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Abstract:

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 differential scanning calorimetry. The poly(2-oxazolines)
as well as poly(N-vinyl pyrrolidone) (PVP) were used to prepare solid
dispersions with haloperidol, a model poorly soluble drug. Dispersions
were investigated by powder X-ray diffractometry, differential scanning

calorimetry and FTIR spectroscopy. Increasing the number of hydrophobic
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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 inhibition 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.

Keywords: solid dispersions, poly(N-vinyl pyrrolidone), poly(2-

oxazolines), crystallinity, hydrophobic drug, amorphous, 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 et al., 2017), co-



crystals (Blagden et al., 2007), hydrotropic agents (Kim et al., 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 hydrophilic polymers have been
exploited to prepare amorphous solid dispersions, 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 polymer structures in a controlled manner; most studies use

commercially available polymers.

Haloperidol is an antipsychotic drug used to treat schizophrenia, delirium,
nausea and vomiting, and other neuropsychiatric disorders (Chaparro et al.,
2013; Krause et al., 2018; Zayed et al., 2019). It is a poorly-soluble drug
that is commonly formulated as solutions for oral administration or
injections, and also as tablets (Demoen., 1961). Previously, solid
dispersions with haloperidol were prepared using different weak organic
acids (Lee et al., 2017; Singh et al., 2013), PVP (Salyja 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 physicochemical 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
dispersions 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 calorimetry) 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 (4M)
was added dropwise to the solution of PEI. 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.
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, 1.0g) was dissolved in DMA (20 mL)
upon heating. The mixture was cooled in an ice-water bath (a fine
suspension 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 PEIL. 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):

Y N;*EN(carbon,hydrogen);
Y. 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
Proton Nuclear Magnetic Resonance (H-NMR)

"H NMR spectra of polymers were recorded with a Bruker spectrometer
operating at 250 MHz using methanol-ds as the solvent. All chemical shifts

are given in ppm.

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 Ko, radiation (A = 1.5406 A).  Samples
were rotated at 30 rpm and data collected over an angular range of 5 to 64°
20 for 1 h, with a step of 0.05° (26) and count time of 1.2 s. The results

were analyzed using EVA software.
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 Tero 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 (T;) of polymers
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 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
Wh

Crystallinity (%) = (AHs * S2) /AHy * 100 @)

where, AH; is the AH of the drug in the solid dispersion, having the melting
peak around 150 °C (melting point of HP), AHj, is the AH of pure HP, Wi

is the weight of solid dispersions, Wy is the weight of HP in solid



dispersions.

Fourier Transform Infrared (FTIR) spectroscopy

FTIR spectra were recorded on a Nicolet iS5 spectrometer between 4000-
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:

=2 @

where Aegj is the energy of vaporization and V is the molar volume.

The Van Krevelen method (Krevelen, 1990) provides:

§ = /842 + 8,2 + 812 (4,
where
. / 2 .
0d = 2 Fa Op = 2 Fyp Oh = /ZE}“
vV vV |74

where &4 is the contribution from dispersion forces, 6, is the contribution



from polar forces, oy 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, Ep; is the hydrogen bonding

energy, and V is the molar volume.

For various groups, the values of Ae;, Fgi, 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-pum 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 spectrophotometric 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.

2. 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 subsequent 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 Figure 1.
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Figure 1. Synthesis of high molar weight PMOZ, PnPOZ and PiPOZ by

hydrolysis of PEOZ and subsequent acylation of linear PEI.

The commercial PEOZ was subjected to an acidic hydrolysis of its side
chains to yield linear PEI. The full conversion was confirmed by 'H-NMR
spectroscopy, where both signals of PEOZ side chains (6 2.44 ppm and o
1.13 ppm) were lost and the main backbone signal shifted to 6 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 cm™ and 3263 cm™ (Fig. S3) assigned
to the N-H vibration of PEI again confirmed complete hydrolysis of the

amide groups of PEOZ.

The prepared linear PEI was then re-acylated with excess acetic anhydride,
butyric anhydride or isobutyric anhydride in DMA using TEA as a base.

