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Abstract: This study aimed to develop novel elastic films based on chitosan and poly(3-hydroxy-
propyl ethyleneimine) or P3HPEI for the rapid delivery of haloperidol. P3BHPEI was synthesized
using a nucleophilic substitution reaction of linear polyethyleneimine (L-PEI) with 3-bromo-1-pro-
panol. '"H-NMR and FTIR spectroscopies confirmed the successful conversion of L-PEI to P3HPEI,
and the physicochemical properties and cytotoxicity of P3HPEI were investigated. PBHPEI had
good solubility in water and was significantly less toxic than the parent L-PEL It had a low glass
transition temperature (Tg = -38.6 °C). Consequently, this new polymer was blended with chitosan
to improve mechanical properties, and these materials were used for the rapid delivery of haloperi-
dol. Films were prepared by casting from aqueous solutions and then evaporating the solvent. The
miscibility of polymers, mechanical properties of blend films, and drug release profiles from these
formulations were investigated. The blends of chitosan and P3HPEI were miscible in the solid state
and the inclusion of PBHPEI improved the mechanical properties of the films, producing more elas-
tic materials. A 35:65 (%w/w) blend of chitosan-P3HPEI provided the optimum glass transition tem-
perature for transmucosal drug delivery and so was selected for further investigation with haloperi-
dol, which was chosen as a model hydrophobic drug. Microscopic and X-ray diffractogram (XRD)
data indicated that the solubility of the drug in the films was ~1.5%. The inclusion of the hydrophilic
polymer P3HPEI allowed rapid drug release within ~30 min, after which films disintegrated,
demonstrating that the formulations are suitable for application to mucosal surfaces, such as in buc-
cal drug delivery. Higher release with increasing drug loading allows flexible dosing. Blending
P3HPEI with chitosan thus allows the selection of desirable physicochemical and mechanical prop-
erties of the films for delivery of haloperidol as a poorly water-soluble drug.

Keywords: chitosan; poly(3-hydroxypropyl ethyleneimine); polymer blend; elastic films;
miscibility; haloperidol

1. Introduction

Chitosan, a natural cationic polysaccharide [1], is widely used in numerous applica-
tions, including drug delivery systems, artificial skin, cosmetics, nutrition, and food ad-
ditives, due to its biocompatibility, biodegradability, adhesivity, antimicrobial properties,
and film-forming abilities [2—4]. Further, chitosan has been reported to improve skin pen-
etration and wound healing by increasing the function of inflammatory and repair cells
[5-7] and has been used to control drug release for transdermal [6] or transmucosal [8]
delivery. However, chitosan-based films have some limitations, including low elasticity
and brittleness [9]. In addition, the glass transition temperature (Ts) of film-forming pol-
ymers affects the drug release profile, since temperatures above T; enable polymer chain
movement, which facilitates drug release [10]. The physiological temperature of mucosal
membranes is ~35-37 °C and external skin temperature is ~32 °C [11], whereas chitosan
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has a high glass transition temperature (~131 °C) [9], which can restrict drug release from
films applied to these biological surfaces.

The poor mechanical properties and high glass transition temperature of chitosan can
be moderated by blending with other water-soluble polymers [12]. Blending provides a
simple and low-cost approach to design materials with tailored properties. For example,
improved mechanical and mucoadhesive properties of chitosan-based films were
achieved by combining cellulose ethers and chitosan [13]. Chitosan has also been blended
with poly(N-vinyl pyrrolidone) [14], poly(ethylene oxide) [15], and poly(vinyl alcohol)
[16] to improve physicochemical properties. Luo et al. [12] developed elastic films using
chitosan—hydroxyethylcellulose blends (HEC), whereas Abilova et al. [9] developed films
using chitosan and poly(2-ethyl-2-oxazoline) (PEOZ) blends. The T; of films based on chi-
tosan and PEOZ decreased from 131 to 63 °C, although the mechanical properties of the
resultant films were also compromised as the proportion of PEOZ increased [9].

