dispersions with PVP/VA. “N” represents ‘“no

interactions reported” (September 2021).

Drug-polymer interactions
No. Drug Chemical structure Hvd Van d
ydrogen T .. an der
bonding Dipole-dipole | Hydrophobicity Waals
H
N\
/N
1 ABT-102 ;Q H ? “‘" N N N N
_“N\H/NH
0
N NH
2 Acyclovir I\ N)\NHZ N N N N
HO N
Loy
3 Albendazole 0 [123] N N N
S H %O
L
N H
Q
HO\‘S/&D
4 Androgeraphohd [129] N N N
/
HO
~o
o]
<O O N
5 Bifendate 1 9 N N N N
(6]
S
0
HsN ’(’J
6 Celecoxib LA [126] N N N
N= F
FF
7 Cinnarizine N N N N
N
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8 Clotrimazole O O [126] N
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OH
ON |NYC/\OH
9 Dipyridamole "% [62] N
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G
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10 Eprosartan 7 N N N
N= OH
0
oH OH
F- [ i\
11 Ezetimibe - . [130] N
o Q
0 O\)\
12 Febuxostat SY@ [64] [64]
HOT ) SN
N
13 Felodipine [ 1216 3’ 11]27’ N
3L
O~ LR
14 Fenofibrate |® _YE&{ 7o N N
o]
F F H WH\
N
15 Flutamide ef,ih;\jij o N N
6
S S WS
16 Gliclazide /@/SKHAH»” N N
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17 Glyburide @Aw@ . [132] N N
Glycyrrhetinic
18 Acid N N N
19 Griseofulvin N N N
CH;
OH
20 Ibuprofen CHs [78] N N
ch ©
0] Cl
. N [31, 81,
21 Indomethacin \D/@QOH 125.127] N [81]
(0]
22 Itraconazole YL — _ N N N
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23 | Ketoconazole 4 9l N [131] N
O]/\o
Jou.
Cl Cl
0 %‘Ha
24 Ketoprofen O ‘ on [83, 124] N N
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25 Lacidipine [31] N N
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0232 i
o NH o
26 Lapatinib o " ’C[a N
» L,
P
27 Ledipasvir St [133]
28 Loperamide N
29 Lopinavir [134]
30 Loratadine N
31 LPSF/FZ4 N
32 Lumefantrine N
33 Megestrol N
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34

Miconazole

35

Naproxen

[100]

36

Nifedipine

37

Nimodipine

[135]

38

Olanzapine

39

Oleanolic acid

[136]

40

Paracetamol

[137]

41

Pimozide

[127]

42

Prednisolone

[138]

43

Probucol




44 Quinidine [127]
0
N iy HO 0 o
45 Rebamipide | [139]
H
cl
46 Ritonavir [140]
H (0]
| N
N :N\TH
47 Tadalafil Ho- ) [113, 141]
Q ?
0
o0 ©
48 Tolbutamide /@/ S“H)LH/\/\ N
O, _OH NeN
N N
N
49 Valsartan ;L o O N
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Table 4. Commercial solid dispersion products produced with PVP/VA.

Product name Drug Indication Company
Kaletra® Lopinavir/Ritonavir Anti-viral (HIV) Abbott I{?gzratorles,
Novir® Ritonavir Anti-viral (HIV) Abbott Laboratories,
USA
Belsomra® Suvorexant Insomnia Merck
Viekira™ Ombitasavir etc. Chronic hepatitis C virus (HCV) AbbVie
Harvoni® Ledipasvir/Sofosbuvir | Chronic hepatitis C virus (HCV) Gilead Sciences

2.3 Poly(N-vinyl caprolactam)—polyvinyl acetate—polyethylene glycol graft

copolymer (Soluplus®)

—— I

i

/

HO

n
§
\

Figure 3. Soluplus® structure.

2.3.1 Soluplus® general properties and applications in solid dispersions

Soluplus® is a triblock graft copolymer consisting of polyethylene glycol (13% PEG
6000), poly(N-vinyl caprolactam) (57%), and polyvinyl acetate (30%). It is an
amphiphilic polymer, wherein PEG provides hydrophilicity, vinyl caprolactam is
water soluble with a lower critical solution temperature, while vinyl acetate

domains are lipophilic within the polymer matrix. The molecular weight of
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Soluplus® usually ranges from 90,000 to 1,40,000 g/mol. It is an amorphous
polymer with a relatively low glass transition temperature (Tg) of 70°C [113, 142].
Developed specifically for solid solutions, Soluplus® is free flowing and can be
easily extruded for processing by, for example, hot melt extrusion (HME).
Soluplus® can also be used as a matrix former in spray drying and as a binder in
wet granulation or dry granulation and in drug layering. However, to date, only one
commercial solid dispersion product produced with Soluplus® has been marketed-

Febuxostat/Zentiva.

For Soluplus®-based dispersions, the API is generally dispersed molecularly within
the polymer matrix [143]. Upon exposure to the solvent or dissolution media, the
API can form a supersaturated solution as it dissolves along with the polymer [ 144].
There are very few reports describing the crystallization or precipitation inhibition
properties of Soluplus®. Guan et al. [145] reported that Soluplus® synergistically
inhibited crystal nucleation and growth of lacidipine, leading to prolonged
supersaturation. Soluplus® also exhibits swelling property, which may offset
potential dissolution rate improvements due to limited diffusion through the swelled
polymer. Slamova et al. [146] reported that tadalafil release from a Soluplus®
dispersion was retarded due to swelling of the polymer during dissolution.
Nevertheless, the swelling property of Soluplus® can be leveraged to formulate

delayed release solid dispersions.

2.3.2 Influence of drug-Soluplus® interactions in solid dispersions on drug

crystallinity, drug stability and dissolution rate

It could be seen from Table 5 that hydrogen bonding interactions remain the most
commonly reported intermolecular interaction between drugs and Soluplus®. Song
et al. demonstrated that hydrogen bonding interactions between andrographolide
and Soluplus® led to enhanced interface wetting, consequently leading to an
improved dissolution rate [129]. Griseofulvin showed remarkable supersaturation

from Soluplus®-based dispersion due to inhibition of API recrystallization through
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stronger intermolecular interactions [147]. The improved lopinavir solubility and
bioavailability was attributed to the stronger hydrogen bonding interactions
between lopinavir and Soluplus® in the HME process [134]. Hydrogen bonds
between the thioacetyl group of spironolactone and the donor hydroxyl groups of
Soluplus® played a decisive role in the formation of a molecular solution and drug
micellization, resulting in improved solubility and dissolution efficiency which was

greatest at a drug/Soluplus® ratio 1:4 [148].

In addition, physical stability is always a challenging issue regarding amorphous
drugs. A 20:80 simvastatin /Soluplus SD showed that little change took place in the
dissolution profiles after 3 months storage (40°C, RH 75%), indicating good
physicochemical stability, which was expected to be enhanced by the combined
effect of the enhanced Ty value by Soluplus (the Ty of the solid dispersion system
was increased by Soluplus) and the intermolecular hydrogen bonding between the
amorphous simvastatin and Soluplus [149]. In an efavirenz-Soluplus solid
dispersion study, a long-term stability experiment indicated that efavirenz remained
amorphous under the storage conditions since Soluplus can engage in hydrogen
bonding with efavirenz, resulting in reduced molecular mobility and retarded
crystallization during storage under the studied conditions [150]. The improved
stability of artemisinin during storage is attributed to strong intermolecular
interaction between the drug and Soluplus which reduces molecular mobility and
recrystallization [151]. LPSF/FZ4 not only forms hydrogen bonding through its N-
H groups with C=0 groups on Soluplus, but also by its C=O with O-H groups on
Soluplus. Due to this additional formation of hydrogen bonds, Soluplus®-based SD
systems might exhibit a greater degree of intermolecular interactions than those
with PVP which would be expected because the O-H groups in Soluplus® are
stronger hydrogen bond donors than the N-H group of LPSF/FZ4, allowing them to
form hydrogen bonds more easily with this drug, corroborated by the results of in

vitro stability and dissolution studies [152]. The hydrogen bonding interactions
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between the hydroxyl group of diosgenin and the carbonyl group (hydrogen bond
acceptor) of Soluplus have been confirmed and not only inhibited drug
crystallization but also enhanced the solid solubility of the drug [153]. Jog et al.
demonstrated the physical stability of an ABT-102/Soluplus® dispersion as a
consequence of strong hydrogen bonding between —C=0 function of Soluplus® and

—N-H moiety of the drug [154].

However, structured intermolecular bonding between API and polymer can have

adverse effects on stabilization of the disordered phase as the disruption of these

bonding patterns may result in phase separation (polymer-rich regions were formed).

Singh et al. prepared itraconazole/Soluplus® solid dispersion through hot-melt
extrusion. The dispersion was stabilized due to hydrogen bonding between API and
polymer. However, while attempting to formulate tablets from the prepared
dispersion, Soluplus®-rich regions were formed during compression. It was
indicated that the disruption of hydrogen bonding leads to phase separation [155].
Often, the hydrogen bonding interactions are complemented by API-polymer

solubility/miscibility.

Table 5. Drugs employed in solid dispersions with Soluplus®. “N” represents “no

interactions reported” (September 2021).

Drug-polymer interactions
No. Drug Chemical structure Hvd
ydrogen ST .
bonding Dipole-dipole | Hydrophobicity | Van der Waals
~
5
| ABT-102 LA, [154] N N N
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Acyclovir

Andrographoli
de

[129]

Artemether

[156]

Artemisinin

H;C

Atorvastatin

[157]

Azilsartan

Carbamazepin
e

[158]

Carvedilol

H3CO

[159]
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11 Celecoxib [43]
12 Danazol N
13 Diosgenin [153]
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2.4 Poly(2-oxazolines) (POZ)

2.4.1 POZ synthesis, general properties and applications in solid dispersions

Firstly reported in 1966—1997, independently by four research groups [170-173],
poly(2-oxazolines) (POZ) have been of great interest due to their narrow molecular
weight distribution, tunable properties, and excellent biocompatibility [174]. POZ
are potential candidates to overcome some of the limitations reported with

pharmaceutical applications of PEG while retaining the required features—
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biocompatibility, low dispersity, responsiveness, high functionalization potential,
and high versatility attainable by copolymerization —providing a polymeric

platform for novel biomedical applications [175-179].

POZ are readily obtained via the cationic ring-opening polymerization (CROP) of

2-oxazolines [180], as depicted in Fig. 4.
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( R
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Figure 4. POZ synthesis and structure.

Functional polymers are accessible by selection of the initiator and terminating
agent in a one pot synthesis [181-183], while the side chains are tunable by
modification of the 2-substituent of the 2-oxazoline monomer, allowing control
over the hydrophilicity and lower critical solution temperature (LCST) transition of
the polymer (Fig. 5). Poly(2-methyl-oxazoline) (PMeOx or PMOZ), which has been
reported to be even more hydrophilic than polyethylene glycol [184], is fully water
soluble from 0 to 100°C; POZ with longer alkyl side-chains exhibit LCST behavior.
Figure 5 shows the cloud point temperatures (Tcp, the temperature where the
transmittance rapidly decreases due to agglomeration of the polymer chains) of
POZ with increasing hydrophobicity. It should be noted that the Tcp depends on the
molar mass, the concentration, the polymer end-groups and the conditions of the
measurement [185] and therefore comparisons of Tcp values reported in the

literature should be used cautiously.

44



T N TN TN Tt

L AT AT X
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No LCST LCST ~ 60 °C LCST~ 35 °C LCST~ 30 °C LCST~ 25 °C

Figure 5. POZ with hydrocarbon side-chains with increasing hydrophobicity (from

left to right) and consequently decreasing cloud point temperature [186].

The variation of the side-chain structure of POZ allows tuning of the properties
from very hydrophilic (PMOZ) to very hydrophobic (long alkyl side-chains)
polymers. Consequently, the solution behavior of POZ strongly depends on the
side-chain structure [187]. Figure 6 gives an overview of the solubility of various

POZ with hydrocarbon side-chains in water and common organic solvents.

Figure 7 shows the glass transition temperatures (T,) and melting temperatures (Trm)
obtained from DSC of poly(2-oxazolines) with 1—17 carbon atoms in the side-chain.
Polymers with 15 carbon atoms in the side-chain show a Ty that decreases linearly
with increasing side-chain length which can be explained by the increasing
flexibility of the side-chains. For PMOZ, PEOZ and PnPOZ, no melting peaks were
observed by DSC, while polymers with four or more carbon atoms in the side-chain

were found to be semicrystalline with a Tr, around 150°C [187].

POZ constitute a polymer class with exceptional properties for their use in a
plethora of different biomedical applications and are proposed as a versatile
platform for the development of new medicines (Fig. 8). However, use of POZ as a
carrier in solid dispersions is reported in few studies. Fael et al. [187] found that a
lower molecular weight of PEOZ (5000 g/mol) was superior to a higher molecular

weight polymer (50,000 g/mol) in improving the dissolution behavior of glipizide.
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Boel et al. [188] showed that PEOZ maintained supersaturation of itraconazole and
fenofibrate to a similar extent as PVP, PVP/VA and HPMC. Everaerts et al. [189]
selected PEOZ, PnPOZ, poly(2-sec-butyl-2-oxazoline) (PsecBuOZ) and a
combination of PEOZ with either PnPOZ or PsecBuOZ as carriers for amorphous
solid dispersions with six drugs and highlighted the potential of POZ as a novel
polymer carrier to form amorphous solid dispersions. In our studies [36, 190], PVP
and a series of water-soluble poly(2-oxazolines) including PMOZ, PEOZ, PnPOZ
and PiPOZ were used to prepare solid dispersions with haloperidol and ibuprofen,
and the effects of polymer structure and properties on drug crystallinity were
demonstrated. Claeys et al. [191] demonstrated that PEOZ is a potentially
interesting matrix for controlled release formulations produced by hot melt
extrusion followed by injection molding. They found that both a highly water-
soluble drug (metoprolol tartrate) as well as a poorly water-soluble drug
(fenofibrate) could be solubilized within the polymeric matrix upon hot melt
extrusion. Whereas formulation of a highly water-soluble drug led to a slower
dissolution and drug release profile, due to a slower dissolution rate of the
polymeric matrix compared to the pure drug, a dramatic increase in dissolution rate
was observed when a poorly water-soluble drug was formulated. Furthermore, they

also showed that the release rate could be tailored by varying the molecular weight

of the PEOZ.

However, POZ is still not approved by the FDA for medical purposes (currently,
only PEOZ is approved by the FDA as an indirect food additive) due to the shortage

of pre-clinical evaluations on effectiveness and toxicokinetics in vivo.
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Water MeOH CHCl; MeCN DMF PhCl DMAc

PMeOx + + - +/-2 - +
PEtOx LCST + + + + + +
Pn-PrOx LCST + + + + +
Pn-NonOx  — + - - +
PPhOx - + + + +
Pc-BuOx - - +/-P +/-b /b
Pc-PentOx - - — _ _
Pc-HexOx  — - - +H-C +/-°

MeOH, methanol; CHCl;, chloroform; MeCN, acetonitrile;
DMF,  N,N'-dimethylformamide; PhCl, chlorobenzene; DMAC,
N,N’-dimethylacetamide; +, soluble; —, insoluble; +/—, partially
soluble; LCST, lower critical solution temperature.

3 Poor solubility for molar mass > ca 20 kDa.

b Soluble after heating, precipitated on cooling.

¢ Soluble after heating.

Figure 6. Solubility of POZ with hydrocarbon side-chains in water and various

organic solvents [192].
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Figure 7. Glass transition and melting temperatures of poly(2-n-alkyl- 2-

oxazoline)s with varying side-chain length obtained from DSC [192].
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Figure 8. Drug delivery applications of POZ. (AVROXA BV, a company from
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Ghent University, Belgium.)

2.4.2 Influence of drug-POZ interactions in solid dispersions on drug crystallinity,

drug stability and dissolution rate

It can be seen from Table 6 that only nine drugs have been studied in solid
dispersions with POZ to date. In one of our previous studies on the effects of
polymer structure and property on haloperidol crystallinity, it has been
demonstrated that an increase in the hydrophobicity in a series of POZ also favored
drug crystallinity reduction. However, poly(2-isopropyl-2-oxazoline) had poor
ability to reduce crystallinity of haloperidol, which was related to the semi-
crystalline nature of this polymer. Dissolution studies gave good agreement with
the levels of drug crystallinity measured in the solid dispersions. However, solid
dispersions with poly(n-propyl-2-oxazoline) released the drug very slowly due to
its lower critical solution temperature and hence insolubility of this polymer in the

dissolution medium [36]. The mutual effects of hydrogen bonding and polymer
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polymer.

interactions reported” (September 2021).

hydrophobicity on ibuprofen crystal inhibition in solid dispersions with PVP and
POZ was studies [190]; PMOZ, the most hydrophilic polymer, showed the poorest
ability to reduce or inhibit the crystallinity of IB. In contrast, the more hydrophobic
polymers PVP, PEOZ, PnPOZ and PiPOZ provided greater but similar abilities to
reduce IB crystallinity, despite the differing polymer hydrophobicity’s and that
PiPOZ is semi-crystalline. These results indicate that crystallinity disruption is

predominately due to hydrogen bonding between the drug molecules and the

Table 6. Drugs employed in solid dispersions with POZ. “N” represents “no

Chemical

Drug-polymer interactions

No. Drug Polymer Hydrogen Van
structure Dipole-dipole | Hydrophobicity | der
bonding Waals
oo
1 Etravirine A o:},\ﬁ PEOZ/PnPOZ blend N N N N
l \N
Cl_ 2 0. ﬁ\ . PEOZ
2 | Fenofibrate |CUOA. N N N N
° PEOZ/PnPOZ blend
3 | Glipizide | .10 PEOZ N N N N
PMOZ
o PEOZ
4 | Haloperidol g [fo N N [36] N
" PnPOZ
PiPOZ
PMOZ
N PEOZ
5 | Tbuprofen . PnPOZ [190] N N N
HaC
PiPOZ
PEOZ/PnPOZ blend
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Itracoenazol » PsecBuOx N N
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3. Amide-containing water-soluble polymers which have not yet been studied in

solid dispersions

Amide-containing water-soluble polymers which have not yet been studied in solid

dispersions are summarized in Figure 9.

Poly(N-vinyl acetamide) is a polymer with affinity for both water and alcohol made
primarily from N-vinylacetamide monomer. Expected applications include as a

hydrophiling agent, thickening agent and dispersing agent [193].

Polyacrylamides including polyacrylamide, poly(N-isopropylacrylamide), poly(N,
N-dimethylacrylamide) and poly(N, N-diethylacrylamide) are high molecular
weight water soluble or swellable polymers formed from acrylamide or its
derivatives. Their glass transition temperatures are well above room temperature (>
400 K). The only commercially important polyacrylamide is polyacrylamide. It is

a non-ionic, water-soluble, and biocompatible polymer that can be tailored to meet
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a broad range of applications. The polymer can be synthesized as a simple linear
chain or as a cross-linked structure. The cross-linked polymer can absorb and retain
extremely large amounts of water because the amide groups form strong hydrogen
bonds with water molecules. Hydrated polyacrylamide is a soft gel that is used in
gel electrophoresis and as a super water-absorbing polymer. The biomedical and
pharmaceuticals applications of polyacrylamide have been described by Jain [194]

and Yang [195].

Poly(N-isopropylacrylamide), poly(N, N-diethylacrylamide) and poly(N-vinyl
caprolactam) are temperature-responsive polymers. Poly(N-vinyl caprolactam) is a
well-studied  temperature-responsive  polymer, second to  poly(N-
isopropylacrylamide) which is the most popular temperature-responsive polymer.
The polymers show similar LCST behavior in water between 30 and 32°C [196,

197], which thus limits their applications in solid dispersions.

Given these polymers have amide groups which, as H-bond acceptors, could form
hydrogen bonding interactions with APIs having H-bond donors, there is potential

for those which do not show LCST to be carriers in solid dispersions.

Polyacrylamides
Poly(N-vinyl caprolactam) yacrylami

. Polyacrylamide Poly(N-isopropylacrylamide)
n O N H 2 /{,I" n

Poly(N-vinyl acetamide) Poly(N, N-dimethylacrylamide)  Poly(N, N-diethylacrylamide)

*Mn *‘}/fn * n
.CH
3 N/\

HN\[(CHg 07 N 0
0
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Figure 9. Amide-containing water-soluble polymers which have not yet been

studied in solid dispersions.
4. Conclusions

Intermolecular interactions, in particular hydrogen bonding, in solid dispersions
using amide-containing nonionic water-soluble polymers as carriers are key factors
highly influencing drug crystallinity, stability and dissolution rate following oral
administration. Many of the amide-containing nonionic water-soluble carriers such
as PVP, PVP/VA and Soluplus that can be applied are already extensively studied
as excipients. The possibility of exploring other amide-containing nonionic water-
soluble carriers such as poly(N-vinyl acetamide) and polyacrylamide to produce an

optimized product further extends the range of possibilities for formulation.
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Chapter 2

Polymer structure and property effects on solid dispersions with

haloperidol: Poly(N-vinyl pyrrolidone) and poly(2-oxazolines) studies

This chapter was published as Shan, X.; Williams, A. C.; Khutoryanskiy, V. V.,
Polymer structure and property effects on solid dispersions with haloperidol:
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ARTICLE INFO ABSTRACT
Keywaords:

Solid dispersions
Poly(N-vinyl pyrrolidone)
Poly(2-oxazolines)

Poly(2-methyl-2-oxazoline) (PMOZ), poly(2-propyl-2-oxazoline) (PnPOZ) and poly(2-isopropyl-2-oxazoline)
(PiPOZ) were synthesized by hydrolysis of 50 kDa poly(2-ethyl-2-oxazoline) (PEOZ) and subsequent reaction
of the resulting poly(ethylene imine) with acetic, butyric and isobutyric anhydrides, respectively. These polymers
were characterized by proton nuclear magnetic resonance, FTIR spectroscopy, powder X-ray diffraction, and

Crystallini . . . . . . .

H?«;ierp::I?iIc drug differential scanning calorimetry. The poly(2-oxazolines) as well as poly(N-vinyl pyrrolidone) (PVP) were used to
Amorphous prepare solid dispersions with haloperidol, a model poorly soluble drug. Dispersions were investigated by
Haloperidol powder X-ray diffractometry, differential scanning calorimetry and FTIR spectroscopy. Increasing the number of

hydrophaobic groups (-CH»- and -CH3) in the polymer resulted in greater inhibition of crystallinity of haloperidol
in the order: PVP > PnPOZ = PEOZ > PMOZ. Interestingly, drug crystallization inhibition by PiPOZ was lower
than with its isomeric PnPOZ because of the semi-crystalline nature of the former polymer. Crystallization in-
hibition was consistent with drug dissolution studies using these solid dispersions, with exception of PnPOZ,

which exhibited lower critical solution temperature that affected the release of haloperidol.

1. Introduction

Approximately 40% of approved drugs and almost 90% of newly
developed active ingredients are poorly soluble in water (Kalepu and
Nekkanti, 2015). Therefore, the development of new medicines using
these hydrophobic drug molecules present a challenge for formulation
scientists.