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; Li et al.,
2015; Mees etal., 2016; Sedlacek et al., 2019b). Complete conversion from
PEI to PMOZ, PnPOZ and PiPOZ was shown not only through the loss of
PEI’s "TH-NMR signals (Figure S1) but also by loss of the PEI’s N-H
vibration at 3263 cm™! in FTIR spectra, with a strong feature appearing at
1626 cm! corresponding to the amide carbonyl vibration (Figure S3). In
detail, the FTIR spectrum for PEOZ shows the following bands: 2977 cm
' (CH; stretch), 1626 cm~! (C=0 stretch), 1470 cm~! (C—H bending), 1420
cm~! (CH bending), and 1240 cm~! (C-N stretch). The spectrum for PEI
shows the bands at 3263 cm™! (N-H stretch), 1474 cm~! (N-H bending),
1132 em~! (C-N stretch) and 750 cm~! (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 cm™

1
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). Figure 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 T, 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
T, values recorded for poly(2-oxazolines) are substantially lower (82.7,
69.3, 58.9 and 39.4 °C) than the T, of PVP (163.1 °C). Typically, carriers
with higher T,’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 (Saegusa. 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).
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Figure 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.

Due to the absence of side groups and the presence of both hydrogen 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 (Figure 3): three main crystalline peaks were observed at 26 =18.7°,

20.7%nd 27.9°.
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Fig. 3. X-ray diffraction diffractograms of PVP, PEOZ and synthesized PEI,

PMOZ, PnPOZ and PiPOZ.

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
a result of thermal disruption of crystallinity at higher temperature, as seen
in Fig.S2 (Demirel et al., 2007). According to the PiPOZ unit cell model
proposed (Demirel et al., 2007; Oleszko et al., 2015), the isopropyl groups

alternately align along the [100] direction (the sharp peak at 26 =8.14°) to

either side of the backbone, with the amide dipoles alternately oriented

along the [010] direction (the other broad peak at 20 =18.5°) (Figure 3).



The significantly different T, 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 facilitating their packing into crystallites

(Demirel et al., 2016).

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

predominantly amorphous.

3.2 Preparation and characterization of solid dispersions

In order to evaluate the effects of different polymers on the crystallinity 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 (Figure 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.
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Figure 4. X-ray diffraction diagrams of PVP-HP SDs (a) and PEOZ-HP

SDs (b).

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 amorphous
solid dispersion was observed only at [PVP]/[HP]=5:1 (Figure 4a). Solid
dispersions with PEOZ and PnPOZ showed the presence of crystalline HP
at [PEOZ]/[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 (Figure 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 S4¢). PXRD analysis of these dispersions
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 [PiIPOZ]/[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 26=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 (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). Figure
5 presents example spectra of haloperidol, PVP and PVP-HP solid
dispersions (2:1 and 5:1) between 1550-1750 cm™ which demonstrates
these interactions and Figure S5 shows all other spectra in a broader

spectral region.

——HP

1654 1648

\ Y ——PVP-HP 2:1
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v T T T v T 4
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Figure 5. FTIR spectra of HP, PVP and PVP-HP solid dispersions in the

range of 1750 - 1550 cm™!.

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 cm™ 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 cm! 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 in (Saluja et al., 2016). Similar loss of
the 3100 cm™! peak and a shift to higher wavenumber 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 cm™! 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 cm™! 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 significant 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 (Figure 6), and in agreement with previous reports (Solanki et al.,
2018; Yasir et al., 2016). The DSC curves of solid dispersions showed
broader and reduced melting peaks corresponding to the crystalline drug as
the amounts of polymer in the dispersions increased (Figure 6 and Figure
S7). The HP melting peak was absent in solid dispersions with
[PVP]/[HP]=5:1 (Figure 6a), [PEOZ]/[HP]=15:1 (Figure 6b),
[PnPOZ]/[HP]=15:1 (Figures S7c¢ 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).
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Figure 6. DSC thermograms of PVP-HP (a) and PEOZ-HP (b) solid

dispersions. Dashed curve shows the trend in the endothermic events.

As can be seen from Figure S7b, Figure S8 and Table S2, 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 [PiIPOZ]/[HP]=15:1, but the polymer crystallinity fell at a
ratio of 20:1 where HP crystallinity was lost (Figure S8). Confirming the
earlier X-ray studies, the thermal data also suggests that the crystallinity of
PiPOZ was affected by interaction with HP. The parameters of peak 2
including the Ty, AH; and degree of crystallinity calculated using equation

(S1) and equation (S2) are summarized in Table S2.

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 Ty, of peak 2 was around 112 °C at 1:1, 2:1
and 5:1, whereas the Ty, 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 existence 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 26=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 equilibrium 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 T; 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 (Figure 7). The
decreased T, was likely resulting from plasticization caused by the

interaction of the polymer with drug molecules.
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PEOZ-HP

T
10 35 60

Exo up

Heat Flow (W/g)

Temperature (C)

Figure 7. DSC thermograms of solid dispersions formed by PMOZ, PiPOZ,

PEOZ and PnPOZ at [polymer]/[drug]=15:1 molar ratio.