Linear polyethyleneimine (L-PEI) is a cationic polymer composed of two aliphatic
carbon spacer groups (-CH2CHz-) and secondary amine groups in each repeating unit [17].
It can be synthesized by hydrolysis of poly(2-ethyl-2-oxazoline) to remove all amide side
chains [18,19]. Generally, L-PEI is semi-crystalline [20,21] with a glass transition tempera-
ture ~-29.5 °C [22] and, therefore, appears to be a suitable candidate to blend with chitosan
in order to improve film mechanical properties and drug release profiles. However, L-PEI
only dissolves in water at high temperatures [20], forms a gel at room temperature [23],
and has been shown to cause cytotoxicity [22,24]. The solubility and toxicity of L-PEI is
naturally a significant concern when considering its use in pharmaceutical and biomedical
applications [25]. Chemical modifications of L-PEl is one approach to increasing solubility
in water and decreasing its toxicity [26]. Patil et al. [26] used nucleophilic substitution to
synthesize hydroxyethyl-substituted linear polyethylenimine (HELPEI) for the delivery
of siRNA therapeutics; the cytotoxicity of HELPEI on human bronchial epithelial cells de-
creased as the degree of substitution increased. Here, we selected poly(3-hydroxypropyl
ethyleneimine) (P3HPEI) as a suitable candidate to blend with chitosan to produce films
to deliver haloperidol and report, for the first time, its synthesis using nucleophilic sub-
stitution reaction of linear polyethyleneimine with 3-bromo-1-propanol.

Haloperidol (HP), an antipsychotic drug, is associated with the side effect of drug-
induced extrapyramidal syndrome (EPS) in conventional monotherapy [27]. It is poorly
water soluble and is commonly formulated as a solution for oral administration or injec-
tions and as tablets [18]. The average oral dose of haloperidol ranges from 0.5 to 30 mg
per day [28]. Further, HP is a BCS class 2 drug, characterized by low solubility but high
permeability [29] and has poor oral bioavailability (59%) [28]. Consequently, Samanta et
al. [27] developed HP-loaded matrix dispersion films with Eudragit NE 30D as a con-
trolled release transdermal dosage form. Gidla et al. [29] developed HP-loaded buccal
films to provide rapid onset of drug action, with improved patient compatibility and with-
out requiring swallowing. However, HP-loaded films using Eudragit NE 30D [27] or hy-
droxypropyl methylcellulose (HPMC) [29] have some limitations due to the high glass
transition temperature of these polymers, which can restrict drug release from the films
when applied to skin or mucosal surface. Therefore, loading HP in polymer blends where
the glass transition temperature (T;) has been optimized to below the temperature of mu-
cosal membranes (~35-37 °C) or external skin (32 °C)[11] can improve drug release into
mucosal tissue and also improve the mechanical properties of films.

Here, we aimed to develop novel elastic films based on chitosan and poly(3-hydrox-
ypropyl ethyleneimine) or P3HPEI for the rapid buccal delivery of haloperidol. P3HPEI
was synthesized as a novel water-soluble polymer for pharmaceutical and biomedical ap-
plications. The physicochemical properties and cytotoxicity of this new material were as-
sessed before it was blended with chitosan to fabricate elastic films for the rapid delivery
of haloperidol, chosen as a model poorly water-soluble drug. Miscibility between poly-
mers and the mechanical properties of blend films are reported. An optimal composition
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of chitosan and P3HPEI blend was then selected for drug incorporation and release stud-
ies.

2. Materials and Methods
2.1. Materials

High molecular weight chitosan (CHI, MW~310-375 kDa, degree of deacetylation:
75-85%), poly(2-ethyl-2-oxazoline) (PEOZ, MW~50 kDa, PDI 3-4), 3-bromo-1-propanol,
hydrochloric acid solution, fluorescein isothiocyanate (FITC), and haloperidol were pur-
chased from Merck (Gillingham, UK), while phosphate-buffered saline (PBS) tablets and
sodium hydroxide were from Fisher Chemicals (Fisher Scientific, Leicestershire, UK). All
other chemicals were of analytical grade and used without further purification.