Several approaches are currently being exploited to improve the
solubility and dissolution profiles of hydrophobic drugs. These include
the use of inclusion complexes with cyclodextrins (Carrier et al., 2007,
Conceicao et al., 2018; Morrison et al., 2013), formation of salts (He
etal., 2017), co-crystals (Blagden et al., 2007), hydrotropic agents (Kim
etal., 2010), micellar structures (Qu et al., 2006; Volkova et al., 2019) as
well as solid dispersions (Brough and Williams, 2013; Singh and Van den
Mooter, 2016).

Solid dispersions are defined as physical mixtures of poorly-soluble
drugs with some hydrophilic materials (Vasconcelos et al., 2016) and
include eutectic systems, solid solutions (which themselves can be
continuous or discontinuous depending on component miscibility) and

systems where a drug can be in an amorphous or partially crystalline
state in an amorphous or crystalline carrier. Several classes of hydro-
philic polymers have been exploited to prepare amorphous solid dis-
persions, including poly(N-vinyl pyrrolidone) (Knopp et al., 2016; Li and
Buckton, 2015; Niemczyk et al., 2012), cellulose ethers (Chavan et al.,
2019), polyethylene oxide (Abu-Diak et al., 2012; Ozeki et al., 1997) and
poloxamers (Ali et al., 2010). In some studies, the reduction of drug
crystallinity in solid dispersions with various polymers has been
explored and related to the chemical structure and properties of water-
soluble polymers. For example, in a series of studies of solid dispersions
prepared from ibuprofen and PVP, it was demonstrated that reduced
drug crystallinity was due to hydrogen bond formation between drug
molecules and the polymer (Niemczyk et al., 2012; Rawlinson et al.,
2007; Williams et al., 2005). However, systematic studies into the effects
of polymer structures on their ability to reduce drug crystallinity are
currently lacking because there are limited opportunities to vary poly-
mer structures in a controlled manner; most studies use commercially
available polymers.

Haloperidol is an antipsychotic drug used to treat schizophrenia,

Abbreviations: PEI, poly (ethylene imine); POZ, poly(2-alkyl-oxazoline); PEOZ, poly(2-ethyl-2-oxazoline); PMOZ, poly(2-methyl-2-oxazoline); PnPOZ, poly(2-
propyl-2-oxazoline); PiPOZ, poly(2-isopropyl-2-oxazoline); PVP, poly(N-vinyl pyrrolidone); HP, haloperidol; SD, solid dispersion; DMA, N, N-dimethylacetamide;

TEA, triethylamine; SGF, simulated gastric fluid.
* Corresponding author.
E-mail address: v.khutoryanskiy@reading.ac.uk (V.V. Khutoryanskiy).

https://doi.org/10.1016/].ijpharm.2020.119884

Received 18 March 2020; Received in revised form 10 September 2020; Accepted 11 September 2020

Available online 18 September 2020
0378-5173/© 2020 Elsevier B.V. All rights reserved.



X. Shan et al.

delirium, nausea and vomiting, and other neuropsychiatric disorders
(Chaparro et al., 2013; Krause et al., 2018; Zayed et al., 2019). Itis a
poorly-soluble drug that is commonly formulated as solutions for oral
administration or injections, and also as tablets (Demoen., 1961). Pre-
viously, solid dispersions with haloperidol were prepared using different
weak organic acids (Lee et al., 2017; Singh et al., 2013), PVP (Saluja
et al., 2016) and polyethylene glycol (Baird and Taylor, 2011) and
dispersions have been made into free flowing tabletable powders by
combining with mesoporous metalosilicate (Shah and Serajuddin,
2015).

Poly(2-oxazolines) are an emerging class of polymers, currently
attracting substantial interest due to a number of unique physico-
chemical properties and lack of toxicity (de la Rosa, 2014; Hoogenboom,
2009; Lorson et al., 2018). Lower members of the poly(2-oxazoline)
family exhibit solubility in water: poly(2-methyl-2-oxazoline) (PMOZ),
poly(2-ethyl-2-oxazoline) (PEOZ), poly(n-propyl-2-oxazoline) (PnPOZ)
and poly(isopropyl-2-oxazoline) (PiPOZ). Recently, poly(2-oxazolines)
were used to prepare solid dosage forms as individual polymers and
also in combination with some other pharmaceutical excipients (Boel
et al., 2019; Fael et al., 2018; Moustafine et al., 2019; Ruiz-Rubio et al.,
2018).

Using different water-soluble poly(2-oxazolines) to design solid dis-
persions offers interesting and previously unexplored opportunities to
understand the effect of polymer molecular structure and hydrophilic-
hydrophobic balance on the crystallinity of a dispersed drug. In this
study, a series of water-soluble poly(2-oxazolines) were synthesized
with equivalent degrees of polymerization by hydrolysis of
commercially-available PEOZ into linear poly(ethylene imine) (PEI) and
subsequent conversion into PMOZ, PnPOZ and PiPOZ, The structure and
properties of the resulting polymers were studied by spectroscopic (‘H
NMR and FTIR spectroscopies), thermal (differential scanning calorim-
etry) and powder X-ray diffraction methods. These materials were then
used to prepare solid dispersions of haloperidol, a model poorly-soluble
active pharmaceutical ingredient, and the effects of polymer structure
on drug crystallinity and drug dissolution profiles were explored and
compared to PVP-based solid dispersions as a control.

2. Materials and methods
2.1. Materials

Poly(2-ethyl-2-oxazoline) (PEOZ) 50 kDa (polydispersity index, PDI
3-4), poly(N-vinyl pyrrolidone) (PVP) 55 kDa (K-value 30), butyric
anhydride (>97.0%), isobutyric anhydride (>97.0%), haloperidol (HP)
were from Sigma-Aldrich (UK). Hydrochloric acid (37 wt%), N,N-
dimethylacetamide (DMA), acetic anhydride (>99.0%), triethylamine
(TEA, 99.7%, extra pure), sodium hydroxide were from Fisher Scientific
(UK). Dialysis membrane with a molecular cut-off 3.5 kDa was from
Medicell International Ltd., UK.

2.2. Synthesis of PEI

PEOZ was hydrolyzed to linear PEI according to a procedure reported
by Sedlacek et al. (2019a). Specifically, PEOZ (20.0 g) was dissolved in
200 mL 18 wt% aqueous hydrochloric acid and heated overnight for 14
h at 100 °C. The PEI solution obtained in hydrochloric acid was then
diluted with ice-cold distilled water (1 L). Ice-cold aqueous sodium
hydroxide (4 M) was added dropwise to the solution of PEIL Initially PEI
solution remained soluble, but with further addition of NaOH the PEI
precipitated at pH 10-11. The precipitate was filtered off and washed
twice with distilled water and re-precipitated twice then dried under
vacuum to obtain PEI as a white power (yielding 7.6 g (87%)). This
material was analyzed by 'H NMR, PXRD, DSC and FTIR.
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2.3. Synthesis of PMOZ, PnPOZ and PiPOZ

PMOZ, PnPOZ and PiPOZ were synthesized according to a procedure
developed by (Sedlacek et al., 2019b) for the synthesis of high molecular
weight PMOZ. PEI (1 eq. of amines, 1.0 g) was dissolved in DMA (20 mL)
upon heating. The mixture was cooled in an ice-water bath (a fine sus-
pension of PEI appeared) and acetic anhydride (2.5 eq, 5.4 mL), butyric
anhydride (2.5 eq, 9.4 mL) or isobutyric anhydride (2.5 eq, 9.6 mL) was
then added, resulting in immediate dissolution of PEL. TEA (2.5 eq, 4.8
mL) was added. The reaction mixture was purged with nitrogen and
allowed to stir at 0 °C for 1 h and then at room temperature overnight.
The obtained mixture was then diluted in deionized water and purified
by dialysis (MWCO 3.5 kDa) at room temperature for PMOZ and PiPOZ
and in a fridge (~5 °C) for PnPOZ. All polymers were recovered by
freeze-drying as white solids (yields 89.4%, 88.5% and 88.9% for PMOZ,
PnPOZ and PiPOZ, respectively).

2.4. Calculation of hydrophilic-hydrophobic balance (HHB) values for
polymers

HHB values for all polymers were calculated according to the
following equation taken from (Khutoryanskiy et al., 2004):

>_ N;*EN(carbon, hydrogen),

HHB =
3 N;*EN(oxygen, nitrogen),

@

where N;is the number of atoms of each chemical element, and EN; is the
electronegativity of each chemical element in the repeating unit of each
polymer.

2.5. Preparation of polymer-haloperidol (HP) solid dispersions

Solid dispersions of polymer-HP were prepared in different repeating
unit/drug molar ratios by a solvent evaporation. DMA (1 mL) was used
to dissolve 25 mg of HP with varying amounts of each polymer
depending on the repeating unit/drug molar ratios. After complete
dissolution, the solution was transferred to a petri dish and the solvent
was removed by evaporation at 50 °C on a heating base. The resultant
solid was kept under vacuum for 72-96 h to remove residual DMA. The
absence of residual DMA in solid dispersions was confirmed using 'H
NMR spectroscopy.

2.6. Characterization of polymers and solid dispersions

2.6.1. Proton nuclear magnetic resonance (H-NMR)

'H NMR spectra of polymers were recorded with a Bruker spec-
trometer operating at 250 MHz using methanol-ds as the solvent. All
chemical shifts are given in ppm.

2.6.2. Powder X-Ray Diffractometry (PXRD)

A small amount of each dry sample (~20 mg) was placed on a silica
slide and analyzed in a Bruker D8 ADVANCE PXRD equipped with a
LynxEye detector and monochromatic Cu Ka; radiation (A = 1.5406 Iv\].
Samples were rotated at 30 rpm and data collected over an angular
range of 5-64° 20 for 1 h, with a step of 0.05° (20) and count time of 1.2
s. The results were analyzed using EVA software.

2.6.3. Differential scanning calorimetry (DSC)

Thermal analysis of pure drug, polymers and solid dispersions was
performed using DSC (TA Instruments). Samples (3-5 mg) were loaded
into pierced Tyer, aluminum pans. The thermal behavior of each sample
was investigated in a nitrogen atmosphere with a heating/cooling rate of
10 “C/min. The values of the glass transition temperature (Tg) of poly-
mers were determined from the second heating cycle. The degree of
sample crystallinity was determined by the specific enthalpy (AH) of the
drug melting peak by TA universal analysis software and calculated as
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the ratio of the AH of drug in the solid dispersions to the AH of pure HP.
Since the drug content in the dispersion is only a fraction of the sample
weight, then the degree of crystallinity was normalized according to the

following equation:
W,
AH,*100
Wh) / '

where, AH; is the AH of the drug in the solid dispersion, having the
melting peak around 150 °C (melting point of HP), AH}, is the AH of pure
HP, W; is the weight of solid dispersions, Wy, is the weight of HP in solid
dispersions.

Crystallinity(%) = (AHS * -

2.6.4. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded on a Nicolet iS5 spectrometer between
4000 and 400 cm™" at a resolution of 4 cm™' and as an average of 64
scans. The OMINIC software was used for spectral analysis.

2.7. Calculation of solubility parameters

Solubility parameters were calculated using two different methods.
The Fedor method (Chokshi et al., 2005; Fedors, 1974; Krevelen, 1990)
calculates the solubility parameter 6 using the following equation:

(3)

where Ae; is the energy of vaporization and V is the molar volume.
The Van Krevelen method (Krevelen, 1990) provides:

8= /8d? + 5p? + oh? (€3]
where
2
YR VER . SR
Bo= S G = A= [

where 84 is the contribution from dispersion forces, 8; is the contribution
from polar forces, & is the contribution of hydrogen bonding, Fg; is the
molar attraction constant due to dispersion component, Fy; is the molar
attraction constant due to polar component, Ey,; is the hydrogen bonding
energy, and V is the molar volume.

For various groups, the values of Aej, Fgj, Fpi, Eni, and V (molar
volume) were taken from the literature (Fedors, 1974; Krevelen, 1990).

2.8. In vitro dissolution studies

Dissolution of haloperidol from solid dispersions ([Polymer]/[Drug]
= 5:1 mol/mol) used USP Apparatus II (paddle method) at 37 + 0.5 °C
with paddles at 50 rpm and simulated gastric fluid (SGF) (0.1 N HCI, pH
=1.2). A pharmaceutical grade empty vegan clear capsule size “0” filled
with solid dispersion (equivalent to 25 mg drug) was put into the 900 mL
SGF with a sinker. Samples (5 mL) were withdrawn at 2, 5, 10, 20, 40,
60, 80, 100 and 120 min, and filtered using a 0.45-um syringe filter, an
equal volume of the SGF was added to the dissolution medium to
maintain the volume. The drug was assayed using a UV-visible spec-
trophotometric method. All dissolution studies were performed in
triplicate.

2.9. Statistical analysis

All solid dispersions for each polymer at all drug loadings were
prepared three times independently. All analysis, PXRD, DSC, FTIR as
well as dissolution studies, were in triplicate. Data are expressed as
mean =+ standard deviation.
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3. Results and discussion
3.1. Polymer synthesis and characterization

The synthesis of some members of the poly(2-oxazoline) family such
as PMOZ with high molecular weights (above 10 kDa) by living cationic
ring-opening polymerization is challenging due to the high probability
of chain transfer reactions (Litt et al., 1975; Sedlacek et al., 2019b;
Wiesbrock. et al., 2005). Recently, Sedlacek et al (Sedlacek et al., 2019b)
demonstrated an alternative approach to synthesize well-defined high
molecular weight PMOZ through hydrolysis of PEOZ into PEI and sub-
sequent acylation with acetic anhydride.

In this work, a similar strategy was used to synthesize PMOZ, PnPOZ
and PiPOZ from commercially-available 50 kDa PEOZ as shown in Fig. 1.

The commercial PEOZ was subjected to an acidic hydrolysis of its
side chains to yield linear PEL The full conversion was confirmed by 'H
NMR spectroscopy, where both signals of PEOZ side chains (5 2.44 ppm
and § 1.13 ppm) were lost and the main backbone signal shifted to §
2.75 ppm (Figure S1). Further confirmation was by FTIR: the loss of the
characteristic PEOZ amide carbonyl vibration at 1626 cm™" and the
presence of new strong peaks at 1474 em~! and 3263 cm™! (Fig. §3)
assigned to the N-H vibration of PEI again confirmed complete hydro-
lysis of the amide groups of PEOZ.

The prepared linear PEI was then re-acylated with excess acetic an-
hydride, butyric anhydride or isobutyric anhydride in DMA using TEA as
abase. The resultant PMOZ, PnPOZ and PiPOZ were characterized by 'H
NMR and FTIR spectroscopies. The 'H NMR spectra of these polymers
show signals corresponding to the poly(2-oxazolines) backbone at 3.5
ppm (peak a, Figure S1). The signals labelled as b, ¢ and d are attributed
to poly(2-oxazoline) side chains (Boerman et al., 2016; Funtan et al.,
2016; Lietal., 2015; Mees et al., 2016; Sedlacek et al., 2019b). Complete
conversion from PEI to PMOZ, PnPOZ and PiPOZ was shown not only
through the loss of PEI's 'H NMR signals (Figure S1) but also by loss of
the PEl's N-H vibration at 3263 cm ! in FTIR spectra, with a strong
feature appearing at 1626 em™! corresponding to the amide carbonyl
vibration (Figure $3). In detail, the FTIR spectrum for PEOZ shows the
following bands: 2977 em ! (CHp stretch), 1626 em ! (C=0 stretch),
1470 em™! (C-H bending), 1420 em™! (CH bending), and 1240 cm™!
(G-N stretch). The spectrum for PEI shows the bands at 3263 em™ (N-H
stretch), 1474 em ! (N-H bending), 1132 em ! (C-N stretch) and 750
em™' (N-H bending) typical for this polymer. The spectra from the
different poly(2-oxazoline) derivatives (PMOZ, PEOZ, PnPOZ and
PiPOZ) essentially show the same molecular modes, most noticeably the
strong C=0 stretching mode around 1630 em L

The parent polymer, the intermediate PEI and resulting poly(2-
oxazoline) derivatives were also analyzed by differential scanning
calorimetry (DSC) and powder X-ray diffraction (PXRD). Fig. 2 shows
DSC thermograms for all poly(2-oxazolines), alongside poly(N-vinyl
pyrrolidone) (PVP) which was used as a positive control in subsequent
solid dispersion studies. PVP, PMOZ, PiPOZ, PEOZ and PnPOZ show
glass transition temperatures (Tg) at 163.1, 82.7, 69.3, 58.9 and 39.4 °C,
respectively, in good agreement with the literature (Gatica et al., 2013;
Glassner et al., 2018; Oleszko et al., 2015; Sessa et al., 2011). The
decrease in Ty with increasing number of carbon atoms in the side chain
in poly(2-oxazoline) series can be explained by the increased flexibility
of the longer side-chains. It is clearly seen that Ty values recorded for
poly(2-oxazolines) are substantially lower (82.7, 69.3, 58.9 and 39.4 °C)
than the Tg of PVP (163.1 °C). Typically, carriers with higher Ty's are
regarded as more desirable for preparing solid dispersions because of
their greater rigidity and enhanced ability to inhibit drug crystallization
(Huang and Dai, 2014).

The DSC analysis of linear PEI showed it melting at 66.2 °C, also in
good agreement with the literature (Sacgusa. et al., 1972); no glass
transition could be detected for linear PEI, which is consistent with the
observations reported by Lambermont-Thijs et al (2010).

Due to the absence of side groups and the presence of both hydrogen
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Fig. 1. Synthesis of high molar weight PMOZ, PnPOZ and PiPOZ by hydrolysis of PEOZ and subsequent acylation of linear PEL
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Fig. 2. DSC thermograms (second scan) of PVP, PEOZ and synthesized PEI,
PMOZ, PnPOZ and PiPOZ showing decreasing glass transition temperatures
with increasing numbers of carbon atoms in the side chain.

bond donating and accepting -NH- groups, linear PEI has a strong
tendency to crystallize (Lambermont-Thijs. et al., 2010), which was
confirmed here by PXRD (Fig. 3): three main crystalline peaks were
observed at 20 = 18.7°, 20.7° and 27.9°.

It is interesting that, by x-diffractometry, PiPOZ appears to be semi-
crystalline. By DSC, a melting peak occurred at 203.5 °C during the first
heating cycle, which was lost during a subsequent second scan, possibly
as aresult of thermal disruption of crystallinity at higher temperature, as
seen in Fig. 82 (Demirel et al., 2007). According to the PiPOZ unit cell
model proposed (Demirel et al., 2007; Oleszko et al., 2015), the iso-
propyl groups alternately align along the [100] direction (the sharp
peak at 20 = 8.14°) to either side of the backbone, with the amide di-
poles alternately oriented along the [010] direction (the other broad
peak at 20 = 18.5°) (Fig. 3). The significantly different Ty values for the
isomers PiPOZ (69.3 °C) and PnPOZ (39.4°C) as well as PiPOZ’s semi-
crystalline nature can be attributed to the different d-spacing (distance
between the main chains) together with the more compact isopropyl
groups that are less flexible than the n-propyl groups, thereby facili-
tating their packing into crystallites (Demirel et al., 2016).

PXRD results also confirmed that PVP, PMOZ, PEOZ and PnPOZ are

81

predominantly amorphous.

3.2. Preparation and characterization of solid dispersions

In order to evaluate the effects of different polymers on the crystal-
linity of haloperidol (HP), solid dispersions (SDs) were prepared by
solvent evaporation and were characterized by DSC, PXRD and FTIR,
with DSC and PXRD used to calculate the crystallinity of HP in the
dispersions. Differences in solvent polarities, boiling points and the
evaporation rate all affect the interaction of the drug with polymer.
Thus, several solvents and solvent mixtures were initially screened
including DMA, ethanol, acetone, chloroform, chloroform-ethanol
mixtures and acetone-ethanol mixtures. Only DMA acted as a common
solvent to dissolve all polymers and HP.

The X-ray diffractogram of HP (Fig. 4) shows multiple distinctive
peaks, notably at 6.6°, 11.9°, 13.1°, 15.1°, 16.4°, 20.0°, 22.8°, 24.9°,
26.3° and 31.9°, demonstrating the crystalline structure of pure HP.

A gradual decrease in the drug crystallinity was observed in solid
dispersions as the quantity of each polymer increased. For example,
solid dispersions with PVP showed the presence of crystalline HP at the
following molar ratios [PVP]/[HP] = 0.3:1, 1:1 and 2:1. A fully amor-
phous solid dispersion was observed only at [PVP]/[HP] = 5:1 (Fig. 4a).
Solid dispersions with PEOZ and PnPOZ showed the presence of crys-
talline HP at [PEQOZ]/[HP] and [PnPOZ]/[HP] molar ratios of 0.3:1, 1:1,
2:1, 5:1 and 10:1 but were amorphous at 15:1 (Fig. 4b and Figure S4b).

It is interesting to note that when PiPOZ was used to prepare solid
dispersions, haloperidol was amorphous only when the [PiPOZ]/[HP]
molar ratio reached 20:1 (Figure S4c). PXRD analysis of these disper-
sions revealed that the peak at 20 = 8.14° representing the crystalline
domains of PiPOZ strengthened with increasing concentrations of
polymer [PiPOZ]/[HP] from 0.3:1 to 15:1. However, when the drug was
amorphous at [PiPOZ]/[HP] = 20:1, the intensity of the polymer-
derived crystalline peak decreased (Figure S4c). This indicates that the
crystalline domains of PiPOZ are also affected by the interaction with
HP. Interestingly, a new peak that appeared at 20 = 7.8° in PnPOZ-HP
dispersions (Figure S4b) suggesting that the interactions with the drug
had also increased the crystallinity of the polymer. X-ray analysis of the
dispersions formed using PMOZ shown that HP remains crystalline even
at the lowest drug loading of [PMOZ]/[HP] = 25:1 (Fig. S4a).

FTIR spectroscopy was used to investigate molecular interactions
between the drug and the polymers in these solid dispersions. Hydrogen
bonding was expected between the hydroxyl group of HP with carbonyl
groups of PVP (Chadha et al., 2006) or with nitrogen atoms of POZ
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Fig. 3. X-ray diffraction diffractograms of PVP, PEOZ and synthesized PEI, PMOZ, PnPOZ and PiPOZ.
(Moustafine et al., 2019). Such interactions can be confirmed by
broadening and shifting in the absorption bands of the interacting
groups (He et al., 2004). Fig. 5 presents example spectra of haloperidol,
PVP and PVP-HP solid dispersions (2:1 and 5:1) between 1550 and 1750
(a) cm™! which demonstrates these interactions and Figure S5 shows all
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Fig. 4. X-ray diffraction diagrams of PVP-HP SDs (a) and PEOZ-HP SDs (b).

82

other spectra in a broader spectral region.