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 calculated by the
specific enthalpy of the melting peak. As can be seen from Figure 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.
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Figure 8. Crystallinity of polymer-HP solid dispersions as a function of

polymer molar fraction.



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 crystallinity 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 interesting to note that
PVP has a hydrophobic-hydrophilic balance intermediate 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. Figure 9 schematically shows the difference
in the structure of solid dispersions formed by fully amorphous and semi-

crystalline polymers.

(a) (b)

Zone with increased
concentration of drug Polymer crystalline

molecules / crystallites Zone

Figure 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



3.3Theoretical evaluation of drug-polymer miscibility

The miscibility between haloperidol and the polymers was estimated using

the Fedor and VVan Krevelen methods. The calculated solubility parameters

for haloperidol, PVP, PMOZ, PEOZ, PnPOZ and PiPOZ are in Table 1.

Table 1. Solubility parameters of drug and polymers.

Solubility parameters (5) (MPa'?)

Drug and Polymers  Eqoqor Van Group
Average Ad
method Krevelen 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 2.5 Miscible

PEOZ 24.7 24.5 24.6 0.4 Miscible

PnPOZ 23.7 22.9 23.3 0.9 Miscible

PiPOZ 23.3 22.5 22.9 1.3 Miscible

Compounds with similar values of 6 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 A3<7.0 MPa* are likely to be miscible in the
molten state whereas compounds with A§>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 Ad 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 Aé with PVP is 2, yet this polymer showed
the greatest crystallinity inhibition efficiency; again, this probably results
from hydrogen bond formation between PVVP 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 temperature of the pure drug
(Tn’) and the depressed melting point of the drug in the drug-polymer

system (Tr) can be described by the following equation (Huang and Dai,



2014; Lin and Huang, 2010; Moseson and Taylor, 2018):

11
T, T,

m m

R 1 2
= —ag (Ino+ (1- ) 1-9)+x(1-97)
(5)
where R is the gas constant (8.31 J/mol-K), 4H 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 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 bonding 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 (Lin and Huang, 2010).

Equation (5) can be rearranged (Moseson and Taylor, 2018):

[%)[Tlm%)}{l“‘“(lﬂ(lw} = 7(1-¢)

A= B
(6)

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 generated at different
Tm. By plotting A versus B, a  value can be obtained (Figure S9,
Supplementary information) and used to predict Ty, at any drug/polymer
ratio according to equation (5).

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

_ Wi Tg+KW, Ty Tgip1

TgmiX N W+KW, K= ngpz (7)

where Tg is glass transition temperature, W; 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 (Figure 10).
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Figure 10. Temperature-composition phase diagrams of polymer-
haloperidol solid dispersions showing the experimental and predicted
melting temperatures T (liquid-solid phase transition curve) as well as
experimental and predicted glass transition temperatures. Error bars reflect
one standard deviation (n=3) but are within the symbols for the

experimental results.

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, Supplementary

information) so a single interaction parameter could not be determined and



the phase diagram for these systems could not be build. 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 T, forms the liquid-solid phase
transition curve in the phase diagram. The experimental results are in good
agreement with the predicted Tr, values, but the experimental T4 deviates
significantly from the predicted values. This deviation could be related to
the presence of specific interactions between the drug molecules and
macromolecules. Positive deviations from predicted relationships is typical
for strongly interactive systems (Kawakami et al., 2012), whereas negative
deviation is observed when the drug-polymer interaction 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 (Mullertz et al, 2016).

The liquid-solid phase transition curves were extrapolated to Drug Weight
Fraction = 0 (dashed red curves in Figure 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 T. It can
be seen from Figure 10a that the solubility of HP in PVP is approximately
40% wiw at 122°C and this saturated solution exists at T4. However, the
saturated PEOZ-HP and PnPOZ-HP solutions do not exist at T4. At room
temperature of 25°C, which is characterized by T<Ty and T<Ty, 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 Figure 11. The dissolution of pure HP within
120 min was below 70%, with 57.3% released in the first 20 minutes. As
expected from the crystallinity data (Figure 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. Figure
8 shows this system contains approximately 50% of the drug in an
amorphous form and so it was expected to exhibit release performance
similar to PEOZ; however, its solid dispersions showed even 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).
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Figure 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.

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 profiles (Han and Lee,

2017).

Conclusion

A series of poly(2-oxazolines) were synthesized in this work by hydrolysis

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.

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 crystallinity of
haloperidol, which is related to a semi-crystalline nature of this polymer.
The theoretical analysis of these solid dispersions using solubility
parameters, Flory-Huggins polymer solution theory and the Gordon-Taylor
relationship provided results which are in good agreement 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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