2.2. Synthesis of Linear Poly(ethyleneimine) (L-PEI)

L-PEI was synthesized by hydrolysis of poly(2-ethyl-2-oxazoline), as described in our
previous study [17]. Briefly, 10 g of poly(2-ethyl-2-oxazolines) (PEOZ) was dissolved in
100 mL of 18.0% (w/w) hydrochloric acid and then refluxed at 100 °C for 14 h to remove
all amide groups in the side chains. The L-PEI solution was then diluted with cold deion-
ized water (500 mL). Cold aqueous sodium hydroxide (4M) was added dropwise to the
suspension until the polymer dissolved, with further addition of 4 M sodium hydroxide,
the base form of L-PEI precipitated at pH 10-11 [30]. The precipitate was recovered by
using a vacuum filtration, washed with deionized water, and re-precipitated twice before
drying under vacuum oven at 25-30 °C for several days to obtain L-PEIl as a white powder
yielding 3.8 g (89%).

2.3. Synthesis of Poly(3-hydroxypropyl ethyleneimine) (P3HPEI)

L-PEI (0.02 moles per repeating unit, 1.0 g) was dissolved in absolute ethanol (60 mL)
in a three-necked round-bottom flask before 0.06 moles of 3-bromo-1-propanol (5.3 mL)
were added. As a proton abstractor, 0.06 moles of potassium carbonate (8.1 g) were then
added before the reaction mixture was refluxed at 78 °C for 24 h; the reaction scheme is
shown in Figure S1. After centrifugation of the reaction mixture, the supernatant was col-
lected and evaporated using a rotary evaporator at 40 °C and 280 rpm. The resulting mix-
ture was diluted with deionized water and purified using dialysis with a cellulose-based
membrane (MWCO = 3.5 kDa) at room temperature. PAHPEI was recovered as dry residue
(77% yield) by freeze-drying (-56.5 °C and 0.25 hPa) for several days.

2.4. Preparation of Films

Chitosan (CHI) films and their blends with P3HPEI were prepared by casting and
solvent evaporation, as schematically shown in Figure 1. Initially, 1.0% w/v aqueous solu-
tions of CHI and P3HPEI were prepared at room temperature; CHI solution (pH~2.0) was
prepared in 0.1 M hydrochloric acid by stirring magnetically for 24 h, whereas P3HPEI
solutions (pH~6.8) were prepared in deionized water and allowed to stir continuously for
1 h. The polymer solutions were mixed at different volume ratios, denoted as CHI 100:0
and CHI/P3HPEI: 80:20, 60:40, 40:60 and 20:80. The pH of the combined solutions was in
the range of 3.0-4.0. All CHI/P3HPEI solutions were magnetically agitated for 3 h to en-
sure a homogeneous mixture formed. Then, 45 mL of each solution was poured into 90
mm diameter Petri dishes and dried at ~30 + 2 °C in a hot air oven for several days until
dry films formed.
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Figure 1. Scheme of CHI/P3HPEI films preparation.

2.5. Preparation of Haloperidol-Loaded Films

A stock solution of haloperidol (5 mg/mL) was prepared by initially dissolving 50 mg
of the drug in 5 mL of absolute ethanol. Subsequently, the total volume of haloperidol
solution was adjusted to 10 mL. Aliquots were added to 10 mL of 1.0% CHI/P3HPEI solu-
tion to obtain 1.0-5.0% drug loading, followed by stirring for 2 h before casting and drying
into films, as described above, but instead using 10 mL of solution decanted into 35 mm
diameter Petri dishes. The content of haloperidol in each film of 35 mm in diameter was
1.25 t0 5.00 mg.

2.6. Characterization of Polymers and Films
2.6.1. '"H-Nuclear Magnetic Resonance Spectroscopy (‘H-NMR)

Approximately 20 mg of dried PEOZ or L-PEI was dissolved in 1 mL methanol-ds,
whereas P3HPEI was dissolved in 1 mL D20, before the samples were added into NMR
tubes and analyzed using a 400 MHz ULTRASHIELD PLUSTM B-ACS 60 spectrometer
(Bruker, UK). Data processing used MestReNova software. The degree of substitution
(DS) of P3HPEI was determined using peak integration, according to Equation (1):

[Peak b/ny,

0, e —
% DS [Peak a/n,

x 100 (1)
where peak a corresponds to CH2CHz on the main backbone adjacent to nitrogen, Peak b
corresponds to CH:z on side group, na is the number of protons in CH2CH2 on the main
backbone adjacent to nitrogen, and nv is number of protons in CH: on the side group.