The spectrum of HP showed characteristic peaks at 3100 cm™
assigned to the hydroxyl group, 1680 cm ™! assigned to carbonyl group
and 1595 cm ! due to the benzene ring. Characteristic carbonyl peaks
are observed in POZ and PVP spectra at 1626 em ! and 1655 cm ™},
respectively. The HP hydroxyl group peak at 3100 cm™! was lost
concomitantly with a broad peak at 3408 cm™! forming as the molar
ratio [PVP]/[HP] increased to 2:1. This new broad peak shifted to 3440
em™! as the molar ratio increased to 5:1, suggesting a change in the
environment of the hydroxyl groups, potentially due to hydrogen
bonding between the drug and PVP. This is in good agreement with the
study reported by Saluja et al. (2016). Similar loss of the 3100 cm ™! peak

1

—HP
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——PVP-HP 5:1
—PVP

T T T
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Fig. 5. FTIR spectra of HP, PVP and PVP-HP solid dispersions in the range of
1750-1550 cm .
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and a shift to higher wavenumber were also observed in POZ-HP spectra,
but proof of hydrogen bonding between the drug and poly(2-oxazolines)
is confounded since the peak around 3400 em ! can also be attributed to
water, considering the hydrophilic nature of these polymers. Moreover,
there was neither peak shifting nor broadening observed for the amide
groups in the spectra of solid dispersions, suggesting that very weak or
no hydrogen bonding exist between the drug and the poly(2-oxazolines).
This is exemplified by comparing FTIR spectra from PEOZ-HP physical
mixtures and solid dispersions (15:1) (Figure S6). The spectrum of the
physical mixture clearly shows characteristic peaks of both PEOZ and
the drug, notably the 1680 cm™" feature assigned to the drug carbonyl
group and the broad 1626 em ! peak assigned to the same mode in
PEOZ. Though the peaks overlap, these features are also apparent at the
same wavenumber values in the solid dispersion, and the amide feature
at 1595 cm ! was also invariant again providing no evidence for sig-
nificant hydrogen bonding between the drug and carrier.

DSC experiments were also conducted to further investigate the
thermal behavior of the solid dispersions. The DSC thermogram of pure
HP showed a single characteristic melting peak at 150 °C, confirming its
crystalline nature (Fig. 6), and in agreement with previous reports
(Solanki et al., 2018; Yasir et al., 2016). The DSC curves of solid dis-
persions showed broader and reduced melting peaks corresponding to
the crystalline drug as the amounts of polymer in the dispersions
increased (Fig. 6 and Figure S7). The HP melting peak was absent in
solid dispersions with [PVP]/[HP] = 5:1 (Fig. 6a), [PEOZ]/[HP] = 15:1
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Fig. 6. DSC thermograms of PVP-HP (a) and PEOZ-HP (b) solid dispersions.
Dashed curve shows the trend in the endothermic events.
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(Fig. 6b), [PnPOZ]/[HP] = 15:1 (Figures $7c and 7d) and [PiPOZ]/[HP]
= 20:1 (Figure S7b), indicating that the drug was amorphous. However,
HP was still crystalline in the dispersions with PMOZ even at [PMOZ]/
[HP] = 25:1, in agreement with the earlier X-ray data (Figure S7a).

As can be seen from Figure S7b, Figure S8 and Table 52, as the
amount of PiPOZ increased, a second endothermic peak appeared at
[PiPOZ]/[HP] = 5:1, 10:1, 15:1 and 20:1, which could be attributed to
the crystalline nature of PiPOZ. PiPOZ apparently became increasingly
crystalline up to [PiPOZ]/[HP] = 15:1, but the polymer crystallinity fell
at a ratio of 20:1 where HP crystallinity was lost (Figure $8). Confirming
the earlier X-ray studies, the thermal data also suggests that the crys-
tallinity of PiPOZ was affected by interaction with HP. The parameters of
peak 2 including the Ty, AH; and degree of crystallinity calculated using
equation (51) and equation (52) are summarized in Table §2.

It is worth noting that there were also two melting peaks apparent in
the DSC curves of PnPOZ-HP (1:1, 2:1, 5:1 and 10:1). The Ty, of the two
peaks obtained from the second cycle after quenching using different
method are summarized in Table S1. The Tp, of peak 2 was around
112°Cat 1:1, 2:1 and 5:1, whereas the T, of peak 1 corresponding to HP
decreased from 150.9 °C at 1:1 to 134.6 °C at 5:1 as the crystalline HP
was disordered as it distributed and interacted with the polymer. At a
polymer:drug ratio of 10:1, only a single melting event was seen as the
two peaks combined. When the first heating cycle temperature was
raised from 100 to 120 °C, and then cooled, this melting event was lost
from the thermogram. It is extremely unlikely that the peak results from
a polymorph of HP since none have been reported to date. For example,
a search of the Cambridge Structural Database V5.40 (Groom et al.,
2016) revealed only a single, monoclinic crystalline form of HP and an
extensive search of the literature found no evidence to support the ex-
istence of another known polymorphic form. Indeed, a recent review by
Santos (Santos et al., 2014) identified HP as having only a single known
crystalline form. As such, it is unlikely that the broad peak at 20 = 7.8 is
attributable to a previously unreported crystalline form of HP. Rather,
given its broad nature, it seems more likely that this diffraction feature is
attributable to crystallization of the polymer. The crystalline character
of PnPOZ formed in PnPOZ-HP SDs might result from the interaction
with the drug such that the arrangement or density of the polymer has
been changed, for example, increasing the average distance between the
amide dipoles of different polymer chains could decrease the average
strength of dipolar interactions. Weaker dipolar interactions would
allow faster relaxation of the PnPOZ chain backbones towards equilib-
rium crystalline structures. Additionally, the three carbon atoms in the
propyl side chain has been reported as the critical number between
amorphous and crystalline poly(2-oxazolines) (Demirel et al., 2016).
The balance between amorphous PnPOZ and crystalline PnPOZ might be
broken because of the involvment of HP. The loss of the second melting
peak might be explained by thermal damage to the polyamide at higher
temperatures which would also explain the loss of melting peak of PiPOZ
in the second cycle after quenching. Although the specific crystallinity of
PnPOZ in solid dispersions cannot be calculated because pure PnPOZ is
amorphous, it can be seen from the enlargement of Figure S7c that
PnPOZ crystallinity increases with increasing PnPOZ-HP molar ratio
from 1:1 to 5:1. Nevertheless, it became amorphous again at 15:1 where
the drug also became amorphous, probably because the drug content
was below a level where it impacted on the gross structure of PnPOZ.

All Tg of PMOZ-HP SD, PiPOZ-HP SD and PEOZ-HP SD and PnPOZ-
HP SD at 15:1 were below the T, of the pure polymer (Fig. 7). The
decreased T, was likely resulting from plasticization caused by the
interaction of the polymer with drug molecules.

PVP is often used as a standard for preparing solid dispersions due to
its high hydrophilicity and ability to form stable dispersions (Chadha
et al., 2006; Sharma and Jain, 2010). However, there are some reports
introducing poly(2-oxazolines) such as PEOZ as dispersion carriers (Boel
et al., 2019; Fael et al., 2018). Therefore, PEOZ, PMOZ, PnPOZ and
PiPOZ were studied and compared with each other and with PVP, The
drug crystallinity in polymer-haloperidol solid dispersions was
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Fig. 7. DSC thermograms of solid dispersions formed by PMOZ, PiPOZ, PEOZ
and PnPOZ at [polymer]/[drug] = 15:1 M ratio.
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Fig. 8. Crystallinity of polymer-HP solid dispersions as a function of polymer
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calculated by the specific enthalpy of the melting peak. As can be seen
from Fig. 8, HP crystallinity was reduced in all dispersions with PVP and
was essentially amorphous at a molar ratio of 5:1. By contrast, the HP in
solid dispersions with poly(2-oxazolines) had a lower propensity to be
disordered and was amorphous at the higher polymer-drug ratio of 15:1.

The differing effects are believed to result from the stronger
hydrogen-accepting ability of PVP compared to POZ. Oxygen atoms in
the tertiary amide group of PVP and nitrogen atoms in the tertiary amide
group of POZ can act as hydrogen acceptors to interact with the hydroxyl
group of haloperidol via hydrogen bonding. However, the convex and
conspicuous cyclic amide group of PVP provides a steric environment
that allows its carbonyl group to be more available for hydrogen
bonding than the nitrogen atom on the backbone of POZ.

The ability of poly(2-oxazolines) and PVP to reduce the crystallinity
of haloperidol has shown an interesting trend that is partially influenced
by the hydrophobic-hydrophilic balance (HHB) of each polymer. The
most hydrophilic PMOZ (HHB = 3.95) has poor ability to reduce crys-
tallinity of haloperidol. The two more hydrophobic members of poly(2-
oxazoline) family, PEOZ (HHB = 5.02) and PnPOZ (HHB = 6.10), have
similar and better ability to reduce drug crystallinity. This is logical as
non-polar haloperidol molecules will be more likely molecularly
dispersed in the hydrophobic domains of PEOZ and PnPOZ. It is
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interesting to note that PVP has a hydrophobic-hydrophilic balance in-
termediate between PEOZ and PnPOZ (HHB 5.42), but its ability to
reduce drug crystallinity is superior compared to these two polymers.
This is possibly related to its better capability to form hydrogen bonds
with haloperidol as discussed above.

The ability of PiPOZ, whose HHB is similar to PnPOZ due to their
structural isomerism (HHB = 6.10), to reduce drug crystallinity is as
poor as the most hydrophilic polymer used (PMOZ). The possible reason
for this is its semi-crystalline nature, where haloperidol molecules will
be less capable of penetrating into densely packed crystalline domains of
PiPOZ to form molecular dispersion. Fig. 9 schematically shows the
difference in the structure of solid dispersions formed by fully amor-
phous and semi-crystalline polymers.

3.3. Theoretical evaluation of drug-polymer miscibility

The miscibility between haloperidol and the polymers was estimated
using the Fedor and Van Krevelen methods. The calculated solubility
parameters for haloperidol, PVP, PMOZ, PEOZ, PnPOZ and PiPOZ are in
Table 1.

Compounds with similar values of & are more likely to be miscible,
because the cohesive energy within each component is balanced by the
energy released by interactions between the components. It has been
demonstrated that two compounds with a A8 less than 7.0 MPa” are
likely to be miscible in the molten state whereas compounds with A8 >
10.0 MPa” are likely to be immiscible (Greenhalgh et al., 1999). It can
be seen from Table 1 that all the polymers are expected to be miscible
with haloperidol with A values ranging from 0.4 to 2.5. Interestingly,
solubility parameters for PEOZ and PnPOZ most closely match that of
haloperidol, and these polymers showed greatest crystallinity inhibition
compared to the other poly(2-oxazolines). However, the discrepancy in
A8 with PVP is 2, yet this polymer showed the greatest crystallinity
inhibition efficiency; again, this probably results from hydrogen bond
formation between PVP macromolecules and the drug which was absent
when using the poly(2-oxazolines) carriers. Further, it should be noted
that the solubility parameter approach only considers contact energies
between the components and does not allow for the effects of entropy or
the free volume of the amorphous state (Jankovic et al., 2019).

3.4. Phase diagrams

According to the Flory-Huggins polymer solution theory (Flory,
1953), a drug-polymer temperature-composition phase diagram can be
constructed if the change in drug-polymer interaction parameter y with
temperature is known. The relationship between the melting tempera-
ture of the pure drug (T%) and the depressed melting point of the drug in
the drug-polymer system (Ty,) can be described by the following equa-
tion (Huang and Dai, 2014; Lin and Huang, 2010; Moseson and Taylor,
2018):

1o i(lw + (1—%)(1—@”(1—@2)

m B AH (5)

1
T
where R is the gas constant (8.31 J/mol-K), AH is the heat of fusion of the
pure drug, ¢ is the volume fraction of the drug in the solid dispersion (i.
e., drug loading), m is the volume ratio between polymer and drug, and y
is the drug-polymer interaction parameter representing the difference
between the drug-polymer contact interaction and the average self-
contact interactions of drug-drug and polymer-polymer (Huang and
Dai, 2014). A negative y indicates that the interaction between a poly-
mer and a drug is stronger than the attraction within polymer-polymer
and drug-drug pairs. More negative values of y indicate better affinity
between the polymer and the drug and, for example, could be caused by
hydrogen bonding between the drug and the polymer. Positive y values
indicate that drug molecules and polymer segments have stronger af-
finity to interact with those of their own kind rather than interacting
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Fig. 9. Structures of solid dispersions formed by fully amorphous (a) and semi-crystalline (b) polymers. Red tetragonal symbols represent drug molecules and curved

lines represent polymer chains.

Table 1
Solubility parameters of drug and polymers.

Drug and Solubility parameters (5) (MP.:\I’Z)
1
pofymers Fedor Van Krevelen Average Ad Group
method Method classification
Haloperidol 24.3 24.0 24.2
PVP 26.0 26.3 26.2 2.0 Miscible
PMOZ 26.3 27.0 26.7 25 Miscible
PEOZ 24.7 24.5 24.6 0.4  Miscible
PnPOZ 23.7 229 23.3 0.9 Miscible
PiPOZ 23.3 22.5 22.9 1. Miscible
3

with each other (Lin and Huang, 2010).
Eq. (5) can be rearranged (Moseson and Taylor, 2018):

-%) (ﬁ—%) [+ (1-p)a-0] -0 - 07
A=yxB

where A and B values can be derived from melting point depression data.
Thus, by measuring melting points of drugs in solid dispersion at
different drug/polymer ratios, a series of A and B values can be gener-
ated at different T,,. By plotting A versus B, a y value can be obtained
(Figure S9, Supplementary information) and used to predict Ty, at any
drug/polymer ratio according to Eq. (5).

The Gordon-Taylor relationship has been used to predict the glass
transition in a polymer-drug mixture Tgyix (Hancock and Zografi, 1994;
Verma and Rudraraju, 2014):

(6)

WiTy + KWoT,
W, + KW,

Tglpl

Ty2ps

Tgmix K = (7]

where Tg is glass transition temperature, Wi and W are the weight
fractions of components 1 and 2, and K is calculated from the densities
(p) and T of the respective components.

The data generated through the use of the Flory-Huggins theory and
Gordon-Taylor relationship can be used to build the complete phase
diagrams (Fig. 10).

Good agreement of the experimental data and modeled liquid-solid
phase transition curve is observed. The negative values of y = — 2.40
for PVP-HP, y = —1.21 for PEOZ-HP and y = — 0.76 for PnPOZ-HP
indicate that these polymer-HP systems are miscible. It is worth noting
that the interaction parameter of PVP-HP system showed the most
negative value, again related to hydrogen bonding between the drug and
polymer chains. However, the A versus B plots for PMOZ-HP and PiPOZ-
HP solid dispersions did not give a linear trend (Figure S9, Supple-
mentary information) so a single interaction parameter could not be
determined and the phase diagram for these systems could not be built.
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The interaction parameters at polymer-HP = 10:1 and 15:1 mol/mol
were positive values, meaning that PMOZ-HP and PiPOZ-HP were not
fully miscible. Therefore, based on the values of y, the solid dispersions
can be arranged in the following order from greater drug-polymer
interaction to minimal interaction: PVP-HP > PEOZ-HP~PnPOZ-HP >
PiPOZ-HP~PMOZ-HP. It can be clearly seen that this order is consistent
with the crystallinity inhibition efficiency of these polymers discussed in
Section 3.2.

The predicted melting temperature Ty, forms the liquid-solid phase
transition curve in the phase diagram. The experimental results are in
good agreement with the predicted Ty, values, but the experimental T,
deviates significantly from the predicted values. This deviation could be
related to the presence of specific interactions between the drug mole-
cules and macromolecules. Positive deviations from predicted relation-
ships is typical for strongly interactive systems (Kawakami et al., 2012),
whereas negative deviation is observed when the drug-polymer inter-
action is weaker than drug-drug interaction. Additionally, the presence
of water traces in the solid dispersion could contribute to a negative
deviation due to plasticization effects (Miillertz et al, 2016).

The liquid-solid phase transition curves were extrapolated to Drug
Weight Fraction = 0 (dashed red curves in Fig. 10). When this curve
intersects the Ty curve this allows estimation of the solubility of HP in
PVP, PEOZ and PnPOZ at temperatures where the saturated solutions
exist at Tg. It can be seen from Fig. 10a that the solubility of HP in PVP is
approximately 40% w/w at 122 °C and this saturated solution exists at
Tg. However, the saturated PEOZ-HP and PnPOZ-HP solutions do not
exist at Tg. At room temperature of 25 "C, which is characterized by T <
Tmand T < Tg, these drug/polymer solutions are able to crystallize.

3.5. In vitro dissolution studies

The dissolution profiles of HP and polymer-HP (all 5:1 mol/mol)
solid disperisons are presented in Fig. 11. The dissolution of pure HP
within 120 min was below 70%, with 57% released in the first 20 min.
As expected from the crystallinity data (Fig. 8), the fastest dissolution
was observed from solid dispersions with PVP where haloperidol is
essentially amorphous: over 90% of the drug was released in the first 20
mins. Drug release from solid dispersions with poly(2-oxazolines) was
slower compared to PVP, but (other than PnPOZ) faster than HP alone.
The release data reflected the fraction of the drug that was amorphous in
the dispersions. Thus, solid dispersions with PEOZ which contains
~56%:44% amorphous:crystalline haloperidol gave around 80% of the
drug released in 20 mins. Dispersions formed with PMOZ and PiPOZ
contain approximately 30% of the drug in an amorphous form and gave
statistically similar release profiles with around 70% drug released in 20
mins. Again, surprising results were observed for solid dispersions with
PnPOZ. Fig. & shows this system contains approximately 50% of the drug
in an amorphous form and so it was expected to exhibit release perfor-
mance similar to PEOZ; however, its solid dispersions showed even
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Fig. 11. Dissolution profiles of pure haloperidol and from different polymer-
haloperidol solid dispersions. Cumulative % drug release with standard error
of mean has been plotted against time.
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slower dissolution compared to pure crystalline haloperidol, with less
than 40% released in 20 mins. This unexpected result could be explained
by the Lower Critical Solution Temperature (LCST) in this polymer at
~25 °C (Bouten et al., 2015; Park and Kataoka, 2007) which is much
lower than the temperature used in the dissolution studies (37 °C).
Under these conditions PnPOZ remains insoluble in the dissolution
medium, which limits drug release from these solid dispersions. Clearly
by using polymers that inhibit haloperidol crystallisation, then the
generation of supersaturated systems at the dissolution surface or within
the bulk fluid is a possibility (Han and Lee, 2017).

Potentially, more detailed dissolution study of these formulations
will be of interest in the future, for example, to evaluate the extent of
haloperidol supersaturation on the evolution of kinetic solubility pro-
files (Han and Lee, 2017).

4. Conclusion

A series of poly(2-oxazolines) were synthesized in this work by hy-
drolysis of poly(2-ethyl-2-oxazoline) into poly(ethylene imine) and its
subsequent reaction with acetic, butyric and isobutyric anhydrides.
These polymers were fully characterized using 'H NMR and FTIR
spectroscopies, differential scanning calorimetry and powder X-ray
diffraction.
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Solid dispersions of haloperidol were prepared using these poly(2-
oxazolines) and poly(N-vinyl pyrrolidone). Polymer structure and
properties were found to influence the crystallinity of the drug and its
release from solid dispersions. Poly(N-vinyl pyrrolidone) was superior in
its ability to reduce crystallinity of haloperidol and gave rapid drug
release from solid dispersions. This is related to its ability to form
hydrogen bonds with the drug molecules and also with its relatively high
hydrophobicity. An increase in the hydrophobicity in a series of poly(2-
oxazolines) also favored drug crystallinity reduction. However, poly(2-
isopropyl-2-oxazoline) has shown very poor ability to reduce crystal-
linity of haloperidol, which is related to a semi-crystalline nature of this
polymer. The theoretical analysis of these solid dispersions using solu-
bility parameters, Flory-Huggins polymer solution theory and the
Gordon-Taylor relationship provided results which are in good agree-
ment with the experimental data.

The dissolution studies indicated good agreement with the levels of
drug crystallinity in solid dispersions. However, solid dispersions with
poly(n-propyl-2-oxazoline) were found to release drug very slowly due
to its lower critical solution temperature and hence insolubility of this
polymer in the dissolution medium. By synthesizing polymers with
equivalent degrees of polymerization, the effects of polymer
hydrophobic-hydrophilic properties, their semi-crystalline nature,
hydrogen bonding strengths, and lower critical solution temperature
(influencing polymer solubility) on the structure of solid dispersions and
drug release have been demonstrated. Our studies show that, when
selecting a carrier for solid dispersions, it is important to consider not
only the hydrogen bonding capabilities of the polymer but also its
broader properties including their semi-crystallinity, steric properties
and lower critical solution temperatures.
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PnPOZ-HP SDs (c) analyzed using Method 1 and PnPOZ-HP SDs (d)
analyzed using Method 2. Traces are offset for clarity.

Note 1: Inserts are enlargements at some molar ratios for clarity.

Note 2: All polymer-HP SDs were analysed by heating the sample to
100 °C in the first cycle (Method 1). Samples were also analysed by
heating to 120 °C in the first cycle (Method 2). Thermograms for
PnPOZ dispersions are obtained by heating to 120 C in the first cycle
(Method 2) whilst all other data is obtained by heating to 100 C in the

first cycle (Method 1).

Table.S1: Melting temperatures of haloperidol in solid dispersions with

PnPOZ analysed by two methods.

Method 1 Method 2
Tm of Peak 2 (°C) Tm of Peak 1 (°C) Tm of Peak (°C)
PnPOZ-HP 1:1 112.5 150.9 150.6
PnPOZ-HP 2:1 112.7 146.2 148.4
PnPOZ-HP 5:1 112.1 134.6 133.5

PnPOZ-HP 10:1 116.2 125.7
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Fig. S8. Crystallinity of PiPOZ in SDs calculated by DSC and PXRD
and (insert) enlarged DSC traces of PIPOZ-HP SDs

Table. S2: Crystallinity (%) of PiPOZ calculated from DSC and PXRD

data.
Crystallinity (%)
Formula Tm of Peak 2 (°C) AHs (J/9)
DSC PXRD
PiPOZ-HP 0.3:1 ‘NA ‘NA ‘NA 5.6
PiPOZ-HP 1:1 ‘NA ‘NA ‘NA 25.9
PiPOZ-HP 2:1 ‘NA ‘NA NA 33.5
PiPOZ-HP 5:1 172.5 2.21 14.7 44.2
PiPOZ-HP 10:1 186.4 9.47 50.2 63.5
PiPOZ-HP 15:1 192.2 16.11 78.3 90.4
PiPOZ-HP 20:1 193.9 15.27 70.9 47.2
PiPOZ 203.5 AH, = 25.13 (J/9) 100 100

*NA: not available.
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the degree of crystallinity of PiPOZ calculated by PXRD was
normalised according to the following equation:
Crystallinity (%) = (<) * 100 (S1)

where, I is the intensity of the sample at peak 8.152° 20, I, is the

intensity of the pure PiPOZ at characteristic peak 8.152" 20.

the degree of crystallinity of PIPOZ calculated by DSC was normalised
according to the following equation:

.. Ws
Crystallinity (%) = (AHs * 3%) /AH, * 100 (S2)
where, AHj; 1s the enthalpy for the melting P1IPOZ at around 200 °C, AH,,
is the melting enthalpy of pure PIPOZ, W; is the weight of SDs, W, is

the weight of PiPOZ in SDs.
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standard deviation (n=3).
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Chapter 3

Mutual Effects of Hydrogen Bonding and Polymer Hydrophobicity on
Ibuprofen Crystal Inhibition in Solid Dispersions with Poly(N-vinyl

pyrrolidone) and Poly(2-oxazolines)

This chapter was published as Shan, X.; Moghul, M. A.; Williams, A. C;
Khutoryanskiy, V. V., Mutual Effects of Hydrogen Bonding and Polymer
Hydrophobicity on Ibuprofen Crystal Inhibition in Solid Dispersions with Poly(N-
vinyl pyrrolidone) and Poly(2-oxazolines). Pharmaceutics 2021, 13, (5).