2.6.2. Fourier Transformed Infrared (FTIR) Spectroscopy

Polymer and film samples were scanned from 4000 to 400 cm™ at a resolution of 4
cm™. Data were processed from the average of six scans per spectrum generated by the
Nicolet iS5-iD5 ATR FT-IR spectrometer (Thermo Scientific, Leicestershire, UK).

2.6.3. Differential Scanning Calorimetry

Thermal analysis used a Q100 DSC (TA Instruments, Hiillhorst, Germany). Polymer
and film samples (~3-5 mg) were loaded into pierced Tzero aluminum pans. The thermal
behavior of each sample was investigated in a nitrogen atmosphere with a heating/cooling
rate of 10 °C/min (=70 to 180 °C). The glass transition temperatures (Ts) of polymers were
determined from the second heating cycle.
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2.6.4. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis used a Q50 TGA analyzer (TA Instruments, Crawley,
UK) over the range between 20 and 600 °C heating at 10 °C/min under a nitrogen atmos-
phere. Prior to analysis, the films dried in a vacuum oven (as above) and were placed in a
desiccator over dry silica gel for 3 days. Moisture content in each film was determined
from the weight loss corresponding to the first step weight loss in their TGA curves (up
to ~150 °C).

2.6.5. Powder X-ray Diffractrometry (PXRD)

Dry polymers or films were placed on a silica slide and analyzed with a Bruker D8
ADVANCE PXRD equipped with a LynxEye detector and monochromatic Cu Kau: radia-
tion (A = 1.5406 A). Samples were rotated at 30 rpm and data collected over an angular
range (20) of 5-60° for 1 h, with a step of 0.05° (20), and count time of 1.2 s. The data were
analyzed using Origin software.

2.6.6. Film Thickness

Polymer film thicknesses were measured with a digital micrometer (Mitutoyo, Ka-
wasaki, Japan) with 0.001 mm resolution. Measurements were taken at several points of
the film before the mean values + SD were calculated (Table S1).

2.6.7. Scanning Electron Microscopy (SEM)

SEM experiments used an FEI Quanta 600 FEG Environmental Scanning Electron Mi-
croscope instrument (FEI UK Ltd., Cambridge, UK), with an acceleration voltage of 20 kV.
Images were taken from the fracture surface of the materials, which were first frozen in
liquid nitrogen and coated with gold sputter to facilitate high resolution imaging.

2.6.8. Fluorescence Microscopy

The fluorescein isothiocyanate (FITC)-labelled chitosan was synthesized, according
to Cook et al. [31]. Briefly, dehydrated methanol (100 mL) and FITC (2 mg/mL in metha-
nol, 50 mL) were added to a chitosan solution (1% w/v in 0.1 M hydrochloric acid, 100 mL).
The reaction was carried out in the dark at room temperature for 3 h before precipitation
in NaOH (0.1 M, 1 L). The resulting precipitate was filtered and dialyzed in deionized
water (4 L, replaced daily) until FITC was not detected in the dialysate, before the product
was freeze-dried. Then, films were prepared as described before (see Section 2.4), albeit
using 10 mL of each solution poured into 30 mm diameter Petri dishes before drying. The
morphology of the films was analyzed using fluorescence microscopy at 20x magnifica-
tion.

2.6.9. Polarized Light Microscopy

Films were examined for the presence of haloperidol crystals using a polarized light
microscope (Mettler Toledo FP90, Germany) at 20x magnification; images were analyzed
using Infinity 1 camera (Lumenera Corporation, Nepean, ON, Canada).

2.6.10. Mechanical Properties

The mechanical properties of the films—puncture strength, elongation at puncture,
and modulus at puncture—were determined using a TA.XT Plus Texture Analyser (Stable
Micro Systems Ltd., Godalming, UK) in compression mode, adapted from our previous
studies [9,32,33]. Square of film samples (30 mm x 30 mm) was fixed between two plates
with a cylindrical hole of 10 mm diameter (area of the sample holder hole: Ars, 78.57 mm?)
and compressed by the upper load 5 mm stainless steel spherical ball probe (P/5S) at 1.0
mm/s. The plate was stabilized to avoid movements using two pins. The measurements
started once the probe was in contact with the sample surface and continued until each
film sample broke. Test settings were: pre-test speed 2.0 mm/s; test speed 1.0 mm/s; post-
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test speed 10.0 mm/s; target mode distance; 5 mm; trigger force 0.049 N. The force required
to puncture the films (N) was used to calculate the puncture strength by:

Puncture strength = Z‘“—;‘: (2)

where Fmaxis the maximum applied force, Ars is area of the sample holder hole, with Ars =
mir2, where r is the radius of the hole.

Vr2+d2-r

r

Elongation (%) = ( ) x 100 (3)
where r is the radius of the film exposed in the cylindrical hole of the film holder and d
represents the displacement of the probe from the point of contact to point of puncture.

Puncture strength

Modulus at puncture = Elongation (%) 4)

2.7. In Vitro Drug Release Study

Haloperidol release from films was assessed using a modified Franz diffusion cell
(FDC), which was adapted from Samanta et al. [27]. The receptor compartment was filled
with 20 mL of 20% PEG 400 in phosphate-buffered saline (pH = 7.4) to ensure sink condi-
tions [27] and was stirred at 600 rpm at 37 °C throughout the experiment. Films containing
5.0, 2.5, and 1.25% haloperidol were placed between the donor and receptor compart-
ments. 1 mL aliquots were taken from the receptor compartment at predetermined time
intervals and replaced with 1 mL fresh receiver medium to maintain a constant volume.
Drug release was monitored for 180 min, with the drug concentration determined spec-
trophotometrically at its respective wavelength. A standard calibration curve of haloperi-
dol, ranging from 5-50 ug/mL, was prepared (Figure S10). The protocol used for the prep-
aration of stock solution of haloperidol is described in Supplementary Materials. For each
type of film, three replicates were performed.

2.8. Cytotoxicity Test

Polymer cytotoxicity was evaluated using an MTT assay. Briefly, L-PEI was dissolved
in 95% ethanol and then diluted with Dulbecco’s modified eagle medium (DMEM) to ob-
tain polymer concentrations between 5-5000 pg/mL, whereas PEOZ and P3HPEI were
dissolved directly in Dulbecco’s modified eagle medium (DMEM) and then diluted with
DMEM to prepare solutions with polymer concentrations ranging between 5-5000 pig/mL.
Human dermal fibroblasts (ATCC CRL-2522) were seeded at 1 x 105 cells/mL in a 96 well
plate and allowed to attach overnight before being incubated with the polymer samples
at 5, 50, 500, 1000, 2500, and 5000 ug/mL for 24 h. As a positive control, 10% DMSO (v/v)
in DMEM was used, and for the negative control we used 10% fetal bovine serum in
DMEM. Then, 100 pL of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide
(MTT) solution was added into each well before the plate was incubated at 37 °C in a CO2
incubator for 3 h. The amount of formazan produced was then quantified from the ab-
sorbance at 570 nm using a standard plate reader (Thermo Scientific™ Multiskan™ GO,
Vantaa, Finland).

2.9. Statistical Analysis

Data are presented as mean values + standard deviation (SD) for no fewer than three
independent experiments. Student’s ¢-test and one-way ANOVA were used to determine
the extent of any differences between samples.
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3. Results
3.1. Synthesis and Evaluation of Poly(3-hydroxypropyl ethyleneimine)

L-PEI was synthesized successfully by acidic hydrolysis of PEOZ to remove all amide
groups from the side groups. The complete conversion to L-PEI was confirmed by 'H-
NMR and FTIR spectroscopies. As illustrated in Figure 2, both PEOZ signals from the side
groups, seen at 2.44 ppm and 1.13 ppm were eliminated, while the signal from the two
methylene groups within the polymer backbone shifted to 2.75 ppm. FTIR (Figure S2) also
confirmed the hydrolysis of the PEOZ amide groups through the loss of the amide car-
bonyl vibration at 1626 cm™ and the appearance of new strong peaks ~1474 cm™ and 3263
cm' due to the N-H vibration in PEL The 'H-NMR and FTIR results from hydrolysis of
PEOZ to obtain L-PEI correlated well with earlier reports [18,34].