106



-

* pharmaceutics

Article

Mutual Effects of Hydrogen Bonding and Polymer
Hydrophobicity on Ibuprofen Crystal Inhibition in Solid
Dispersions with Poly(N-vinyl pyrrolidone) and
Poly(2-oxazolines)

Xiaoning Shan, Maryam A. Moghul, Adrian C. Williams and Vitaliy V. Khutoryanskiy *

Citation: Shan, X.; Moghul, M.A.;
Williams, A.C.; Khutoryanskiy, V.V.
Mutual Effects of Hydrogen Bond-
ing and Polymer Hydrophobicity on
Ibuprofen Crystal Inhibition in Solid
Dispersions with Poly(N-vinyl pyr-
rolidone) and Poly(2-oxazolines).
Pharmaceutics 2021, 13, 659.
https://doi.org/10.3390/pharmaceu-
tics13050659

Academic Editor: Wouter L. J. Hin-

richs

Received: 14 March 2021
Accepted: 28 April 2021
Published: 4 May 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and insti-

tutional affiliations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution  (CC  BY)
(http://creativecommons.org/licenses

Joy/4.0)).

license

Reading School of Pharmacy, University of Reading, Whiteknights, PO Box 224, Reading RG6 6AD, UK;
Xiaoning.Shan@pgr.reading.ac.uk (X.S.); mmoghul.01l@gmail.com (M.A.M.);

a.c.williams@reading.ac.uk (A.C.W.)

* Correspondence: v.khutoryanskiy@reading.ac.uk; Tel: +44-118-3786119

Abstract: Poly(N-vinyl pyrrolidone) (PVP), poly(2-methyl-2-oxazoline) (PMOZ), poly(2-ethyl-2-ox-
azoline) (PEOZ), poly(2-n-propyl-2-oxazoline) (PnPOZ), and poly(2-isopropyl-2-oxazoline) (PiPOZ)
were used to prepare solid dispersions with ibuprofen (IB), a model poorly-water soluble drug.
Dispersions, prepared by solvent evaporation, were investigated using powder X-ray diffractome-
try, differential scanning calorimetry, and FTIR spectroscopy; hydrogen bonds formed between IB
and all polymers in solid dispersions. PMOZ, the most hydrophilic polymer, showed the poorest
ability to reduce or inhibit the crystallinity of IB. In contrast, the more hydrophobic polymers PVP,
PEOZ, PnPOZ, and PiPOZ provided greater but similar abilities to reduce IB crystallinity, despite
the differing polymer hydrophobicity and that PiPOZ is semi-crystalline. These results indicate that
crystallinity disruption is predominantly due to hydrogen bonding between the drug molecules
and the polymer. However, carrier properties affected drug dissolution, where PnPOZ exhibited
lower critical solution temperature that inhibited the release of IB, whereas drug release from other
systems was consistent with the degree of ibuprofen crystallinity within the dispersions.

Keywords: solid dispersions; hydrogen bonding; hydrophobicity; poly(N-vinyl pyrrolidone);
poly(2-oxazolines); crystallinity; hydrophobic drug; amorphous; ibuprofen

1. Introduction

Whilst oral delivery remains the most common route for drug administration, most
new active pharmaceutical ingredients are poorly water soluble and thus not well-ab-
sorbed after oral administration. Solid dispersion, defined as the dispersion of one or
more active ingredient in a carrier or matrix at solid state, is an established platform tech-
nology to enhance the dissolution rate and improve the apparent solubility of a drug and,
hence, increase the bioavailability of a range of poorly water soluble drugs [1-3]. Several
classes of hydrophilic polymers have been used as carriers to prepare solid dispersions,
including PVP [4-6] and its derivatives [7-9], polyethylene glycols [10,11], cellulose ethers
[12,13] and poloxamers [14,15].

In solid dispersions, polymer—drug interactions can provide stability to the system
by restricting the mobility of the drug molecules in the polymer matrix. Common inter-
actions between drugs and polymers include ionic, hydrophobic, dipole-dipole, Van der
Waals, and hydrogen bonding [16-18]. Hydrogen bonding is typically detected between
drugs and polymers in solid dispersions, as reported extensively, for example, between
IB and PVP [19,20], esomeprazole and hydroxypropyl methylcellulose (HPMC) [21],
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flurbiprofen and poly(ethylene oxide) [22], and for nifedipine and Eudragit®[23], indicat-
ing that this is a key mechanism in the successful formation of amorphous or semi-crys-
talline solid dispersions. In contrast, there are relatively few studies exploring the effects
of carrier hydrophobicity on crystallization inhibition [16,24,25]. However, research typi-
cally focuses on hydrogen bonding or hydrophobicity, with little consideration given to
the mutual effects of hydrogen bonding and polymer hydrophobicity on drug crystal in-
hibition.

Poly(2-oxazolines) have been reported as an alternative to PVP in solid dispersions
for solubility and dissolution rate enhancement of poorly-water soluble drugs. For exam-
ple, Fael et al. [26] found that a lower molecular weight of PEOZ (5000 g/mol) was superior
to a higher molecular weight of the polymer (50,000 g/mol) in improving the dissolution
behavior of glipizide. Boel et al. [27] showed that PEOZ maintained supersaturation of
itraconazole and fenofibrate to a similar extent as PVP, poly(vinylpyrrolidone-co-vinyl ac-
etate) (PVP-VA), and HPMC. Everaerts et al. [28] selected PEOZ, PnPOZ, poly(2-sec-bu-
tyl-2-oxazoline) (PsecBuOZ), and a combination of PEOZ with either PnPOZ or PsecBuOZ
as carriers for amorphous solid dispersions with six drugs, and highlighted the potential
of poly(2-oxazolines) as a novel polymer carrier to form amorphous solid dispersions.

In our previous work [29], PVP and a series of water-soluble poly(2-oxazolines) in-
cluding PMOZ, PEOZ, PnPOZ, and PiPOZ were used to prepare solid dispersions with
haloperidol. The effects of polymer hydrophobicity and their semi-crystalline nature on
drug crystallinity were demonstrated. However, hydrogen bonding between haloperidol
and poly(2-oxazolines) was almost absent due to the poor hydrogen bond donating ability
of the haloperidol hydroxyl group.

In order to explore the impacts of both polymer hydrophobicity and drug-polymer
hydrogen bonding, we selected IB, a hydrophobic crystalline drug and strong hydrogen
bond donor (because of its carboxylic group), to prepare solid dispersions with poly(2-
oxazolines) and PVP. Dispersions were prepared by solvent evaporation and character-
ized using FTIR spectroscopy, differential scanning calorimetry, and powder X-ray dif-
fractometry. Solubility parameters and Flory—-Huggins interaction parameters were calcu-
lated to predict drug—polymer miscibility, and drug dissolution studies were conducted
to further explore the relationship between IB crystallization inhibition and release from
the dispersions.

2. Materials and Methods
2.1. Materials

Poly(2-ethyl-2-oxazoline) (PEOZ), 50 kDa (polydispersity index, PDI 3-4); poly(N-vi-
nyl pyrrolidone) (PVP), 55 kDa (K-value 30); and buffer tablets, pH 6.8 were from Sigma-
Aldrich (Gillingham, UK). Poly(2-methyl-2-oxazoline) (PMOZ), poly(2-n-propyl-2-oxazo-
line) (PnPOZ), and poly(2-isopropyl-2-oxazoline) (PiPOZ) were synthesized according to
our previously reported procedure [29]. Ibuprofen (IB) was from Tokyo Chemistry Indus-
try (Japan). N, N-dimethylacetamide (DMA) was from Fisher Scientific (Loughborough,
UK).

2.2. Preparation of Polymer—IB Solid Dispersions

Solid dispersions of polymer-IB were prepared in different repeating unit/drug mo-
lar ratios by solvent evaporation. DMA (1 mL) was used to dissolve 25 mg of IB with
varying amounts of each polymer depending on the repeating unit/drug molar ratios. Af-
ter dissolution, the solution was transferred to a Petri dish and the solvent was removed
by evaporation at 50 °C on a heating base. The resultant solid was kept under vacuum for
72-96 h to remove residual DMA.

2.3. Characterization of Solid Dispersions
2.3.1. Powder X-Ray Diffractometry (PXRD)
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A small amount of each dry sample (~20 mg) was placed on a silica plate and ana-
lyzed in a Bruker D8 ADVANCE PXRD using Cu Ka radiation (A = 1.5406 A) over 5-64°
for 1 h, with a step of 0.05°(20) and count time of 1.2 s at 40 mV, 40 mA, with the sample
rotated at 30 rpm. The results were analyzed using EVA software and the background for
each sample was removed.

2.3.2. Ditferential Scanning Calorimetry (DSC)

Thermal analysis of pure drug, polymers, and solid dispersions was performed using
DSC (TA Instruments). Samples (3-5 mg) were loaded into pierced Tzero aluminum pans.
The thermal behavior of each sample was investigated in a nitrogen atmosphere from 10
to a maximum of 220 °C at 10 °C/min. The degree of sample crystallinity was determined
by the specific enthalpy (AH) of the drug melting peak using TA universal analysis soft-
ware and was calculated as the ratio of AH of the drug in the solid dispersions to AH of
pure IB (taken as 100% crystalline). Since the drug content in the dispersion was only a
fraction of the sample weight, the degree of crystallinity was normalized according to the
following equation:

Crystallinity (%) = (AHS x %) JAH: x 100 )

where AHs is the AH of the drug in the solid dispersion, melting around 76 °C (melting
point of IB), AHi is the AH of pure IB, W is the weight of solid dispersions, and Wi is the
weight of IB in solid dispersions.

2.3.3. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra were recorded on a Nicolet iS5 spectrometer using a diamond ATR (at-
tenuated total reflection) accessory. After a background scan was collected, samples were
placed on the crystal and scanned from 4000-400 cm™' at a resolution of 4 cm™ and with
an average of 64 scans. OMINIC software was used for spectral analysis.

2.4. In Vitre Dissolution Studies

Dissolution of IB from solid dispersions ([polymer repeat unit]/[drug] = 1:1 mol/mol)
used USP Apparatus II (paddle method) at 37 + 0.5 °C with paddles at 50 rpm and simu-
lated intestinal fluid (SIF) (PBS, pH = 6.8). A pharmaceutical grade empty vegan clear cap-
sule size “0” filled with solid dispersion (equivalent to 100 mg drug) was placed in 900
mL SIF with a sinker, Samples (5 mL) were withdrawn at 2, 5, 10, 20, 40, 60, 80, 100, and
120 min, and filtered using a 0.45-pum syringe filter; an equal volume of SIF was added to
the dissolution medium to maintain the volume. The drug was assayed by UV-visible
spectroscopy at 265 nm. All dissolution studies were performed in triplicate.

2.5, Statistical Analysis

All solid dispersions for each polymer at all drug loadings were prepared three times
independently. All analyses, PXRD, DSC, FTIR, and dissolution studies were in triplicate.
Data are expressed as mean + standard deviation.

3. Results and Discussion
3.1. Preparation and Characterization of Solid Dispersions

To evaluate the effects of different polymers on the crystallinity of IB, solid disper-
sions were prepared by solvent evaporation and were characterized by DSC, PXRD, and
FTIR, with DSC used to calculate the crystallinity of IB in the dispersions. The X-ray dif-
fractogram of IB (Figure 1) shows multiple distinctive peaks, notably at 6.2°, 12.3°, 14.1°,
14.9°,16.8°,17.9°,19.6°, 20.3°, 22.5°, 25.3°, 28.4°, and 28.8°, in agreement with the literature
[30] and demonstrating the crystalline nature of pure IB.
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Clearly, the drug is diluted when included in the polymer dispersion, and so peak
intensities fall in all solid dispersions with PVP, PEOZ, PnPOZ, and PiPOZ at molar ratio
[polymer]/[IB] = 0.3:1. In these systems, the drug is in excess of the polymer hydrogen
bond acceptor repeat units and so is expected to remain largely crystalline. However,
when the molar ratio of polymer repeat unit to IB is 1:1, the X-ray data in Figure 1 indicate
that IB crystallinity is completely lost (although PMOZ systems showed some anomalous
results, discussed below). It is also interesting to note that PIPOZ alone is semi-crystalline
and presents a feature at 8.14° 26, but this is lost at both 0.3:1 (where IB is in excess) and
at a 1:1 mole ratio with the drug (highlighted in Figure 1d). This demonstrates that whilst
solid dispersion studies typically focus on disruption of drug crystallinity, clearly the in-
teractions between drug and carrier can also affect the nature and properties of the poly-
meric dispersant.

When dispersed in PMOZ, the X-ray data indicate different behavior for ibuprofen.
As above, at a 0.3:1 molar ratio, where the drug is in excess, there is a reduction in the
intensity of the peaks from ibuprofen due to the dilution effect. Some peaks observed in
samples at this ratio were slightly shifted from their positions seen with pure ibuprofen
at 19.6°, 20.3°, and 22.5° (denoted as 4, 5, and 6, respectively, in Figure 1le) while the char-
acteristic peak of IB at 16.8° 20 did not significantly move, indicating that IB was predom-
inantly in its original form. However, in contrast with the other polymers, it is clear that
ibuprofen has some structure in PMOZ at 1:1, 1:2, and 1:5 drug:polymer compositions,
with a series of broader diffraction features seen between 16 and 20°; again, these features
show reduced intensities as the drug is further diluted in the polymer. For these systems,
the original strong diffraction peak from the initial crystalline ibuprofen at 16.8° 26 is lost,
and broader features at 16.1°, 17.2°, and 19.5° 20 are seen (peaks 2, 3, and 4, respectively,
in Figure 1e). Further, a new feature at 10.5° is seen in these systems, which is absent from
the pure ibuprofen diffractogram (peak 1). The changes to the diffraction peak positions
and breadth of the new features are consistent with a semi-crystalline structure, but one
that differs from the initial ibuprofen crystal lattice. Racemic ibuprofen is known to be
polymorphic, but the diffraction peaks seen for the drug when dispersed in PMOZ are not
consistent with the reported form II polymorph [31]. Thus, in our system, it is feasible that
a semi-crystalline PMOZ-IB complex is formed. Finally, at a 1:10 drug:polymer composi-
tion, all diffraction peaks were lost, suggesting the formation of an amorphous dispersion.
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Figure 1. X-ray diffraction diagrams of PVP-IB SDs (a), PEOZ-IB SDs (b), PnPOZ-IB SDs (c), PiPOZ-IB SDs (d), and PMOZ-
IB SDs (e).

FTIR spectra were recorded from the components and dispersions to probe molecular
interactions. Functional groups of particular interest are the carboxyl group of IB
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[-C=O(OH)], where the —~OH acts as a proton donor, and the carbonyl group (-C=0) and
the nitrogen atom of polymers, which act as proton acceptors. In addition, correlation be-
tween frequency shifts and intermolecular interaction between drugs and polymers in
solid dispersions is well known [32-34], and so was used to investigate hydrogen bonding
in our polymer-drug solid dispersion systems.

The FTIR spectra of IB, polymers, and polymer-IB solid dispersions are shown in
Figures S1 and S2. For clarity, the spectra are expanded between 1800-1550 cm™! in Figure
2. IB vibrational frequencies and their assignments are given in Table S1 and agree with
the literature [35]. Briefly, absorption bands between 3100-2800 cm™! are attributed to
C-H stretching modes, with peak intensities gradually reducing as the drug quantity falls
in the solid dispersions (Figure S2). Two medium intensity features, appearing at 2725
cm™ and 2633 cm™ in the spectrum of IB, can be assigned to the stretching vibration of the
cyclic dimerized hydroxyl groups, which is subjected to intermolecular hydrogen bond-
ing [19,36] (Figure S1). However, these bands are lost in the spectra of amorphous solid
dispersions, indicating that the drug dimeric structure is lost as a result of interaction with
the polymers.

The FTIR spectrum of IB shows a strong carbonyl stretching mode at 1710 cm™! (Fig-
ure 2), which shifted to higher wavenumbers when dispersed in the polymers, and espe-
cially at ratios where X-ray diffraction showed no drug crystallinity (i.e., 1:1 ratios). These
red shifts are summarized in Table 1. In contrast to the polyoxazoline carriers, the spectra
of 0.3:1 mol PVP:IB showed that the IB carbonyl stretching mode shifted from 1710 cm!
to 1727 cm!, despite the excess of IB to polymer monomer units, indicating the strong
hydrogen bonding between IB with PVP may have consequential disruption to the IB
crystal lattice. Furthermore, the carbonyl stretching mode for PVP at 1654 cm™ was re-
placed by two peaks at 1634 cm™ and 1673 cm™!, with this latter peak strengthening at
[PVP]/[IB] = 1:1 (Figure 2a).

@
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Figure 2. FTIR spectra of PVP-IB SDs (a), PEOZ-IB SDs (b), PnPOZ-IB SDs (c), PiPOZ-IB SDs (d), and PMOZ-IB SDs (e)

in the range of 1800-1550 cm™'.

The 1:1 ratio of IB in dispersions with PEOZ, PnPOZ, and PiPOZ showed similar
infrared spectra, in agreement with that for PVP. The carbonyl stretching mode of IB
showed a consistent red shift of 17 cm™ from 1710 cm™ to 1727 cm!, and the carbonyl
stretch in the polymers split from the single peak at 1626 or 1629 cm™! to give features at
both higher and lower wavenumbers. At higher drug loadings (polymer: drug 0.3:1), the
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data suggest some drug-polymer interactions occurred, but these are somewhat obscured
by the “free” excess IB within the systems.

As with the X-ray investigation, dispersions with PMOZ showed different molecular
interactions than for the other polyoxazolines. A modest red shift in the IB carbonyl fea-
ture of 3 cm~' was seen at a 1:1 stoichiometry, and when excess polymer was employed
(10:1 polymer repeat unit: IB), the shift was still modest at 7 cm™. The PMOZ carbonyl
mode was seen at 1621 cm! in the polymer alone (Figure 2e). There is again evidence for
this mode splitting in the dispersion with peaks consistently at ~1594 cm™ and ~1650 cm?
in the samples at 0.3:1 and 1:1 mole ratios. This peak apparently moves towards ~1629
cm™ as the polymer content increases, but in fact is due to the increased contribution of
the “excess” (or “free”) PMOZ carbonyl peak intensity, which overlaps and obscured the
carbonyl group of PMOZ that interacts with IB. The weaker interaction of PMOZ with 1B
compared with that in other polyoxazoline dispersions can be attributed to PMOZ’s rela-
tively high hydrophilicity, which inhibits its ability to disorder the hydrophobic drug mol-
ecules [29].

From the IR data, there is no evidence for hydrogen bonding between the carboxylic
groups of IB and nitrogen atoms in the polymers, given the invariant C-N stretching mode
(Figure S3). Although PVP can form hydrogen bonds either through the nitrogen or car-
bonyl group [37], steric hindrance constrains the involvement of nitrogen atom in inter-
molecular interactions, so the carbonyl group is more favorable for hydrogen bonding
[38,39].

Overall, the changes in the carbonyl band of IB and polymers indicate a modified
carbonyl environment caused by the hydrogen bonding between the carboxylic groups of
IB and carbonyl groups of the polymers. The relatively high red shift of the carbonyl mode
of IB at [PVP]/[IB] = 0.3:1 mol confirmed strong hydrogen bonding between the drug and
PVP, and at 1:1 mole ratio, the dispersions with PVP, PEOZ, PnPOZ, and PiPOZ all
showed similar red shifts of this feature, suggesting near equivalent hydrogen bond in-
teraction strengths. In contrast, the interaction between PMOZ and IB was relatively weak
as a result of PMOZ’s high hydrophilicity, but no new spectral features were found to
demonstrate the presence of a novel drug: PMOZ complex.

Table 1. The red shift of the carbonyl stretching mode from the carboxylic acid of IB at 1710 em™! in (polymer)/(IB) = 0.3
mol and 1:1 mol solid dispersions.

Polymer-Drug

Wavenumbers (cm™)

0.3:1 mol Red Shift 1:1 mol Red Shift
PVP-IB 1727 17 1727 17
PMOZ-IB 1710 0 1713 3
PEOZ-IB 1711 1 1727 17
PnPOZ-1B 1713 3 1727 17
PiPOZ-1B 1712 2 1727 17

DSC experiments were used to investigate the thermal behavior of the solid disper-
sions and to estimate drug crystallinity within the dispersions. The DSC thermogram of
pure IB showed a single characteristic melting peak at 76 °C, confirming its crystalline
nature (Figure 3) and in agreement with previous reports [40,41]. In all dispersions at 0.3:1
mole ratio, the excess IB was seen to melt at a lower temperature, and the broadening of
the melting event is consistent with disorder being introduced into the crystal lattice and
interactions with the polymer occurring. At 1:1 mole ratio, the drug melting peak was lost
in all dispersions except in dispersion with PMOZ, in agreement with the X-ray data.

With PMOZ, a second endothermic peak appeared at 121.2 °C in (PMOZ)/(IB) = 0.3:1,
at 137.7 °C in (PMOZ)/(IB) = 1:1, at 137.9 °C in (PMOZ)/(IB) = 2:1, and at 128.3 °C in
(PMOZ)/(IB) = 51, potentially due to semi-crystalline IB or a PMOZ-IB complex. In addi-
tion, the melting peak seen at 203.5 °C for semi-crystalline PiPOZ was lost in (PIPOZ)/(1B)
solid dispersions; whilst reports tend to focus on the disruption to drug crystallinity in
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solid dispersions, clearly the drug also has the potential to disrupt the structure of the
polymeric carrier, as indicated here.
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Figure 3. DSC thermograms of PVP-IB SDs (a), PEOZ-IB SDs (b), PnPOZ-IB SDs (c), PiPOZ-IB SDs (d), and PMOZ-IB SDs
(e).

Drug crystallinity in polymer-IB solid dispersions was calculated from the specific
enthalpy of the melting peak. As can be seen from Figure 4, IB crystallinity was reduced
in all dispersions with PVP, PEOZ, PnPOZ, and PiPOZ, and the drug was essentially
amorphous at a molar ratio of 1:1. The crystallinity of IB in dispersions with PMOZ could
not be quantified by this approach due to the formation of new thermal features and the
potential formation of a complex with this polymer.
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Figure 4. Crystallinity of polymer-IB solid dispersions as a function of polymer molar fraction.
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3.2. Theoretical Evaluation of Drug-Polymer Miscibility
3.2.1. Solubility Parameters

The solubility parameter is a measure of cohesive energy density (CED: the cohesive
energy per unit volume) of a material. The cohesive energy represents the total attractive
forces within a condensed state material and can be defined as the quantity of energy
needed to separate the atoms/molecules of a solid or liquid to a distance where the atoms
or molecules possess no potential energy, that is, no interactions occur between atoms and
molecules [30]. Consequently, solubility parameters have been used to predict the solu-
bility/miscibility of one component into/with another component [42]. For this study, the
solubility parameters were calculated using the Van Krevelen method [43], rather than
the Fedors method [44,45], since the former considers hydrogen bonding. The Van
Krevelen method provides:

8= /82 + 6,2 + 612 @
where 84 = Z% 8p = —EVF” &n = E%

where 0 is the total solubility parameter; dq4, the contribution from dispersion forces; op,
the contribution from polar forces; &, the contribution of hydrogen bonding; Fu, the molar
attraction constant due to dispersion component; Fpi, the molar attraction constant due to
polar component; Ex, the hydrogen bonding energy; and V, the molar volume. For various
groups, the values of Fa, Fyi, Ex, and V (molar volume) are given in the literature [43,45].
The solubility parameters of these five polymers were taken from our previous study [29]
and the solubility parameters calculated for IB and PVP are in good agreement with the
literature [46].

Compounds with similar values of d are likely to be miscible because the energy re-
quired to break interactions within each component is balanced by the energy released by
interaction between the components. Greenhalgh et al. [30] classified dispersions based
on the difference between the solubility parameters of excipients and drugs (Ad). The au-
thors demonstrated that compounds with Ad < 7.0 MPa'? are likely to be miscible. How-
ever, compounds with Ad >10.0 MPa'? are likely to be immiscible. The calculated solubil-
ity parameters for IB, PVP, PMOZ, PEOZ, PnPOZ, and PiPOZ are summarized in Table 2.

Table 2. Solubility parameters of drug and polymers.

Drug and Polymers

Solubility Parameters (d) (MPa?)

Group Classification

Van Krevelen Method Ad
1B 19.4
PVP 26.3 6.9 Miscible
PMOZ 27.0 7.6 Not miscible
PEOZ 24.5 5.1 Miscible
PnPOZ 229 3.5 Miscible
PiPOZ 225 3.1 Miscible

It can be seen from Table 2 that all the polymers are expected to be miscible with 1B
with Ad values ranging from 3.1 to 6.9, except for PMOZ (Ad =7.6). The rank order values
for Ad miscibility (PiPOZ; PnPOZ; PEOZ; PVP) are inconsistent with their ability to dis-
rupt ibuprofen crystallinity, which may be explained by confounding factors such as the
stronger hydrogen bonding seen between PVP and IB, as suggested from the FTIR data
(Table 1). Although widely used, this approach has limitations and tends to be most
widely applicable for drug—polymer systems where Van der Waals interactions play a
major role, whereas for drug—polymer mixtures forming highly directional interactions
such as hydrogen bonds or long range forces such as ionic interactions, this method can
yield erroneous results [1,47].
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3.2.2. Flory-Huggins Interaction Parameter

Flory-Huggins theory considers melting point depression as an indicator of miscibil-
ity. According to this [48], the relationship between the melting temperature of the pure
drug (Tw") and the depressed melting point of the drug in the drug—polymer system (Tm)
can be described by the following equation [49-51]:

1 1 R 1 >

ﬁfﬁ_7E(1n¢+(17;)(1—¢)+;{(17¢)) 3)
where R is the gas constant (8.31 J/mol-K), AH is the heat of fusion of the pure drug, ¢ is
the volume fraction of the drug in the solid dispersion (i.e., drug loading), m is the volume
ratio between polymer and drug, and y is the drug—polymer interaction parameter repre-
senting the difference between the drug—polymer contact interaction and the average self-
contact interactions of drug—drug and polymer-polymer [49]. A negative y value indicates
that the interaction between a polymer and a drug is stronger than the attraction within
polymer—polymer and drug—drug pairs. More negative values of y indicate better affinity
between the polymer and the drug and, for example, could be caused by hydrogen bond-
ing between the drug and the polymer. Positive y values indicate that drug molecules and
polymer segments have stronger affinity to interact with those of their own kind rather
than interacting with each other [50].

Given that all the polymer-IB solid dispersion systems showed depressed drug melt-
ing points at (polymer)/(drug) = 0.3:1 mol, the y values of these dispersions were calcu-
lated and are listed in Table 3. Again, the PMOZ-IB system could not be investigated by
this method.

Table 3. Flory-Huggins interaction parameters of polymer-IB solid dispersion systems at the molar ratio of 0.3:1.

'V polymer repeat unit © V polymer? Vg © °
Polymer-Drug (cm3/mol) (cm3/mol) (cm?/mol) M T €O X
PVP-IB 80.0 40,000 204.60 73.27 =371
PEOZ-IB 741 37,050 1955 189.51 73.80 -3.85
PnPOZ-IB 90.2 45,100 230.69 73.50 -3.32
PiPOZ-IB 90.5 45,250 231.46 73.34 -3.52

a is the molecular volume of polymer repeating unit, calculated from the literature [43,45]. b is the molecular volume of
polymer, calculated by multiplying Vpolymer repeat unit by the repeat unit number. ¢ is the molecular volume of IB, calculated
from the literature [43,45], and is in agreement with the value taken from [52]. d is the volume ratio between the polymer

and the drug.

As can be seen, the drug—polymer interaction parameters are all negative and broadly
similar, ranging from -3.85 for PEOZ-IB to -3.32 for PnPOZ-IB. Interestingly, the Flory—
Huggins approach suggests a rank order of (greatest interactions to least) of PEOZ>PVP >
PiPOZ > PnPOZ, whereas the rank order of solubility parameter miscibility was PiPOZ >
PnPOZ > PEOZ > PVP. Clearly, both approaches provide approximations (almost a
“yes/no” guide), rather than a predictive ability to develop the optimal solid dispersion,
since other factors influence the polymer’s ability to disrupt the drug’s crystallinity.

The X-ray, thermal, and infrared studies showed that PMOZ has a lower propensity
to disorder ibuprofen than the other polymers. Its solubility parameter difference to ibu-
profen (Ad) was 7.6 MPa'?, and thus beyond the notional value of 7 for miscibility but
close to the borderline value 6.9 MPa'”? calculated for PVP, which has the greatest ten-
dency to disorder the drug. An alternative explanation is that the hydrophobic-hydro-
philic balance (HHB) value for PMOZ (3.95) demonstrates that it is highly hydrophilic,
and so the hydrophobic IB molecules will be less likely to molecularly disperse into the
hydrophilic domains of PMOZ, consistent with our earlier findings on the non-hydrogen
bonding dispersions with haloperidol where, again, PMOZ showed reduced interactions
compared with the more hydrophobic carriers [29]. The importance of polymer hydro-
phobicity for crystal growth inhibitors has previously been reported [16].
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3.3. In Vitro Dissolution Studies

The dissolution profiles of IB and polymer-IB (all 1:1 mol/mol) solid disperisons are
shown in Figure 5. The dissolution of pure IB within 60 min was below 70%, with ~50%
released in the first 20 min. As expected from the crystallinity data (Figure 4), dissolution
was rapid from solid dispersions with PVP, PEOZ, and PiPOZ, where over 80% of the
drug was released in the first 20 min. Drug release from solid dispersion with PMOZ was
slower compared to PVP, PEOZ, and PiPOZ, but faster than IB alone, with ~70% of the
drug released in 20 min, consistent with the analytical and theoretical discussions above.
Despite the reduction of drug crystallinity and the system being essentially amorphous as
determined by XRD and DSC, dispersions formed with PnPOZ showed slower dissolu-
tion than pure crystalline IB, with less than 30% released in 20 min. This result is consistent
with our previous study [29] and can be explained by this polymer’s lower critical solution
temperature (LCST) of ~25 °C [53,54], which is much lower than the temperature used in
the dissolution studies (37 °C). Under these conditions, PnPOZ remains insoluble in the
dissolution medium, which limits drug release from these solid dispersions. Further de-
tailed dissolution studies of these formulations will be of interest in the future, for exam-
ple, in assessing release below 25 °C and evaluating the extent of IB supersaturation on
the evolution of kinetic solubility profiles [55].
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Figure 5. Dissolution profiles of pure IB and from different polymer-IB solid dispersions ((poly-

mer repeat unit)/(drug) = 1:1 mol/mol). Cumulative % drug release with standard error of mean
has been plotted against time.

4. Conclusions

Solid dispersions of IB were prepared using the poly(2-oxazolines) and PVP. Physical
characterization of the dispersions showed that the polymers were able to disrupt the ibu-
profen crystallinity, forming apparently amorphous dispersion at 1:1 mole ratios, and that
hydrogen bonding was the prime mechanism for the interaction; however, the interac-
tions between PMOZ and ibuprofen were more complex and hydrogen bonding was less
prominent. The theoretical approach using the differences in solubility parameters be-
tween the drug and carrier or calculating the Flory-Huggins interaction parameters sug-
gested compatibility between the drug and carriers, but the rank order of the predicted
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interactions varied between the two approaches. The purpose of generating solid disper-
sions is to enhance the dissolution rate of a poorly water soluble drug, and our studies
demonstrated that the dispersions were able to significantly increase ibuprofen dissolu-
tion. However, our studies also show that other factors can significantly impact the per-
formance of a solid dispersion. Physical characterization, for example, XRD showing that
the drug is amorphous, can be assumed to result in enhanced dissolution. However, we
show that not only is the crystallinity of a drug affected by dispersion, but so too is the
structure of a semi-crystalline polymer (PiPOZ). The hydrophilicity of a carrier may re-
duce interactions with a hydrophobic drug, and so HHB may be an additional factor. Fur-
thermore, the solution behavior of the carrier can also influence performance; physical
characterization and theoretical models implied that dispersions with PnPOZ would be
as effective as the other carriers, but the lower critical solution temperature (~25 °C) meant
that this amorphous dispersion performed worse than the ibuprofen alone in the dissolu-
tion studies. Thus, both physical interactions, such as hydrogen bonding, and polymer
properties, such as hydrophobicity, need to be considered when selecting carriers for solid
dispersions.

Supplementary Materials: The following are available online at www.mdpi.com/1999-
4923/13/5/659/s1, Figure 51. FTIR of ibuprofen. Figure 52: FTIR full spectra of PVP-IB 5Ds (a),
PEQZ-IB SDs (b), PnPOZ-IB SDs (c), PiPOZ-IB SDs (d) and PMOZ-IB SDs (e) Figure 53: FTIR spec-
tra of PVP-IB SDs and POZ-IB SDs in the range of 1400—~900 cm ™. The peaks (marked with an
arrow) are attributed to C-N mode. Table S1: FTIR spectral data of ibuprofen (s- strong; w- weak;
sym-symmetrical; asym-asymmetrical; str-stretching; m- medium; vs- very strong; vw — very
weak.).
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Figure S3. FTIR spectra of PVP-IB SDs and POZ-IB SDs in the range of 1400~900 cm™. The peaks
(marked with an arrow) are attributed to C-N mode.

——PiPOZ

Table S1. FTIR spectral data of ibuprofen (s- strong; w- weak; sym-symmetrical; asym-asymmetrical; str-stretching; m-
medium; vs- very strong; vw — very weak.).

Band Wavenumbers (cm 7) Assignments
1 3088 m CH2 asym str
2 2955 vs CHs asym str
3 2869 m CHz sym str
4 2725 m O-H...O valence str
5 2633 m O-H...O valence str
6 1710 vs C=0 str
7 1507 s aromatic C=C str
8 1462 s CHs asym deformation, CHz scissoring
9 1416 s CH-CO deformation
10 1380 s CHssym str
11 1320 s OH in plane deformation
12 1268 s =C-H in plane deformation
13 1230 vs C...Cstr
14 1183 s C-O str

130



Pharmaceutics 2021, 13, 659

60f6

15 1123 w =C-H in plane deformation

16 1071 m =C-H in plane deformation

17 1008 m C-H in plane deformation

18 936 s CHs rocking vibration

19 866 s C-H out of plane vibration

20 779 s CHz rocking

21 746 W C=C ring str, C...C skeletal vibration
22 668 s C-H out of plane deformation

23 636 w C-H in plane ring deformation
24 588 m C...C deformation
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Chapter 4

Synthesis and Evaluation of Methacrylated Poly(2-ethyl-2-oxazoline)

as a Mucoadhesive Polymer for Nasal Drug Delivery

This chapter was published as Shan, X.; Aspinall, S.; Kaldybekov, D.B.; Buang, F.;
Williams, A.C.; Khutoryanskiy, V.V., Synthesis and Evaluation of Methacrylated
Poly(2-ethyl-2-oxazoline) as a Mucoadhesive Polymer for Nasal Drug Delivery.
ACS Applied Polymer Materials 2021, 3, 5882-5992.
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ABSTRACT: Methacrylated poly(2-ethyl-2-oxazoline) (PEOZ) was synthesized by
partial hydrolysis of S00 kDa PEOZ, and the resulting poly[(2-ethyl-2-oxazoline)-co-
ethylenimine] P(EOZ-co-EI) was subsequently reacted with methacrylic anhydride. The
successful synthesis of methacrylated PEOZ (MAPEOZ) was confirmed by proton
nuclear magnetic resonance ("H NMR), infrared spectroscopy, and differential scanning
calorimetry. The degrees of hydrolysis and methacrylation were determined by 'H NMR
spectra. MAPEOZ exhibited temperature-responsive properties, which were dependent
on the degree of methacrylation. On that basis, three soluble MAPEOZ derivatives with
different degrees of methacrylation were selected and investigated in cell toxicity studies,
showing no significant cytotoxicity against the HEK293 cell line. A slug mucosal
irritation assay showed that PEOZ and MAPEOZ do not cause mucosal irritation. The
presence of methacryloyl groups and residual amines had a remarkable synergistic effect
on the mucoadhesive properties of these polymers. These poly(2-ethyl-2-oxazoline)
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Nasal mucosa

derivatives have excellent potential as mucoadhesive materials for developing formulations for drug delivery via mucosal routes of

administration.

KEYWORDS: poly(2-ethyl-2-oxazoline), mucoadhesion, mucoadhesive materials, methacrylated polymers, nasal drug delivery

1. INTRODUCTION

Nasal administration is a readily accessible route for non-
invasive treatment of rhinitis or nasal polyposis. Moreover, the
human nasal mucosa surface area is around 150 cm?, and, as a
tissue with a relatively high vascularization and permeability,
the nose is not only a therapeutic target but also a gateway for
systemic drug delivery."”” Consequently, dosage forms have
been developed for various therapeutic purposes, including
hormone replacement therapy,” osteoporosis,’ migraine,” and
prostate cancer,”’ and have the potential to treat different
neurodegenerative disorders such as Alzheimer’s, Parkinson’s,
and Huntington’s diseases.’

However, the nasal cavity mucus layer can function as a
barrier to drug diffusion to the nasal epithelium, which can
result in poor drug bioavailability. To optimize nasal
administration, bioadhesive or, more appropriately, mucoadhe-
sive dosage forms such as microspheres,”"" liposomes,'*™"*
and gels'”'® have been studied to prolong their residence in
the nasal cavity. Polymeric dosage forms exhibiting mucoad-
hesive properties are usually formulated using hydrophilic
polymers, which often demonstrate strong mucoadhesion.
Cationic polymers such as chitosan show strong mucoadhesive
properties due to interactions with mucosal surfaces."” ™' In
addition, some hydrophilic Eolymers with methacryloyl
groups,”” acryloyl groups,”’” =
covalently bond with the thiols present in mucus glycoproteins

R,
and maleimide can
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through a Michael-type addition;"’” catechol-functionalized

polymers formed covalent bonds with thiols in mucus
glycoproteins via catechol oxidation.”’ Further, polymeric
thiomers, defined as polymers with —SH groups, formed
covalent disulfide bridges with thiols in mucus glycopro-
teins.*”~** Phenylboronic acid-decorated polymers can interact
with mucosal surfaces either through a covalent linkage with
the sialic acid present in mucins to form reversible covalent
complexes® ™7 or via hydrogen bonds with the hydroxyl
groups present in oligosaccharide side chains.*®
Poly(2-oxazolines) are an emerging class of polymers that
are attracting significant interest due to their unique
physicochemical properties and lack of toxicity.””™** Poly(2-
methyl-2-oxazoline), poly(2-ethyl-2-oxazoline) (PEOZ), and
poly(n-propyl-2-oxazoline) are of particular interest as drug
delivery vehicles due to their solubility in water.”” However,
poly(2-oxazolines) themselves tend to be poorly mucoadhe-
sive. For example, we showed that thiolated silica nanoparticles
are mucoadhesive, but POZylated (functionalized with short-
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chain § kDa poly(2-oxazolines)) nanoparticles became non-
mucoadhesive in an ex vivo rat intestinal mucosal model** and
enhanced mucus penetration through porcine stomach
mucosa.*’ Larger molecular weight PEOZ (50, 200, and 500
kDa) exhibited weak mucoadhesive properties that were
improved by complexation or mixing with Carbopol,% and
similarly, films formed from chitosan and PEOZ blends
demonstrated mucoadhesive properties with respect to bovine
cornea’” and sheep vaginal tissue."® These studies indicate that
nonionic water-soluble poly(2-oxazolines) exhibit poor mu-
coadhesive properties unless mixed with more mucoadhesive
materials such as chitosan or Carbopol.

To enhance the mucoadhesion of poly(2-oxazolines), here
we have chemically modified the PEOZ backbone through
partial hydrolysis and a subsequent reaction of the resulting
poly[(2-ethyl-2-oxazoline)-co-ethylenimine] P(EQZ-co-EI)
with methacrylic anhydride, forming methacrylated (or
methacryloylated) polymers. The products were characterized
using spectroscopic ('H nuclear magnetic resonance (NMR),
Fourier transform infrared (FTIR), and UV—vis) and thermal
(differential scanning calorimetry (DSC)) methods. The
biocompatibility of the parent PEOZ and its hydrolyzed and
methacrylated derivatives was studied in the HEK293 cell line
and by using an in vive slug mucosal irritation (SMI) assay.
Aqueous solutions of PEOZ and its methacrylated derivatives
containing sodium fluorescein were prepared and their
retention on sheep nasal mucosa was evaluated using a
fluorescence flow-through assay.

2. EXPERIMENTAL SECTION

2.1. Materials. Poly(2-ethyl-2-oxazoline) (PEOZ, 500 kDa,
dispersity B = 3—4), methacrylic anhydride, dimethyl sulfoxide
(DMSQ), deuterated DMSO (DMSO-d;), deuterium oxide (D,0),
sodium fluorescein, glycol chitosan, benzalkonium chloride (BAC),
calcium chloride dihydrate (CaCl,-2H,0), sodium chloride (NaCl),
and potassium chloride (KCl) were obtained from Sigma-Aldrich
(Gillingham, U.K.). Hydrochloric acid (HCI; 37 wt %), triethylamine
(TEA; 99.7%, extra pure), and phosphate-buffered saline (PBS)
tablets were obtained from Fisher Scientific (Loughborough, U.K.).
Dialysis membrane with a molecular weight cutoff of 7 kDa was
purchased from Medicell Membranes Ltd. (U.K.). DMEM high
glucose was purchased from Capricorn Scientific (Germany). Fetal
calf serum (10%) was purchased from GE Healthcare Life Sciences.
Penicillin/streptomycin (1%) was purchased from Nacalai Tesque
Inc. (Japan). CellTiter 96 Aqueous MTS Reagent Powder was
purchased from Promega Corporation. Phenazine methosulfate was
purchased from Thermo Fisher Scientific.

2.2. Partial Hydrolysis of Poly(2-ethyl-2-oxazoline). PEOZ
was partially hydrolyzed to poly[(2-ethyl-2-oxazoline)-co-ethyleni-
mine], P(EQZ-co-El), copolymers according to reported proce-
dures"" with minor changes. To study the hydrolysis kinetics,
PEOZ (20.0 g) was dissolved in 200 mL of 18 wt % aqueous HCl and
heated for 0.5, 1, 1.5, 2, 2.5, and 3 h at 100 °C. Subsequently, the
mixture was cooled in an ice—water bath to quench the reaction. The
obtained mixture was then mixed with a portion of deionized water
and purified by dialysis via a cellulose-based membrane with 7 kDa
MWCO at room temperature. All copolymers were recovered by
freeze-drying.

2.3. Synthesis of Methacrylated Poly(2-ethyl-2-oxazoline).
Methacrylated poly(2-ethyl-2-oxazoline) (MAPEQOZ) was synthesized
by reacting ethylenimine groups of P(EOZ-co-EI) with methacrylic
anhydride to generate four derivatives (with four degrees of
methacrylation) according to the reported method™ with slight
modifications. Briefly, P(EOZ-co-EI) (1 equiv of amines) was
dissolved in a mixture of DMSO and deionized water (1:1 v/v).
Methacrylic anhydride (2.5 equiv) and TEA (2.5 equiv) were added
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to the reaction mixture, which was stirred at 40 °C overnight. The
products were then redispersed in deionized water and purified by
dialysis at room temperature. All polymers were then recovered by
freeze-drying.

2.4. Characterization of Methacrylated Poly(2-ethyl-2-
oxazoline). 2.4.1. Proton Nuclear Magnetic Resonance ('H
NMR). "H NMR spectra of polymers were recorded in D,O and
DMSO-d; (15 mg/mL) using a 400 MHz Bruker spectrometer
(Nanobay). All chemical shifts are given in ppm. MestReNova
software was used for spectral analysis.

2.4.2. Fourier Transform Infrared (FTIR) Spectroscopy. FTIR
spectra were recorded using a diamond attenuated total reflection
(ATR) accessory on a Nicolet iS5 spectrometer. After a background
scan, data were collected between 4000 and 400 cm™ at a resolution
of 4 cm™" as an average of 64 scans; OMNIC software was used for
spectral analysis.

2.4.3. Differential Scanning Calorimetry (DSC). Samples (3—5
mg) were placed in pierced T, aluminum pans. The thermal
properties of each sample were investigated using a DSC (TA
Instmments) in a nitrogen atmosphere with a heating/cooling rate of
10 °C/min from 10 to 150 °C. The values of the glass-transition
temperature (Tg) were determined from the second heating cycle of
each sample.

244. '"H NMR to Calculate PEOZ Hydrolysis. Hydrolysis of
poly(2-ethyl-2-oxazoline) to poly[(2-ethyl-2-oxazoline)-co-ethyleni-
mine] was determined from 'H NMR spectra in D,O using the
signals (as shown in Figure S1) and the integrated areas (I) of the
peaks assigned to either PEOZ or its hydrolysis product; conversion
was calculated according to™

I|EI]
I[EI] + I[EOZ] (1

where I[EOZ] is the integral value of EOZ moieties and I[EI] is the
integral value of EI moieties.

2.4.5. 'H NMR to Determine the Composition of MAPEOZ
Samples. The degree of methacrylation was calculated from 'H NMR
spectra in D,0 using the integrated areas (I) from the methacrylated
products (Figure $3).

% conversion PEOZ = 100

methacrylation % = [IMA] 100
I[EOZ] + I[EI] + I[MA] (2)
EI % = 1EN X 100
I[EOZ | + I[EI] + I[MA] (3)
EOZ % = 1[EOZ] X 100
I[EOZ] + I[EI] + I[MA] 4)

where I[MA] is the integral value of the backbone of methacrylated
moieties, I[EOZ] is the integral value of the backbone of EOZ groups,
and I[EI] is the integral value of EI groups.

Given that the signal of EOZ groups overlapped with the signal of
MA (Figure 2), according to

IIMA | _ TIMACH;]  1[EOZ] _ IIPEOZ CHj
= an =
4 4 3

where I[MA CH,] is the integral value of —CH; of methacrylated
moieties and I[EOZ CH;] is the integral value of —CH; of EOZ
moieties, eqs 2, 3, and 4 were modified to

. 4I[MA CH,]
methacrylation % =
4I[EOZ CH,| + 3I[EI] + 4I[MA CH,]
X 100 (s)
% = SIEL] X 100
4I[PEOZ CHj] + 3I[EI] + 4[[MA CHj] (6)
4I[EOZ CH,]
EOZ % = - X 100
4I[EQZ CH,] + 3I[EI ] + 4I[MA CH,] (7)

https://doi.org/10.1021/acsapm.1c01097
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Figure 1. Synthesis of methacrylated poly(2-ethyl-2-oxazoline) (MAPEOZ).