N

=

HDO

/{/\‘/
(W
PEOZ 3
0 ,‘ i
; | mMeoH I
c L J\ f\

) N
4 n D,0
b a
P3HPEI d
b C
c A Jl\ N
d 60 55
HO

S

H
HDO ‘ N ’
a # n

50 45 40 35 30 25 20 15 1.0 05 0.0
Chemical shift (ppm)

Figure 2. '"H NMR spectra of PEOZ in MeOH-ds, L-PEI in MeOH-d4, and P3HPEI in D20.

The L-PEI was then alkylated via nucleophilic substitution reaction with 3-bromo-1-
propanol in absolute ethanol, with potassium carbonate as a base. The obtained P3HPEI
was also characterized using '"H-NMR and FTIR spectroscopies. The 'H NMR spectrum
revealed four signals at approximately 2.65 ppm (signal a) due to -CH2CH>- in the polymer
backbone, 2.52 ppm (signal b) assigned to the -CH:- in the side group adjacent to the back-
bone -CH2CH2-, 1.66 ppm (signal c) due to the -CH>- further down the side group, and
3.54 ppm (signal d) arising from the terminal -CH>- in the side group, adjacent to a hy-
droxyl group (-OH).

The degree of substitution (DS) of P3HPEI was determined by comparing the area
under the peak from the methylene group on the side group to the area under the peak
corresponding to the two methylene groups on the main backbone. The result indicated
that the DS of P3HPEI was 97%, 99%, and 99%, as calculated based on signal b, ¢, and d,
respectively. In addition, FTIR data (Figure S2) confirmed the successful synthesis of the
hydroxypropyl substituted L-PEI (P3HPEI) by providing a broad absorption band at 3307
cm, assigned as an OH- stretching mode.

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) char-
acterized the thermal properties of PEOZ, L-PEI, and P3HPEI. DSC showed that PEOZ, L-
PEI, and P3HPEI had glass transition temperatures (Tg) of 60.1, -21.5, and -38.6 °C, re-
spectively (Figure 3). Furthermore, the DSC thermogram of L-PEI gave a melting point of
61.8 °C, consistent with the literature [22,35]. The conversion of L-PEI to P3HPEI, with the
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inclusion of the side group containing a hydroxyl group, increases chain mobility and
polymer flexibility, resulting in a change from a semi-crystalline to an essentially amor-
phous polymer; X-ray diffractometry confirmed that L-PEI is semi-crystalline, whereas
the diffraction pattern from P3HPEI showed no evidence for crystallinity (Figure S3).

Exo up

Heat flow (W/g)

T, =

— Te"

—215°C

T, = 61.8°C
( L-PEI

PEOZ

\ P3HPEI

I
-60

T
-40

T v I T T N I v T

T T T 1
-20 0 20 40 60 80 100
Temperature (°C)

Figure 3. DSC thermograms of PEOZ, L-PEI, and P3HPEIL

TGA was used to compare the thermal stability of PSHPEI to PEOZ and L-PEI (Figure
S4). It is noticed that there are two distinct stages for the lost mass of PEOZ, L-PEI, and
P3HPEL The initial decrease was caused by the loss of free and physically bound water
between 30 and 150 °C; the proportion of physically bound water was approximately 2.0%
for PEOZ, 4.2% for L-PEI, and 8.0% for P3BHPEIL The second weight loss of these were
related to thermal decomposition, and the onset of decomposition was at 390 °C for PEOZ,
380 °C for L-PEL and 235 °C for P3HPEI, indicating that the new polymer has lower ther-
mal stability than its parent components.

The cytotoxicity of P3HPEIL in comparison to PEOZ and L-PEI, was assessed using
an MTT assay with human dermal fibroblast cells, as shown in Figure 4. L-PEI is highly
cytotoxic between 50 to 5000 pg/mL, with less than 50% cell viability when dosed at 50
ug/mL and less than 20% viability when dosed at 500 pg/mL or above. Our modification
radically reduces the cytotoxicity with P3HPEI showing no significant (p < 0.05) effects
when dosed at 5 and 50 pg/mL (viability 97.4 and 95.5%, respectively). At higher doses, a
gradual decline in viability from 84.9% to 75.7% was seen as P3HPEI dosing increases
from 500 to 5000 pg/mL. Consistent with the literature [36], PEOZ had no adverse effects
on dermal fibroblasts as assessed by the MTT assay, with viabilities maintained above
94% for all concentrations tested. The literature contained several reports that L-PEI can
cause cytotoxicity when assessed using the MTT assay [24] and that the polymer is highly
cytotoxic to human dermal fibroblast cells [22]. Moghimi et al. [24] reported that L-PEI
toxicity results from: (1) the disruption of cell membranes, causing necrotic cell death, and
(2) the disruption of mitochondrial membranes, resulting in cell apoptosis. Furthermore,
L-PEl s a cationic polymer that accumulates on the outer cell membrane, causing necrosis
[37]. Fischer et al. [38] reported that the positive charge on the L-PEI surface can bind to