2.4.6. Turbidity Measurements. Turbidity measurements were
performed with a Cary 100 UV—vis spectrometer equipped with a
Cary temperature controller (Agilent Technologies). All polymers
were dissolved in deionized water (1 mg/mL) and measured at 600
nm with 1 °C/min ramp (measurement wait time of 30 s and
measurement interval of 1 °C). The absorbance data were converted
to transmittance by the following equation

®)

where T is the transmittance and A is the absorbance. The resulting
value was then plotted as %T versus temperature.

2.5. In Vitro Nasal Mucoadhesion Studies. 2.5.1. Preparation
of Polymer/Fluorescein Sodium Mixtures and Artificial Nasal Fluid.
Artificial nasal fluid (ANF) was prepared using the established
protocols™" by dissolving 7.45 g of NaCl, 1.29 g of KCl, and 0.32 g
of CaCl,-2H,0 in 1 L of deionized water. The artificial nasal fluid was
kept at 37 °C throughout the experiments.

Solutions of sodium fluorescein (0.05 mg/mL) were prepared in
deionized water into which polymer samples were dissolved; 10 mg of
either PEOZ, MA,PEQZ, MA,PEOZ, MA;PEOZ, or glycol
chitosan was dispersed in 10 mL of the sodium fluorescein solution
and the pH was adjusted to 5.70. These mixtures were stirred for 24 h
at room temperature until complete dissolution and were protected
from light with an aluminum foil.

2.5.2. Retention Studies on Nasal Mucosa. Sheep heads were
received from P.C. Turner Abattoir (Farnborough, U.K.) and used
within 24 h after animal slaughter. The nasal septum mucosal tissue
(1.5 X 1 cm?) was dissected with scissors and washed with 1 mL of
ANF.

All experiments assessing retention of formulations on nasal
mucosal tissues were conducted at 37 °C in an incubator. Images
of mucosal surfaces were taken using a fluorescence microscope
(MZ10F, Leica Microsystems, UK.) equipped with an “ET GFP”
filter and a Zeiss Imager Al/AxioCam MRm camera. All images were
at 0.8X magnification with a 211 ms exposure time. Initially, the
fluorescence images of mucosal tissues were recorded for each sample
to collect the background fluorescence intensity. Then, 20 uL solution
of either 1 mg/mL PEOZ, MA,PEOZ, MA,;PEOZ, MA;;PEOZ, or
glycol chitosan containing 0.05 mg/mL sodium fluorescein was placed
on the mucosal surface and fluorescence images were recorded again.
After 3 min of dosing, the mucosal tissues were transferred to the
incubator and washed with ANF using a syringe pump at 0.43 mL/
min. Fluorescence images of the mucosal tissue were collected
periodically and analyzed using Image]J software to measure the pixel
intensity after each wash. The results are presented as fluorescence
intensity as a function of the time of irrigation after subtracting the
background fluorescence from each wash image. Sodium fluorescein
solution in deionized water (0.05 mg/mL) was used as a negative
control, and glycol chitosan solution (1 mg/mL) was used as a
positive control. The experiments were conducted in triplicate.

2.6. Toxicology. 2.6.1. Cell Toxicity Studies. HEK293 was
cultured in DMEM high glucose supplemented with 10% fetal calf
serum and 1% penicillin/streptomycin. The cells were incubated at 37
°C in a humidified atmosphere of 5% CO,. Cell viability was assessed
using the CellTiter 96 AQueous Non-Radioactive Cell Proliferation
Assay (MTS assay). The cells were seeded in a 96-well plate at 3 X
10* cells/well and incubated ovemight for cell attachment. The cells
were then treated with various concentrations of the polymers (25, 50,

%T = 1074
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75, 100, 125, and 150 pg/mL) for 72 h. The negative control group
consisted of untreated cells and was considered as 100% of viable
cells. After 72 h, treatment media were replaced with new growth
media and 20 uL of MTS$ solution (prepared in phosphate-buffered
saline) containing 2 mg/m_L CellTiter 96 Aqueous MTS Reagent
Powder and 0.92 mg/mL phenazine methosulfate. The cells were
incubated for another 4 h before the absorbance (Abs) was measured
at 490 nm using an Infinite 200 PRO microplate reader (Tecan
Group Ltd., Switzerland). The results are expressed as a percentage of
cell viability compared to the negative control group based on the
following equation

(Abstmqtmenl - Absbhnk)

cell viability (%) = (Abs Abo )
- blank

X 100
9

2.6.2. Slug Mucosal Irritation Assay. The slug mucosal irritation
(SMI) assay was performed according to our previous repurts.“_54 A.
lusitanicus slugs were collected in Harris Garden (Reading, U.K.).
Slugs weighing between 6 and 18 g were individually placed in 2 L
glass beakers lined with a paper towel moistened with 20 mL of
phosphate-buffered saline (PBS; pH 7.40) and left for 48 h prior to
experiments. All beakers were covered with a pierced cling film. Each
slug was individually weighed and then placed in 90 mm plastic Petri
dishes lined with Whatman filter paper moistened with either 2 mL of
positive/negative controls (1% BAC prepared in PBS and PBS
solution) or 2 mL of each test material (PEOZ, MA,,PEOZ,
MA,;PEOZ, and MA;;PEQZ) prepared in PBS. The concentration of
test materials (1 mg/mL) was chosen to correlate with nasal mucosal
retention studies. Slugs were kept in contact with the test samples for
60 min and then removed, rinsed with 10 mL of PBS, gently wiped,
and then reweighed. Mucus production (MP) was calculated using
the following equation

'control

(my —m,)

my,

MP = X 100%

(10)
where my, and m, are the weights of a slug before and after the
experiment, respectively. Each experiment was repeated five times
with different slugs, and the results were presented as mean =+
standard deviation.

2.7. Statistical Analysis. All experiments were conducted in
triplicate, and data were expressed as mean + standard deviation with
a probability of p < 0.05 was considered as significant. GraphPad
Prism statistical analysis software (version 9.0) was used to analyze
data using a one-way analysis of variance (ANOVA) and paired t-
tests.

3. RESULTS AND DISCUSSION

3.1. P(EOZ-co-El) Synthesis and 'H NMR Character-
ization. Complete hydrolysis of PEOZ to prepare pure linear
PEI was reported by our group recently’” and previously by
Hoogenboom et al.*** Here, we prepared partially hydrolyzed
PEOZ with some ethylene imine units remaining available for
further functionalization by reaction with methacrylic anhy-
dride (Figure 1).

To investigate the hydrolysis kinetics of PEOZ at 100 °C,
the reaction was terminated at different times (0.5, 1, 1.5, 2,

https://doi.org/10.1021/acsapm.1¢01037
ACS Appl. Polym. Mater. 2021, 3, 5882-5892
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Figure 2. '"H NMR spectra of MAPEOZ recorded in D,O.

2.5, and 3 h). The '"H NMR spectra of these copolymers
showed signals corresponding to the PEQZ backbone at 3.5
ppm (peak a, Figure S1) with signals 2.44 ppm (peak c) and
1.13 ppm (peak d) attributed to PEOZ side chains. Partial
hydrolysis of PEOZ was confirmed not only by both reduced
signals from PEOZ side chains and reduced and broadened
signals from the PEOZ backbone but also by a reaction time-
dependent increasing signal at 3.34 ppm (peak b, Figure S1),
which was attributed to the backbone of PEI moieties. The
degree of conversion from PEOZ to P(EOZ-co-EI) was
calculated using eq | and was plotted versus time (Figure
S2). Under our reaction conditions, hydrolysis of PEOZ
follows first-order kinetics, which is slightly different from a
previous report’’ where pseudo-first-order kinetics was
reported when using a microwave synthesizer with closed
reactors and a lower HCI concentration. Taken from Figure S2,
conversion from PEOZ to P(EOZ-co-EI) at 0.5, 1,2, and 3 h
was 15, 28, 53, and 78% of EL, respectively (Table S1).

3.2. Synthesis and Characterization of Methacrylated
PEOZ. The secondary amines present in P(EQZ-co-EI) offer
reactive sites for further methacrylation by reaction with
methacrylic anhydride in the presence of TEA as a basic
catalyst. P(EOZ-co-EI) copolymers prepared following 0.5, 1,
2, and 3 h of partial hydrolysis were selected for further
methacrylation. The resultant MAPEOZ polymers were
characterized using 'H NMR, FTIR, and DSC.

The '"H NMR spectra of MAPEOZ polymers showed signals
corresponding to the backbone of EOQZ repeating units as well
as the backbone of methacrylated units at 3.5 ppm (peak a,
Figure 2); the signals labeled as ¢ (2.44 ppm) and d (1.13
ppm) are attributed to the methylene and methyl groups of
EOZ units, respectively. The signal characteristic for the
backbone of unreacted EI units shifted from 3.10 ppm (peak b,
Figure S1) to 2.71 ppm (peak b, Figure 2) upon modification.
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The signals labeled e (5.0—-5.5 ppm) and f (1.86 ppm) are
attributed to the protons of the double bond and methyl of the
methacryloyl group, respectively. Increasing methacrylation or
decreasing EOZ units, in other words, led to a significant
weakening of peaks ¢ and d and strengthening of peaks e and f.
It should be noted that the 'H NMR spectrum of MA,,PEOZ
was recorded both in DMSO-d; and in D,O since this sample
exhibited limited solubility in D,O (discussed below). The
chemical shifts of protons of MA,PEOZ in DMSO-d; were
consistent with the spectra of other samples recorded in D,0,
with some expected minor shifts related to the switch of
solvent (Figure S3).

The compositions of MAPEOZ polymers were calculated
using eqs 5—7 and are presented in Table 1. As expected,

/

Table 1. Composition of MAPEOZ Calculated from the 'H
NMR Spectra

EOQZ EI MA

sources products (%) (%) (%)
P(EOZ-coEl,;) MA,PEOZ 89 1 10
P(EOZ-co-El,)  MA,,PEOZ 70 5 25
P(EOZ-co-El;)  MA;PEOZ ) 13 35
P(EQZ-c0-Els)  MAPEOZ (D,0) 27 18 55
MAPEOZ (DMSO-d) 26 19 55

methacrylation increased with PEOZ hydrolysis, and for
clarity, the methacrylated polymers are annotated with their
MA content (ie., MA;,PEQOZ contains 10% MA groups and
was synthesized from the PEOZ sample that had hydrolyzed
for 0.5 h). It can be seen that the secondary amines were not
completely substituted by methacryloyl groups due to steric
hindrance with 1, 5, 13, and 18% residual EI units remaining in
the four MAPEOZ products. The proportion of EOQZ units
(89, 70, 52, and 27%, Table 1) in the four MAPEOZ samples

https://doi.org/10.1021/acsapm.1¢01097
ACS Appl. Polym. Mater. 2021, 3, 58825892
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shows good agreement with the PEOZ to P(EOQZ-co-EI)
hydrolysis study (85, 72, 47, and 22%, Table S1). The
composition of MAssPEOZ calculated from 'H NMR spectra
recorded in D,0 (27% EOZ, 18% EI, and 55% MA) was in
good agreement with the composition determined in DMSO-
d, (26% EOZ, 19% EI and 55% MA).

Infrared analysis of PEOZ provided peaks at 2977 and 2940
em™" (CH, stretch) (Figure $4), 1626 cm™' (C=0 stretch),
1470 cm™" (C—H bending), 1420 cm™" (C—H bending), and
1240 cm™" (C—N stretch). New peaks at 1719 and 916 cm™
(Figure 3), assigned to the stretching mode and bending

=C-H
stretch
1719 em™.

——PEOZ
——MA,PEOZ
——MA_PEOZ
——MA,PEOZ
——MA,PEOZ

T T T T
2100 1800 1500 1200 900 600

Wavenumber (cm)

Figure 3. FTIR spectra of PEOZ and MAPEOZ in the range of
2100—600 em™.

modes of =C—H, became evident with increasing meth-
acrylation, which further confirmed its successful modification.
In addition, it is notable that the peak attributed to the
carbonyl group of MAPEOZ gradually shifted to lower
wavenumbers (1622 cm™' for MA,,PEOZ, 1617 cm™' for
MA,PEOZ, 1614 cm™ for MA;PEOZ, and 1611 cm™ for
MA;PEOZ) with increasing methacrylation. It is problematic
to detect EI moieties in these FTIR spectra because the
characteristic N—H bending mode of EI at 1474 cm™' %
overlaps with the C—H bending mode of EOZ moieties at
1470 ecm™",

PEOZ and MAPEOZ samples were also analyzed using
differential scanning calorimetry (Figure 4). PEOZ,
MA,,PEOZ, MA,;PEOZ, MA;PEOZ, and MA,,PEOZ
showed glass-transition temperatures (T,) at 60.7, 62.5, 64.4,
65.2, and 68.7 °C, respectively. The increase in T, with an
increasing degree of methacrylation in MAPEOZ can be
explained by the lower flexibility of the macromolecules with
bulky groups, which decreases the overall chain mobility.

The thermal properties of the new polymers were also
studied in aqueous solutions. To this end, PEOZ and
MAPEOZ samples (1 mg/mL) were dissolved in deionized
water, and their phase behavior was studied by measuring
solution turbidity between S and 95 °C (Figure 5a). The
literature describes various methods to determine the cloud
point (TCP)/ including the onset of the fall in transmittance, or
the temperature where transmittance is 80 or 50%, or by taking
the inflection point of the turbidity curve.*® Here, the onset of
the fall in transmittance was used as this value was accessible
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Figure 4. DSC thermograms (second scan) of PEOZ and MAPEOZ
samples showing increasing glass-transition temperatures with
increasing methacrylation.
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Figure 5. (a) Turbidity measurements of aqueous solutions of PEOZ
and MAPEOZ samples (1 mg/mL). (b) T, as a function of MA mol
% in MAPEOZ polymers.

for all MAPEOZ samples. PEOZ exhibited a cloud point of 67
°C, in agreement with the literature where PEOZ undergoes

https://doi.org/10.1021/acsapm.1¢01097
ACS Appl. Polym. Mater. 2021, 3, 5882-5892
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Figure 6. (a) Fluorescence images showing retention of 1 mg/mL glycol chitosan, PEOZ, MA,,PEOZ, MA,;PEOZ, and MA;;PEOZ solutions
using 0.0$ mg/mL sodium fluorescein as the solvent and pure 0.05 mg/mL sodium fluorescein solution on sheep nasal mucosa and washed with
ANF. Scale bars are 2 mm. (b) Retention of 1 mg/mL glycol chitosan, PEOZ, MA,,PEOZ, MA,;PEOZ, and MA;;PEOZ solutions using 0.05 mg/
mL sodium fluorescein as the solvent and pure 0.05 mg/mL sodium fluorescein solution on sheep nasal mucosa as washed with different volumes
of ANF (pH = 5.70; n = 3, mean + SD, “*” represents p < 0.05; “**” represents p < 0.01; “***” represents p < 0.001).

phase separation between 61 and 70 °C, depending on the methacrylation; T, values for MA;(,PEOZ, MA,PEOZ, and
molecular weight and the solution concentration.*”*’ MA;;PEOZ were 70, 74, and 79 °C, respectively (Figure 5).
Methacrylate groups of MAPEOZ make the macromolecules The unexpected increase in T, may be explained by the
more hydrophobic.”’ Therefore, increasing the proportion of increasing proportion of hydrophilic EI units that accompanies
MA was expected to lower T, However, the results showed the increase in methacrylation (Table 1), and indeed, these
the opposite trend with T, increasing with increasing may be positively charged upon protonation®” such that the
5887 https://doi.org/10.1021/acsapm.1c01097
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Figure 7. Proposed mechanism of interaction between MAPEOZ polymers and mucosal surfaces.

hydrophilicity of the whole macromolecule was improved.
Interestingly, increasing the MA from 35 to 55% decreased the
T, to a temperature below 5 °C (Figure 5b); the aqueous
solution of MA,PEQZ was already cloudy at § °C. It is
feasible that the high hydrophobic MA content in MA;,PEOZ
(MA% 55%) dominates the hydrophilic contribution of the EI
groups and makes the macromolecules more hydrophobic than
the parent PEOZ. The variability of T, with both MA and EI
content suggests that systems can be tuned to provide a cloud
point for desired applications.

3.3. In Vitro Nasal Mucoadhesion Studies. Given the
limited water solubility of MA,PEOZ at 37 °C, this polymer
was not used in subsequent studies.

The retention of PEOZ, MA;,PEQZ, MA,,PEOZ, and
MA;;PEOZ solutions with sodium fluorescein was evaluated
on sheep nasal mucosa and washed with ANF. Glycol chitosan
was used as a positive control with strong mucoadhesive
properties,'” whereas sodium fluorescein was used as a
negative control. Figure 6 shows the retention of sodium
fluorescein mediated with glycol chitosan, PEOZ, MA,,PEOZ,
MA,;PEOZ, and MA;;PEOZ on sheep nasal mucosa.
Numerical values from these experiments are summarized in
Table S2.

As expected, the water-soluble dye sodium fluorescein was
poorly retained when dosed from a simple aqueous solution
and was rapidly washed from the nasal mucosa surface with
only ~5.7% of the initial fluorescence detected after 60 min of
washing (Figure 6b). This residual fluorescence results from
the penetration of sodium fluorescein into the biological tissue
rather than its adhesion to the surface. Retention of sodium
fluorescein was not improved in the presence of unmodified
PEQZ, confirming the poor mucoadhesive properties of PEOZ
shown in our previous studies™ and attributed to the nonionic
nature of this polymer.’” PEOZ samples chemically modified
through hydrolysis and subsequent methacrylation significantly
improved sodium fluorescein retention on the mucosal surface.
Particularly notable at shorter irrigation times (S, 10 min),
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increasing methacrylation led to a greater retention of the
fluorescent dye. For example, after 5 min of washing, ~50% of
the dye was retained when administered with MA;;PEOZ
compared with 42% retention when using MA,;PEOZ and
35% of the dye was retained when deposited with MA,,PEOZ.
Indeed, after 5 min of irrigation, MAPEOZ retained
significantly more sodium fluorescein than the positive control
(cationic glycol chitosan) (p < 0.05).

As expected, retention declines with irrigation time, but the
trend remains that mucoadhesion/mucoretention of the
polymers is in the order MA;sPEOZ > glycol chitosan >
MA,,PEOZ > MA,PEOZ > PEOZ. It can be hypothesized
that MAPEOZ polymers interact with mucosal surfaces
through two mechanisms as shown in Figure 7: (1) the
methacrylate groups could potentially form covalent bonds
with the thiol groups present in mucins at the mucosal surface;
(2) electrostatic interaction between cationic secondary
amines within the polymer and negatively charged mucins
due to the presence of carboxylate groups and ester sulfates in
their structure.” It is likely that the strong mucoadhesive
properties of the MAPEOZ result from the synergistic positive
effects from both the MA groups and residual secondary
amines being available to interact with the mucosal surface.

3.4. Cell Toxicity Studies. The HEK293 cell line,
consisting of immortalized human embryonic kidney cells,
has been used for in vitro toxicity testing with varied
toxicological endpoints.”> The effects of the polymers on
HEK293 cell viability were studied over 72 h using the MTS
assay (Figure 8); numerical values as mean + standard
deviation are summarized in Table S3. Poly(2-oxazolines) have
demonstrated excellent biocompatibility in a number of studies
and are progosed as a versatile platform for biomedical
applications,j % hut here, PEOZ was found to moderately
affect HEK293 cells, notably at >100 pg/mL where ce]!
viability fell to below 90%, consistent with a previous study.”
Hydrolyzed PEOZ with 15 mol % EI units (P(EQZ-co-El,s))
showed a similar cell viability trend to PEOZ, suggesting that

https://doi.org/10.1021/acsapm.1¢01097
ACS Appl. Polym. Mater. 2021, 3, 58825892
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Figure 8. Viability of HEK293 cells determined after treatment with
PEOZ, P(EOZ-co-El,;), P(EOZ-co-El,g), P(EOZ-co-El,),
MA | (,PEOZ, MA,;PEOZ, and MA;;PEOZ for 72 h. The untreated
cells served as the control. Values are expressed as means = SD (n =
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15% EI did not alter the biocompatibility of the copolymer.
However, poly(ethylenimine) (PEI), a widely used transfection
agent, is known to be toxic, and so it is unsurprising that as the
EI content in our hydrolyzed PEOZ increases, the cell viability
declines. For example, when applied at 100 pg/mL, P(EOZ-co-
El,5) with 15 mol % EI units retained >87% cell viability, but
this fell to 57% when treated with the polymer containing 28
mol % EI units and less than 3% of cells remained viable when
treated with the polymer containing 53 mol % EI units at the
same concentration. It is known that the positive charges of EI
can induce cell death and apoptosis and cause toxicity both in
vitro and in vivo.*®

Although the MAPEOZ polymers formed from the P(EOZ-
co-El) retain some EI units (Table 1), methacrylation
essentially reverses or “blocks” the toxicity of the intermediate
polymer and cell viability returns to the same levels seen with
the parent PEOZ with >90% cell viability for PEOZ and all
MAPEQZ samples when dosed at 25 pg/mL and 88-90%
viability for all when dosed at 100 pg/mL. The introduction of
MA groups clearly reduced the cellular toxicity of hydrolyzed
PEOZ, suggesting the equivalent biocompatibility of our
modified MAPEOZ with the parent poly(2-ethyl-2-oxazoline).

3.5. Mucosal Irritancy. The slug mucosal irritation (SMI)
in vivo assay, developed by Adriaens and co-workers,””** was
used to evaluate the toxicological properties of PEOZ and its
methacrylated derivatives. This test has been validated as a
reliable method and is useful as a prescreen assay for evaluating
the irritation potential of chemicals, formulations, and active
ingredients to different mucosal membranes, including
evaluation of nasal irritation.””””* The slug’s mucosal layer is
located at the outer surface of the body and, for this reason, it
is easily observable by the investigator. In this test, colorless
mucus, secreted by slugs after contact with a test substance, is a
good initial indicator of biocompatibility. The total amount of
mucus production serves as the main criterion to test the
biocompatibility of formulations since this increases on
exposure to stronger irritants.***”"* These assessments
provide quantifiable data for test materials to be classified as
nonirritating, mild, moderate, or severely irritating.” ">

Figure 9 shows the data on mucus production by slugs
exposed to filter paper surfaces soaked in PEOZ and its
modified derivatives solutions at 1 mg/mL prepared in PBS, as
well as positive and negative controls. On exposure to 1% BAC
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Figure 9. Mucus production by Arion lusitanicus slugs in response to
60 min exposure to PEOZ and its methacrylated derivatives as well as
positive (BAC) and negative (PBS) controls. Statistically significant
differences are given as follows: ****p < 0.0001; ns: no significance.

in PBS (positive control; pH 7.37), slugs experienced severe
irritation (p < 0.0001), producing ~43 = 8% of yellow mucus,
compared to slugs exposed to PBS (negative control; pH 7.40)
with a very low level of mucus production (2 + 1%). These
data are in good agreement with our previous reports.””>"
Mucus production recorded for the slugs exposed to the
solutions of PEQZ, MA,,PEOZ, MA,;PEOYZ, and MA,;PEQZ
(pH 7.47) was 2 + 1,3 + 1,3 + 1, and 2 + 1% of colorless
mucus, respectively. No significant differences (p > 0.05) in
mucus production were seen between values recorded for the
negative control and test materials, indicating the nonirritating
nature of both PEOZ and modified PEOZs (Figure SS
provides the images with A. lusitanicus slugs exposed to various
test materials).

4. CONCLUSIONS

This study demonstrated successful methacrylation of poly(2-
ethyl-2-oxazoline) through a reaction between hydrolyzed
poly(2-ethyl-2-oxazoline) bearing secondary amino groups and
methacrylic anhydride. The structure and physicochemical
behavior of these polymers were studied using 'H NMR,
FTIR, and UV/vis spectroscopies and differential scanning
calorimetry. Methacrylated PEOZ showed temperature-de-
pendent phase separation in aqueous solutions, and the cloud
point temperature values were dependent on the degree of
polymer modification. Cell toxicity studies demonstrated
equivalent biocompatibility of the methacrylated polymers
with the parent poly(2-ethyl-2-oxazoline), although the
intermediate hydrolyzed product was toxic. Slug mucosal
irritation tests demonstrated the nonirritant nature of
methacrylated PEOZ. Methacrylation significantly increased
mucoadhesion on the nasal mucosa tissue compared to parent
poly(2-ethyl-2-oxazoline) attributed to the synergistic binding
of methacrylate groups as well as residual secondary amines
being available to interact with the mucosal surface.
Methacrylated PEQZ can potentially be used as a mucoadhe-
sive material in dosage forms for transmucosal drug delivery.

https://doi.org/10.1021/acsapm.1¢01037
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To the best of our knowledge, this is the first study reporting
the chemical modification of the PEOZ backbone to enhance
the mucoadhesive properties of this emerging class of

polymers.
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Table S1. Composition of P(EOZ-co-EI) calculated from the standard curve in Figure S2

Hydrolysis time (hour) Hydrolyzed PEOZ EOZ (%) EI (%)
0.5 P(EOZ-co-El,5) 85 15
1 P(EOZ-co-Ely) 72 28
2 P(EOZ-co-Els3) 47 53
3 P(EOZ-co-Elz) 22 78
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Figure S4. FTIR full spectra of PEOZ and MAPEOZ.
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Table S2. Retention values of 1 mg/mL glycol chitosan; PEOZ; MA,\PEOZ; MA,sPEOZ and
MA;sPEOZ solutions using 0.05 mg/mL sodium fluorescein as the solvent and pure 0.05
mg/mL sodium fluorescein solution on sheep nasal mucosa as washed with different volumes

of ANF (pH = 5.70). Values were expressed as means (n = 3)

Retention (%)

Time (min.)

Sample 0 5 10 20 30 40 50 60
Glycol chitosan 100 | 37.22 | 28.91 | 21.92 | 18.33 | 15.94 | 13.81 | 12.52
MA;sPEOZ 100 | 4953 | 3445 | 25.12 | 2041 | 16.74 | 14.11 | 12.54
MA,sPEOZ 100 | 42.13 | 31.63 | 24.34 | 19.32 | 16.63 | 14.53 | 12.75
MA,,PEOZ 100 | 34.71 | 26.52 | 20.53 | 17.15 | 1541 | 13.41 | 12.13
PEOZ 100 | 17.22 | 12.22 | 9.11 7.93 6.58 6.15 5.75
Sodium fluorescein 100 19.05 | 14.62 | 10.21 9.24 6.92 6.62 5.73
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Table S3. Values of viability of HEK 293 cells determined after treatment with different
concentrations (25, 50, 75, 100, 125 and 150 pg/mL) of PEOZ; P(EOZ-co-El,s); P(EOZ-co-
Elx); P(EOZ-co-Els;); MA(\PEOZ; MA,sPEOZ and MA3sPEOZ for 72 h. The untreated cells

served as the control. Values were expressed as means (n = 3)

Cell Viability (%)
Concentration (ug/mL)
0 25 50 75 100 125 150
Sample

PEOZ 100 | 93.81 | 92.72 | 90.93 | 89.65 | 87.05 | 85.75
P(EOZ-co-El;s) 100 | 90.87 | 89.68 | 88.27 | 87.45 | 86.93 | 84.75
P(EOZ-co-Els) 100 | 75.23 | 62.51 | 59.65 | 56.92 | 52.05 | 49.62
P(EOZ-co-Els3) 100 545 | 507 | 408 | 258 | 225 | 2.56
MA,PEOZ 100 | 93.21 | 92.25 | 90.34 | 89.29 | 87.86 | 86.75
MA,sPEOZ 100 | 92.54 | 90.07 | 89.41 | 88.56 | 87.14 | 85.27
MA;sPEOZ 100 | 90.42 | 89.12 | 88.97 | 87.95 | 86.43 | 84.38
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Figure S5. Photographs of mucus production by Arion lusitanicus slugs in contact with positive
(1% solution of BAC in PBS) and negative (PBS solution) controls as well as PEOZ and its

methacrylated derivatives (1 mg/mL each) after 60 min exposure.
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Chapter 5

Mucoadhesive formulations with maleimide modified poly(N-(2-

hydroxylpropyl)methacrylamide) copolymer for nasal drug delivery

This manuscript is under review before submission.
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Abstract:

Nasal drug administration represents one of the most investigated route for the
systemic administration, which is unfortunately often affected by inadequate nasal
drug absorption. Here, we have investigated novel mucoadhesive poly(N-(2-
hydroxylpropyl)methacrylamide) copolymer (PHPMA) enriched with maleimide
moieties. PHPMA and its maleimide derivates were investigated for their
cytotoxicity and mucosal irritation. Importantly, copolymers with low maleimide
content, which was nevertheless sufficient for the mucoadhesion, had no significant
cytotoxicity against HEK293 cell line and no mucosal irritancy against slugs was
also observed, respectively. The presence of maleimide groups had a remarkable
positive effect on the mucoadhesive properties of PHPMA. These PHPMA
derivatives have excellent potential as mucoadhesive materials for formulation of

dosage forms for nasal drug delivery.

Keywords: poly(N-(2-hydroxylpropyl)methacrylamide), mucoadhesion, maleimide,

mucoadhesive materials, nasal drug delivery
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1. Introduction

Nasal drug administration has been established as an alternative route for the
systemic availability of drugs restricted to intravenous administration due to the
large surface area, porous endothelial membrane, high total blood flow, the
avoidance of first-pass metabolism, and ready accessibility [1]. However, the drug
absorption through the nasal mucosa is generally affected by the physicochemical
properties of the drug [2], nasal mucus layer and mucociliary clearance [3], and
nasal absorption enhancers [4]. Therefore, one of the greatest limitations for nasal

drug delivery is inadequate nasal drug absorption.

Several drug delivery systems (DDS), such as microspheres [5-7], liposomes [8-10]
and gels [11, 12] have been demonstrated to have good bioadhesive characteristics
and are able to control the rate of drug clearance from the nasal cavity as well as
protect the drug from enzymatic degradation in nasal secretions. In addition, nasal
DDS based on polymer materials exhibiting mucoadhesive properties have also
been studied for increasing the residence time of drug formulations in the nasal
cavity, resulting in improved nasal drug absorption. Of which, maleimide groups
have been demonstrated to have a significant positive effect on the mucoadhesion
performance of some hydrophilic polymers. For example, liposomes decorated with
maleimide-functionalised PEG exhibited superior in vitro retention on the bladder
tissue, which is related to their ability to form covalent bonds with thiols present in
mucosal tissue [13]; maleimide-functionalised nanogels were found to exhibit
excellent mucoadhesive properties on ex vivo conjunctival tissue when compared
to the known mucoadhesive chitosan [14-16]; maleimide-functionalised chitosan
demonstrated excellent mucoadhesive properties which is superior to chitosan itself

[17].

(N-(2-hydroxylpropyl)methacrylamide)-based copolymers (PHPMA) are a
hydrophilic biocompatible copolymers that has been widely explored as carriers for
chemotherapeutic agents, and at least six of PHPMA-based therapeutics have
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progressed into phase I or phase II clinical trials or compassionate clinical trials
[18-20]. In addition, PHPMA has been validated as a dissociable “mucus-inert”
coating material to enhance mucus permeation of nanoparticles by assembling on
the nanoparticle surface and separating in time from the surface of nanoparticles for
subsequent epithelium absorption [21]. Liu et al. [22] developed PHPMA coated
trimethyl chitosan-based nanoparticles and demonstrated that the PHPMA coating
could enhance the diffusion of trimethyl chitosan nanoparticles through both human
cervicovaginal mucus and epithelial layer while non-coated trimethyl chitosan
nanoparticles were found to be less diffusive in both mucus and E12 cells. In
another study [23], Liu et al. investigated the effect of My, of PHPMA as a “mucus-
inert” material for overcoming the intestinal absorption barrier and found that the
trimethyl chitosan-based nanoparticles coated by lower My, of PHPMA (M, of 17
kDa) exhibited the highest stability and excellent permeability across mucus while
a high My, coating (My, of 120 kDa) results in premature dissociation of the PHPMA
shell and hindrance in mucus, and the best candidate for promoting cell uptake and
transepithelium transportation is 26 kDa. Liu et al. [24] developed PHPMA -coated
wheat germ agglutinin-modified lipid-polymer hybrid nanoparticles, co-loaded
with silibinin and cryptotanshinone and revealed that PHPMA enhanced
nanoparticle mucus penetration through the in vitro mucus diffusion study. Lu et al.
[25] modified the surface of mesoporous carbon nanoparticles with chitosan
concealed by PHPMA layer and concluded that the mucus-permeable nanocarrier
could effectively overcome multiple gastrointestinal absorption barriers and the oral
bioavailability of drug-loaded nanoparticles was 2.76-fold that of commercial
preparation. However, studies into the mucoadhesive properties of PHPMA or its

derivatives are currently lacking; most studies are about mucus penetration.

Here, we have employed novel strategy to increase the mucoadhesive properties of
PHPMA by the introduction of the maleimide groups into the PHPMA side chains.
Liquid formulations based on PHPMA and its maleimide derivatives with sodium

fluorescein as a model compound were prepared and their retention on freshly
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excised sheep nasal mucosa was evaluated using fluorescent microscopy. Tensile
test was utilized as the other way to investigate the mucoadhesive properties of
samples. The biocompatibility of parent PHPMA and its maleimide derivatives was

studied in HEK293 cell line and slugs.
2. Materials and methods
2.1 Materials

The monomers N-(2-hydroxypropyl)methacrylamide (HPMA) and 3-(3-
methacrylamidopropanoyl)thiazolidine-2-thione (Ma-p-Ala-TT) was prepared as
described previously [26]. 2,2'-Azobis(4-methoxy-2,4-dimethylvaleronitrile) (V70)
was from FUJIFILM Wako Pure Chemical Corporation (Japan). (1-cyano-1-
methyl-ethyl)  benzenecarbodithioate  (CTA), tert-butyl alcohol, N,N-
dimethylacetamide (DMA), dimethyl sulfoxide (DMSO), azobisisobutyronitrile
(AIBN) and 2-aminoethyl maleimide trifluoroacetate (AEMI) were from Merck
(Czech Republic). Acetone and diethyl ether were from Lach-Ner (Czech Republic).
N, N-diisopropylethylamine (DIPEA) was from Iris Biotech, GmbH (Germany).
Deuterium oxide (D20), sodium fluorescein, glycol chitosan, calcium chloride
dehydrate, sodium chloride, potassium chloride and benzalkonium chloride (BAC)
were from Sigma-Aldrich (UK). DMEM High Glucose was from Capricorn
Scientific (Germany). 10 % fetal calf serum was from GE Healthcare Life Sciences
(USA). 1 % penicillin/streptomycin was from Nacalai Tesque Inc. (Japan). CellTiter
96 aqueous MTS reagent powder was from Promega Corporation (USA). Phenazine
methosulfate was from Thermo Fisher Scientific (USA). Phosphate buffered saline
(PBS) was purchased from Fisher Scientific (UK).

2.2 Synthesis of PHPMA functionalised with maleimide groups (PHPMA-Mi)

At first, the copolymer poly(HPMA-co-Ma-3-Ala-TT) (PHPMA-TT) was prepared
by reversible addition—fragmentation chain transfer (RAFT) copolymerization of
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HPMA (2 g, 13.97 mmol, 87.5 mol %) and Ma-B-Ala-TT (515 mg, 2.0 mmol, 12.5
mol %) using V70 (0.013 mmol, 4.1 mg) as an azo initiator and CTA (0.027 mmol,
5.9 mg) as a chain transfer agent. The molar ratio of monomers/CTA/ initiator was
1200:2:1. The polymerization mixture was dissolved in tert-butyl alcohol with 15 %
of DMA (22.8 mL, 0.7 M solution of monomers), transferred into a glass ampule,
bubbled with Ar and sealed. After 16 h at 40 °C, the tough product was diluted with
DMSO and isolated by precipitation in acetone/diethyl ether, then washed with
diethyl ether and dried under vacuum. The resulting copolymer was reacted with
AIBN (10 molar excess) in DMSO (15% w/w solution of polymer) under Ar for 3
h at 70 °C in a sealed ampule to remove dithiobenzoate (DTB) w-end groups. The
reaction mixture was isolated by precipitation with acetone/diethyl ether, the
precipitate was washed with diethyl ether and dried under vacuum to yield
copolymer PHPMA-TT-1. The copolymer PHPMA-TT-2 was prepared by the same
way but with 25 mol% of Ma-B-Ala-TT and with the molar ratio of monomers/CTA/

initiator 1600:2:1.

The obtained reactive polymer precursors (PHPMA-TT) were dissolved in DMA
and 1.1 molar amount of 2-aminoethyl maleimide trifluoroacetate (AEMI) to TT
(thiazolidine-2-thione) groups was added to the solution using 1.1 molar amount of
DIPEA as the base. The course of the reaction was analyzed using HPLC and after
removing all TT groups from polymer, the reaction mixture was precipitated in
acetone/diethyl ether, then washed with diethyl ether and dried under vacuum to

form PHPMA-Mi conjugates.
2.3 Characterization of polymers
2.3.1 Proton nuclear magnetic resonance (\H-NMR)

"H NMR spectra of polymers were recorded with a Bruker spectrometer operating
at 250 MHz using D20 (15 mg/mL) as the solvent. All chemical shifts are given in

ppm. MestReNova software was used for analysis of spectra.
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2.3.2. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded on a Nicolet iS5 spectrometer using a diamond ATR
(Attenuated Total Reflection) accessory. After a background scan was collected,
samples were placed on the crystal and scanned from between 4000 and 600 cm'
at a resolution of 4 cm™ and an average of 64 scans. The OMINIC software was

used for spectral analysis.
2.3.3 Size exclusion chromatography (SEC)

The molecular weights and polydispersity of polymers were measured by size
exclusion chromatography (SEC) on a HPLC system (Shimadzu, Japan) equipped
with UV, differential refractive index and multi-angle light scattering detectors
(Wyatt Technology Corp., USA) using TSKgel G4000 SWXL, (Tosoh Bioscience,
Japan) (80% methanol, 20% 0.3 M acetate buffer pH 6.5) at a flow rate of 0.5
mL/min. The calculation of molecular weights from the light- scattering intensity

was based on the known injected mass, assuming 100% mass recovery.
2.3.4 Calculation of maleimide modification

The modification of maleimide was calculated from 'H NMR spectra of MPHPMA
in D>O based on the integrated areas (/) of -CH signals of HPMA monomer and -

CH=CH- signals of maleimide moieties, as displayed in the following equations:

Licu=cay __ Lcmy
5y~ x (1)
Maleimide (%) = % (2)

where Ijcy-cny 1s the integrated area of -CH=CH- of maleimide moieties, /;cpy is
the integrated area of -CH of HPMA moieties, x is the number of repeating units of

HPMA moieties, y is the number of repeating units of maleimide moieties.

then the equation (2) was modified to:
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Maleimide (%) = oo 3)

21 cry+ Iicn=cny

2.4 In vitro nasal mucoadhesion studies
2.4.1 Preparation of polymer/fluorescein sodium mixtures and artificial nasal fluid

Artificial nasal fluid (ANF) was prepared according to the established protocol [27,
28] by dissolving 7.45 g NaCl, 1.29 g KCl and 0.32 g CaCl,-2H,0 in 1000 mL
deionised water. The solution was left stirring overnight at room temperature. The

artificial nasal fluid was kept at 37 °C in a water bath throughout the experiments.

Sodium fluorescein solutions (0.05 mg/mL) were prepared in deionised water into
which polymer samples were dissolved; 10 mg of either PHPMA, PHPMA-Mi, or
glycol chitosan were dispersed in 10 mL of the sodium fluorescein solution and pH
was adjusted to 5.7. The dispersions were left for 24 h at room temperature with

stirring until complete dissolution and were protected from light by aluminium foil.
2.4.2 Fluorescence retention studies on nasal mucosa

Sheep heads were obtained from P.C. Turner Abattoir (Farnborough, UK) and
transported to the laboratory in a cold box (3—4 °C). The nasal septum tissue
containing mucosal lining (1.5x1 cm) was carefully dissected and extracted from
each head with scissors, washed with 1 mL of ANF and placed on a microscope

slide. All tissues were used within 24 h after animal slaughter.

All experiments assessing retention of formulations on nasal mucosa were
conducted at 37 °C in an incubator. Images of mucosal surfaces were taken using a
fluorescence microscope (MZ10F, Leica Microsystems, UK), equipped with an “ET
GFP” filter and a Zeiss Imager A1/AxioCam MRm camera. All images were at 0.8x
magnification with a 211 ms exposure time. Initially, fluorescence images of
mucosal tissues were recorded for each sample to collect background fluorescence
intensity. Then, 20 pL solution of 1 mg/mL PHPMA, PHPMA-Mi or glycol chitosan

containing 0.05 mg/mL sodium fluorescein was placed on the mucosal surface and
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fluorescence images were again recorded. After 3 min of dosing, the mucosal
tissues were transferred to the incubator and irrigated with ANF using a syringe
pump at 0.43 mL/min. Fluorescence images of the mucosal tissue were collected
periodically and analyzed using ImageJ software to measure pixel intensity after
each wash. Results are presented as fluorescence intensity versus the time of
irrigation after subtracting the background fluorescence from each wash image.
Sodium fluorescein solution in deionised water was used as a negative control and
glycol chitosan solution (1 mg/mL) was used as a positive control. The experiments

were conducted in triplicate.
2.4.3 Mucoadhesive properties studies using tensile test

Tensile test was performed on a TA XT plus texture analyser (Stable Mirco systems)
where nasal tissue 4 cm2 was incubated to 37 °C before being placed on a platform
(24 mm opening) that was surrounded by water at 37 °C to maintain the tissue
temperature during the test. Each sample was prepared by soaking a filter paper
(diameter =15 mm) in polymer solution (3 mg/mL) using ANF as the solvent for 30
s before drying in a vacuum oven at 25 °C for 20 mins and this process was repeated
once to obtain a dry polymer coated filter paper, which was then attached to the
probe via a carbon tab (12 mm). The contact time between the probe and the tissue
was 30 s with 100 g of force before pulling apart with a removal speed of 1 mm/s.
All samples were tested in triplicate. T.A. Exponent software was used to record the
area under the force versus distance curves (work of adhesion) as well as the force
of adhesion/adhesive strength which is the maximum force needed to detach tissue

from the polymer coated filter paper.
2.5 Biocompatibility studies
2.5.1 Cytotoxicity studies

HEK293 was cultured in DMEM High Glucose supplemented with 10 % fetal calf

serum and 1 % penicillin/streptomycin. The cells were incubated at 37 °C in a
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humidified atmosphere of 5 % CO,. Cell viability was assessed using CellTiter 96
AQueous Non-Radioactive Cell Proliferation Assay (MTS assay). Cells were
seeded in 96-well plate at 3 x 10° cells/well and incubated overnight at 37 °C in 5 %
CO; humidified air for cell attachment. The cells were then treated with various
concentrations of the polymers (25, 50, 75, 100, 125 and 150 pg/mL) for 72 h. The
negative control group consisted of untreated cells and was considered as 100 % of
viable cells. After 72 h, treatment media were replaced with new growth media and
20 puL MTS solution (prepared in phosphate buffered saline) containing 2 mg/mL
of CellTiter 96 Aqueous MTS reagent powder and 0.92 mg/mL of phenazine
methosulfate. The cells were incubated for a further 4 h before absorbance (Abs)
was measured at 490 nm using an Infinite 200 PRO microplate reader (Tecan Group
Ltd., Switzerland). The results are expressed as percentage of cell viability

compared to the negative control group based on the following equation:

Cell viability (%) = L25Ireatment—AbSaianid) o 4 @)

(Abscontrol—Absplank)

2.5.2 Slug mucosal irritation assay

The slug mucosal irritation (SMI) assay was performed according to our previously
published reports [29, 30]. Arion lusitanicus slugs were collected locally in Harris
Garden (Reading, UK) and were housed in plastic containers and fed with lettuce,
cabbage, and cucumber. Each slug’s body lining was carefully inspected and only
slugs showing no evidence of macroscopic injuries with clear tubercles and a foot
surface were used for testing purposes. Slugs weighing between 6 and 20 g were
isolated from the culture and were placed individually in 1 L glass beakers lined
with a paper towel moistened with 20 mL of phosphate buffered saline (PBS, pH
7.40) and left at room temperature for 48 h before the start of an experiment. All
beakers were covered with cling film pierced with tiny holes to allow air exchange.

Each slug was individually weighed before the experiment and then placed in 90
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mm plastic Petri dishes lined with Whatman™ filter paper moistened with either
positive/negative controls (2 mL of 1% BAC in PBS and 2 mL of PBS solution,
respectively) or 2 mL of each test materials (PHPMA, PHPMA-Mi) prepared in
PBS with different 1, 2 and 3 mg/mL concentrations. After 60 min contact period
slugs were taken out, rinsed with 10 mL of PBS, gently wiped with the paper towel,
and then reweighed. The mucus production (MP) was estimated as a slug body

weight loss and calculated using the following equation:

Mp = {bMa) 5 1009, (5)

mp

where m; and m, are the weights of a slug before and after experiment, respectively.
Each experiment was repeated 5 times using different slugs and the results were

evaluated statistically, calculating the mean + standard deviation values.
2.6 Statistical analysis

All experiments were conducted in triplicate and data expressed as mean + standard
deviation with the probability of p <0.05 considered as significant. GraphPad Prism
statistical analysis software (version 7.0) was used to analyze data using one-way

analysis of variance ANOVA and paired t-tests.
3. Results and Discussion
3.1. Synthesis and characterization of PHPMA-Mi conjugates

PHPMA-Mi conjugates were synthesized by two-step procedure, first, the RAFT
copolymerization of HPMA and Ma-B-Ala-TT was employed for the preparation of
PHPMA-TT copolymers, which were used for subsequent reaction with AEMI to
substitute the TT groups with maleimide groups (Fig. 1). The resultant PHPMA-Mi

copolymers were characterized using '"H NMR, FTIR and SEC.
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Fig. 1. Synthesis of PHPMA-Mi conjugates.

The "H NMR spectrum of PHPMA showed signals which were in agreement with
the published literature [31]: 0 (ppm) 3.82 (peak d, CH of PHPMA side chain),
3.19-2.90 (peak ¢, CH> of PHPMA side chain), 1.99-1.51 (peak a, CH> of PHPMA
backbone), 1.17-0.74 (peak b, CHz of PHPMA backbone and CH3; of PHPMA side
chain). The introduction of maleimide groups led to the signals at 6 (ppm) 3.70-
3.18 (peak e and g), 2.30 (peak f) and 6.81 (peak /) characteristic for -CH; attached
to the amines, -CH; attached to the carbonyl groups and -CH=CH- of maleimide
moieties, respectively. The signal at 6 (ppm) 7.56 (peak i) was attributed to NH of
the copolymer side chain (Fig. 2), but this signal for PHPMA itself was too weak
to be characterized probably because of the less NH groups in PHPMA
homopolymer than that in PHPMA-Mi copolymers. It also could be seen from the

"H NMR spectra of PHPMA-Mi that there were no TT groups signals as the TT
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groups were entirely substituted by maleimide groups which was tracked and
analyzed by HPLC equipped with UV (Fig. S1). However, side reactions are

possible via Michael addition which would be further investigated in the future.

The functionalization of maleimide was calculated from 'H NMR spectra of
PHPMA-Mi in D;O based on the integral values (/) of -CH signals of HPMA
monomer and -CH=CH- signals of maleimide moieties, as displayed in Table 1 that
the maleimide substitution was 11% and 25% after the reaction with the reactive
polymer precursor PHPMA-TT-1 and PHPMA-TT-2, respectively. For clarity, the
maleimide functionalized PHPMA are annotated with their Mi content (i.e.
PHPMA-Mi; contains 11% maleimide groups and was synthesized from PHPMA -
TT-1). The resulting good polymer dispersity (1.10 for PHPMA-Mi;; and 1.14 for

PHPMA-Mi,s) was demonstrated by SEC (Fig. S2).
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8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.C

Fig. 2. 'TH NMR spectra of PHPMA and PHPMA-Mi in D,O.
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Table 1. Characterization of polymers.

Content of maleimide group®

Products M2 Mw/Mp? (mol %)

PHPMA 74 700 1.08 0
PHPMA-Mi11 74 400 1.10 11
PHPMA-Mizs 72 000 1.14 25

*Molecular weight and polydispersity were determined by SEC using RI and LS

detection. "Maleimide content was determined by 'H NMR.

The FTIR spectrum of PHPMA shows the following peaks: 3337 cm™ (N-H and

O-H stretch); 2970 and 2923 cm™' (alkyl C—H stretch); 1640 cm™ (amide C=0O

stretch); 1528 cm™ (N-H bend); 1443 cm’! (alkane); 1200 cm™ (C-O stretch).

Successful maleimide modification from PHPMA to PHPMA-Mi was shown not

only through the N-H and C-H stretch enhancement but also by strong features

appearing at 1705 cm™ (C=C stretch), 831 cm™! (=C-H bend) and 696 cm™ (=C-H

bend), and the signals were significantly strengthened with the higher content of

maleimide groups (Fig. 3).
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Fig. 3. FTIR spectra of PHPMA and PHPMA-Mi in the range of 3800-600 cm™.
3.2. In vitro nasal mucoadhesion studies

The mucoadhesive properties of PHPMA, PHPMA-Miii and PHPMA-Miss
solutions containing sodium fluorescein were studied on freshly excised sheep nasal
mucosa, irrigated with ANF. The glycol chitosan served as the mucoadhesive
positive control, whereas the negative control was sodium fluorescein. Fig. 4 shows
the retention of sodium fluorescein mediated with glycol chitosan, PHPMA,
PHPMA-Mii; and PHPMA-Mis on sheep nasal mucosa. Numerical values from

these experiments are summarized in Table S1.

Parent PHPMA exhibited relatively poor mucoadhesive properties as only ~7.1%
of fluorescence remained on nasal mucosa after 60 min washing which was similar
to that for sodium fluorescein (Fig. 4b). PHPMA conjugation with higher amount
of maleimide resulted in greater retention after each wash. For example, the
retention values of PHPMA, PHPMA-Mi; and PHPMA-Miys after 5 min washing
were approximately 20.5%, 34.6% and 42.2%, respectively, calculated based on the

fluorescence intensity after 5 min washing. It could be seen that there was no
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significant retention difference between PHPMA-Miys and glycol chitosan,
indicating the potential mucoadhesive performance of PHPMA-Miys. In addition,
PHPMA-Mii; showed significantly better mucoadhesive properties than parent
PHPMA at all time points (p < 0.005). The superior mucoadhesive properties of
PHPMA-Mi may be due to the high reactivity of maleimide towards thiol groups

present in cysteine on the mucous membrane [17, 32].
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Fig. 4. (a) Fluorescence images showing retention of 1 mg/mL glycol chitosan,
PHPMA, PHPMA-Mixs, PHPMA-Mii; solutions using 0.05 mg/mL sodium
fluorescein as the solvent, and pure 0.05 mg/mL sodium fluorescein solution on
sheep nasal mucosa and washed with ANF. Scale bar is 2 mm. (b) Retention of 1
mg/mL glycol chitosan, PHPMA, PHPMA-Mii;, PHPMA-Mis solutions using
0.05 mg/mL sodium fluorescein as the solvent and pure 0.05 mg/mL sodium
fluorescein solution on sheep nasal mucosa as washed with different volumes of

ANF (pH=5.7, n=3, mean + SD, “*” represents p < 0.05).

Tensile test was utilized as the other way to investigate the mucoadhesive properties
of samples. The force of detachment or adhesive strength indicates the force
required to overcome the adhesive bonds between the sample and nasal mucosa,
while the work of adhesion is the area under the force-distance curves. Dextran was
used as a negative control [33]. The work of adhesion values showed that PHPMA -
Mizs was statistically more mucoadhesive than PHPMA and PHPMA-Miy (Fig.
5b), albeit PHPMA-Mii and PHPMA-Mizs displayed similar force of detachment

(Fig. 5a). Overall, the adhesive strength of the polymers correlated well with their
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work of adhesion as PHPMA-Miys exhibited greater force of detachment and work
of adhesion relative to the parent PHPMA. This is in good agreement with the

fluorescence retention studies on nasal mucosa.

Force of detatchment (N)

Dextran PHPMA PHPMA-Mi,, PHPMA-Mi,

Work of adhesion (N.mm)

Dextran PHPMA PHPMA-Mi,, PHPMA-Mi,

Fig. 5. (a) Force of detachment and (b) work of adhesion of dextran, PHPMA,
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PHPMA-Mii; and PHPMA-Miss to sheep nasal mucosa measured using tensile test

(n=3, mean + SD, “*” represents p < 0.05).

3.3. Biocompatibility studies

The HEK293 cell growth inhibitory effect of the copolymers was studied over 72 h
(Fig. 6). The cytotoxicity values were expressed as means and showed in Table S2.
Recently, the toxicity of PHPMA has been tested in other cell lines such as HeLa,
L-cells and WI-38, and none of the tested cell lines showed any cytotoxicity [34].
Similarly, in this study, PHPMA was proven to have no cytotoxic effect on the
viability of HEK293 cells even at high concentrations (> 100 ug/mL). It could be
seen that 11 mol% maleimide functionalized copolymer (PHPMA-Mii1) showed no
significant toxicity even at very high concentration (150 pg/mL). By contrast, 25
mol% maleimide functionalized copolymer (PHPMA-Miys) was relatively toxic
compared to parent PHPMA, what could be escribed to the maleimide groups acting
as a reactive oxygen species (ROS)-scavenging inhibitor. The maleimide groups are
able to deactivate intracellular glutathione and cysteine, thus increasing cytotoxicity
[35, 36]. Therefore, it is important to be aware of the maleimide content when

selecting maleimide modified polymers as the mucoadhesive materials.
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Fig. 6. Viability of HEK 293 cells determined after treatment with different
concentrations (25, 50, 75, 100, 125 and 150 ug/mL) of PHPMA, PHPMA-Mi;
and PHPMA-Miys for 72 h. The untreated cells served as the control. Values were
expressed as means £+ SD (n = 3), “*” represents p < 0.05, “**” represents p < 0.005,

cesesksko? represents P < 0.001.

The mucosal irritancy of PHPMA and PHPMA-Mi conjugates was tested in Arion
lusitanicus slugs. Fig. 7 presents the results on mucus production by slugs exposed
to filter paper moistened with PHPMA and PHPMA-Mi conjugates of various
amount prepared in PBS as well as positive and negative controls. In experiments
with 1% solution of BAC in PBS (pH 7.35), used as a positive control, slugs
experienced a severe discomfort, producing approximately 36 + 5% of yellow
mucus, whereas slugs exposed to PBS (used as a negative control, pH 7.40) did
show a low level of mucus production of 4 + 1% (Fig. S3 in Supporting information
for the images of slugs exposed to various test materials). A significant variability
of the data obtained from experiments with positive control is explained by slugs’
increased activity and tendency to escape a contact with an irritant chemical. In all
experiments with negative control and PHPMA-based biomaterials slugs secreted
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colorless mucus, which is the first sign of their reasonably good biocompatibility.
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Fig. 7. Mucus production by Arion lusitanicus slugs in response to 60 min exposure
to PHPMA, PHPMA-Mi;; and PHPMA-Miys as well as positive and negative
controls. Statistically significant differences are given as: “****” represents p <

0.0001; “*” represents p < 0.05; “ns” represents no significance.

4. Conclusions

Within the present study we have successfully synthesized and tested maleimide
functionalized PHPMA copolymers as suitable mucoadhesive excipients. Using the
cytotoxicity studies and slug mucosal irritation assay we were able to demonstrate
good biocompatibility of maleimide containing polymers, thus proving their
applicability within the nasal delivery route. /n vitro nasal mucoadhesion studies

demonstrated that PHPMA-Mi copolymers exhibited superior mucoadhesive
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properties on nasal mucosa tissue compared to parent PHPMA owing to the binding
of maleimide groups being available to interact with the mucosal surface. To sum
up, maleimide functionalized PHPMA can potentially be used as a mucoadhesive

material in dosage forms for nasal drug delivery.
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Fig. S1. (a) at 0 h (UV detector at 220 nm), the first peak was attributed to DMA,
the second peak (2.8 min) was attributed to PHPMA-TT which showed two UV
maximum absorption wavelength at 272 nm and 306 nm; (b) at 3 h (UV detector at
220 nm), the first peak was attributed to DMA and released TT groups, the second
peak (2.4 min) was attributed to PHPMA-Mi which showed one UV maximum

absorption wavelength at 275 nm.
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Table S1. Retention values of 1 mg/mL glycol chitosan, PHPMA, PHPMA-Mi;

and PHPMA-Mizs solutions using 0.05 mg/mL sodium fluorescein as the solvent

and pure 0.05 mg/mL sodium fluorescein solution on sheep nasal mucosa as washed

with different volumes of ANF (pH=5.7). Values were expressed as means (n = 3).

Retention (%)

Time (min.)
0 5 10 20 30 40 50 60

Sample
Glycol chitosan 100 37.22 2891 | 21.92 | 18.33 | 1594 | 13.81 | 12.52
PHPMA-Miy 100 34.64 2742 | 20.62 | 17.51 | 14.94 | 13.23 | 12.24
PHPMA-Mis 100 42.17 30.77 | 22.83 | 19.13 | 17.12 | 15.31 | 14.03
PHPMA 100 20.52 15.61 | 11.22 | 10.84 | 7.63 7.23 7.05
Sodium fluorescein | 100 19.05 14.62 | 10.21 | 9.24 | 6.92 6.62 5.73
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Table S2. Values of viability of HEK 293 cells determined after treatment with
different concentrations (25, 50, 75, 100, 125 and 150 pg/mL) of PHPMA,
PHPMA-Mi;; and PHPMA-Miss for 72 h. The untreated cells served as the control.

Values were expressed as means (n = 3).

Cell Viability (%)
Concentration (pug/mL)
0 25 50 75 100 125 150
Sample
PHPMA 100 | 98.95 | 99.72 | 98.28 | 97.69 | 97.42 | 97.87
PHPMA-Miy; 100 | 9791 | 96.44 | 95.85 | 94.94 | 93.98 | 92.03
PHPMA-Miss 100 | 89.77 | 84.14 | 81.85 | 75.46 | 73.09 | 71.94
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Fig. S3. Mucus production by Arion lusitanicus slugs in contact with positive (1%
solution of BAC in PBS) and negative (PBS solution) controls as well as test

materials after 60 min exposure.
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Chapter 6

General discussion and future work
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General discussion

Poly(2-oxazolines) (POZ) are an emerging polymer class with useful properties and
are proposed as a versatile platform for different drug delivery systems such as
nanoparticles [1], micelles [2], hydrogels [3], polymer-drug conjugates [4] and
polymer-protein conjugates [5]. However, to date applications of POZ in solid
dispersions as well as a mucoadhesive carrier are lacking. Here, we not only
developed a series of poly(2-oxazolines)-based solid dispersions (second chapter
and third chapter), but also modified poly(2-ethyl-2-oxazoline) with methacrylate
groups which significantly improved its mucoadhesive performance (fourth
chapter). In addition, PHPMA and its maleimide derivatives were studied in terms
of their mucoadhesive properties and demonstrated that maleimide groups also
resulted in enhanced mucoadhesion (fifth chapter), which could act as a parallel

work to methacrylate groups modified poly(2-ethyl-2-oxazoline).

The first chapter provided an overview on intermolecular interactions in solid
dispersions of amide-containing nonionic water-soluble polymers including PVP,
PVP/VA, Soluplus and poly(2-oxazolines). The amide group could act as hydrogen
bonding acceptors in intermolecular interactions between carriers and drugs. Apart
from hydrogen bonding, dipole-dipole interactions, hydrophobic effects and Van
der Waals forces were also discussed. However, hydrogen bonding between drug
molecules and carriers remain most widely reported and are responsible for drug
crystallinity reduction, and improvements in drug stability and dissolution rate. The
influence of hydrogen bonding between drug molecules and polymer carriers (PVP,
PVP/VA, Soluplus and poly(2-oxazolines)) on solid dispersion properties provides
the rationale to select other nonionic water-soluble polymer carriers containing
amide groups such as poly(N-vinyl acetamide) and polyacrylamide, which have not

yet been studied as solid dispersion carriers.

The second chapter focused on the synthesis of a series of water-soluble poly(2-

oxazolines) with equivalent degrees of polymerization and subsequent applications
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in solid dispersions. The polymer structure and property effects on solid dispersions
with haloperidol were investigated. Poly(N-vinyl pyrrolidone) (PVP) was superior
in its ability to reduce crystallinity of haloperidol and gave rapid drug release from
solid dispersions which is related to its ability to form hydrogen bonds with the drug
molecules. Increasing the number of hydrophobic groups (-CH:-and -CH3) in
poly(2-oxazolines) resulted in greater inhibition of crystallinity of haloperidol.
However, poly(2-isopropyl-2-oxazoline) had very poor ability to reduce
crystallinity of haloperidol, which is related to the semi-crystalline nature of this
polymer. Dissolution studies indicated good agreement with the levels of drug
crystallinity measured in the solid dispersions. However, solid dispersions with
poly(n-propyl-2-oxazoline) were found to release drug very slowly due to its lower
critical solution temperature and hence insolubility of this polymer in the

dissolution medium.

Given the hydrogen bonding between haloperidol and poly(2-oxazolines) was
almost absent due to the poor hydrogen bond donating ability of the haloperidol
hydroxy group, the third chapter utilized ibuprofen as another model drug to explore
the impacts of both polymer hydrophobicity and drug-polymer hydrogen bonding
considering ibuprofen’s strong hydrogen bond donating ability (because of its
carboxylic group). Poly(2-methyl-2-oxazoline), the most hydrophilic polymer,
showed the poorest ability to reduce or inhibit the crystallinity of ibuprofen. In
contrast, more hydrophobic polymers PVP, poly(2-ethyl-2-oxazoline), poly(n-
propyl-2-oxazoline) and poly(2-isopropyl-2-oxazoline) provided greater but similar
abilities to reduce ibuprofen -crystallinity, despite the different polymer
hydrophobicity and that poly(2-isopropyl-2-oxazoline) is semi-crystalline. These
results indicate that crystallinity disruption is predominantly due to hydrogen
bonding between the drug molecules and the polymer. However, carrier properties
affected drug dissolution, where poly(n-propyl-2-oxazoline) exhibited lower
critical solution temperature that inhibited the release of ibuprofen, which is

consistent with the haloperidol dissolution study. Drug release from other systems
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was consistent with the degree of ibuprofen crystallinity within the dispersions.

The fourth chapter demonstrated successful methacrylation of poly(2-ethyl-2-
oxazoline) through reaction between partially hydrolysed poly(2-ethyl-2-oxazoline)
bearing secondary amino-groups and methacrylic anhydride. Cell toxicity studies
demonstrated equivalent biocompatibility of the methacrylated polymers with the
parent  poly(2-ethyl-2-oxazoline). Methacrylation significantly increased
mucoadhesion to nasal mucosal tissue compared to the parent poly(2-ethyl-2-
oxazoline), attributed to the synergistic binding of methacrylate groups as well as

residual secondary amines being available to interact with the mucosal surface.

The fifth chapter demonstrated successful maleimide functionalization of PHPMA
through reaction between copolymer poly(HPMA-co-Ma-B-Ala-TT) bearing TT
groups and 2-aminoethyl maleimide trifluoroacetate. The cytotoxicity studies and
slug mucosal irritation assay indicated good biocompatibility of maleimide
functionalized PHPMA. In vitro nasal mucoadhesion studies demonstrated that
PHPMA-Mi copolymers exhibited superior mucoadhesive properties on nasal
mucosa tissue compared to its parent PHPMA owing to the covalent bonding of

maleimide groups being available to interact with the mucosal surface.

In summary, the solid dispersion studies provide guidelines through which it is
possible to rationally select polymer carriers for a given drug structure in solid
dispersion preparation. For example, when selecting a carrier for solid dispersions,
it is important to consider not only the hydrogen bonding capabilities of the polymer
but also its broader properties such as hydrophobicity, semi-crystallinity and lower
critical solution temperatures. The mucoadhesion studies based on poly(2-ethyl-2-
oxazoline) and PHPMA proved that they can potentially be used as mucoadhesive

materials in dosage forms for nasal drug delivery.

The work described in this thesis has demonstrated potential future uses and
benefits of poly(2-oxazolines) as a pharmaceutical excipient. Polymers can be

prepared to span a broad range of hydrophilicities — from water soluble to highly
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hydrophobic. The polymers can be easily functionalized to provide excipients with
tailored properties such as mucoadhesion, and indeed to control the degree of
mucoadhesion. The poly(2-oxazolines) and functionalized derivatives appear to
offer good biocompatibility- similar to that of other pharmaceutical polymeric
excipients as assessed in cell cytotoxicity and mucosal irritation studies. Clearly
further work is merited on this novel class of polymers to fully exploit and

maximize their potential.

Future work

The solid dispersion work demonstrated the value of POZ’s as drug carriers and
stability studies and long-term storage (or accelerated stability) studies could be
performed in the future. For example, after preparation of the physical mixtures and
solid dispersions, the samples could be stored for 8 weeks at 25 °C and 45 °C under
an RH of 70%, respectively. Every week during this time, drug crystallinity within
the dispersions could be measured alongside drug dissolution rates to assess not
only stability but potentially identify moisture uptake effects on the dispersion
(shown in literature studies to potentially led to phase separation). Further, the effect
of humidity on the dissolution rates of solid dispersions would be beneficial;
obtained powders could be kept under varying RHs for 4 weeks, with dissolution

tests and drug crystallinity monitored throughout [6].

A natural extension to the solid dispersion studies is to undertake an in vivo
pharmacokinetic study. For example, haloperidol or ibuprofen could be
administered orally to one group of animals (rats, which have been sued for
haloperidol pharmacodynamic studies) while their solid dispersions will be
administered orally to another group. Then blood samples from these animals could
be analyzed [7] periodically and related to the pharmacodynamic actions (of

haloperidol or ibuprofen).
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Mocoadhesion studies could also be extended to in vivo studies. For example,
haloperidol could be used as a model drug and formulated with MAPEOZ or
PHPMA-Mi and tested in rats by nasal administration against haloperidol alone as
a control. The catalepsy test would demonstrate whether the polymers could prevent

unwanted central side effects of nasally administered haloperidol [8].

Advanced imaging techniques would also be useful to demonstrate the
biodistribution and potential accumulation of the polymers in vivo. For example,
in vivo optical imaging could be conducted [9]; polymers would be labeled with a
near-infrared fluorescence (NIRF) dye such as DiR and mice given nasal
administration of free DiR and DiR/polymer. Additionally, DiR/polymer could be
injected at the same dose into the tail vein as the control group. The major organs
(heart, liver, spleen, lung and kidney) would then be collected and imaged to

demonstrate biodistribution of the polymers from either nasal or iv administration.
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Appendix

Synthesis of poly(2-ethyl-2-oxazoline) hydrogels

Synthesis of macromonomers

Acrylated poly(2-ethyl-2-oxazoline) (APEOZ) macromonomer was synthesized by
two synthetic strategies as depicted in Figure 1. The first method was based on the
esterification of the hydroxy group ended poly(2-ethyl-2-oxazoline) with acryloyl
chloride. The second method consists of two steps, namely the living cationic ring
opening polymerization of 2-ethyl-2-oxazoline and the subsequent termination by
acrylic acid. The bis-APEOZ macromonomer was obtained by the second method
and terminated by 1,4- dibromo 2-butene. APEOZ and bis-APEOZ were
characterized by '"H NMR and gel permeation chromatography (GPC) and shown

in Figure 2 and Table 1.

Synthesis of hydrogels by thermal free radical polymerization

Triethylene glycol dimethacrylate (TEGDMA) and 2,2-Azobis (2-
methylpropionitrile) (AIBN) was used as the crosslinker and thermal initiator,
respectively. Nitrogen was bubbled through the well-mixed solutions for 5 min to

remove dissolved oxygen. The reaction vessels were placed in a water bath at 70 °C.
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Figure 1. Synthesis of poly(2-ethyl-2oxazoline) macromonomers and hydrogels.
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Figure 2. "H NMR spectra of APEOZ and bis-APEOZ. The degree of functionality
was calculated from the integrals of the peaks of the vinylic protons of the acrylate

(labeled as f) in comparison with the end methyl protons of the polymer backbone
(labeled as a).

192



Table 1. Characterization of polymers.

Product \Y PDI* Functionality of acrylates®
APEOZ 1554 1.115 52.0%
bis-APEOZ 1624 1.182 53.6%

aMolecular weight and polydispersity (PDI) were determined by GPC. Maleimide

®functionality was determined by 'H NMR.

Results and discussion

The acrylate functionality for APEOZ and bis-APEOZ is 52.0% and 53.6%,
respectively. It could be seen from scheme 1 that APEOZ macromonomer could not
be made into hydrogels, but bis~APEOZ could form hydrogels, which might be
related to the low functionalization of APEOZ due to the chain transfer reaction
resulted from the water traces involved in the living cationic ring opening
polymerization. Double vinyl end groups in bis-APEOZ makes it act as the other

type of crosslinker to accelerate the free radical polymerization.

Future work on this project will be purification of the reagents used in the synthesis
of macromonomer to remove the water traces and accordingly improve the acrylate

functionality.
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