Pharmaceutics 2022, 14, 2671

9 of 22

Cell viability (%)

120

100

80

60

40

20

the negative charge of cell membrane phospholipids, cell membrane proteins, and blood
proteins, contributing to the interaction with the cell membrane that results in cell dam-
age.

m 5 ng/mL
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PEOZ L-PEI P3HPEI

Polymers

Figure 4. Cytotoxicity test of PEOZ, LPEI, and P3HPEI on human dermal fibroblast using an MTT
assay. Statistically significant differences are given as: *—p < 0.05; ns—no significance.

3.2. Nowel Elastic Films based on Blends of Chitosan and Poly(3-hydroxypropyl ethyleneimine):
Formulation, Miscibility, and Mechanical Properties

P3HPEI exhibits good solubility in water, low toxicity, and has a low glass transition
temperature (-38.6 °C). Therefore, it was blended with chitosan in aqueous solutions and
cast into films to improve their mechanical properties for rapid drug delivery.

Figure 5 and Table 1 show the FTIR data from CHI films and films from blends of
CHI/P3HPEI and pure P3HPEL The FTIR spectrum of pure CHI film revealed the pres-
ence of a broad peak above 3247 cm™ due to OH- stretching, which overlaps with NH-
stretching in the same region. Absorption bands at 2917 and 2878 cm™ correspond to -
CH2- and -CH- stretching vibrations, respectively. The absorption bands at 1625 and 1514
cm™ are consistent with C=O stretching (amide I) and NH bending (amide II). CH- and
OH- vibrations give the absorption band at 1412 cm™. The band at 1376 cm™! represents
acetamide groups, indicating that chitosan was not completely deacetylated [9], and the
band at 1311 cm™! was caused by C-N stretching (amide III) [39]. The band at 1250 cm™ is
attributable to amino groups, as reported previously [12]. The absorption bands at 1152
and 1062 cm™ correspond to the anti-symmetric stretching of the C-O-C bridge and the
skeletal vibrations involving the C-O stretching, which are characteristic of the chitosan
polysaccharide structure [40]. The broad absorption band at 3291 cm™ in the FTIR spec-
trum of P3HPEI likewise indicates the presence of -OH stretching, as well as bound water.
Absorption bands at 2940 and 2827 cm™! are attributed to -CH>- stretching vibrations. The
absorption bands at 1464, 1371, and 1340 cm™ are -CH- bending modes, whereas the ab-
sorption bands at 1297, 1260, and 1054 cm™ are assigned to C-C stretching. Furthermore,
P3HPEI provided an absorption band at around 1675 cm™! corresponding to water, since
P3HPEI is a highly viscous liquid at room temperature, supported by the -OH stretching
mode at 3291 cm™. All characteristic bands of the component polymers were present in
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the spectra of their blends, and the intensities and shapes of the bands depended on the
polymer ratio in the blends. The hydroxyl region of the spectra of the miscible
CHI/P3HPEI blends changed gradually, indicating a redistribution of hydroxyl group as-
sociations. In short, the -OH stretching mode shifted to higher wavenumbers (3247 to 3348
cm™) as the amount of P3HPEI increased from 0 to 80%, possibly due to interactions be-
tween the polymers and water or arising from interactions between the hydroxyl and
amine groups of CHI and the hydroxyl groups of P3HPEIL

Transmittance (a.u.)

(a)

| (b)
(c)

(d)

(f)

1
4000

1 N 1 v 1 v 1 N 1 v 1
3500 3000 2500 2000 1500 1000
Wavenumber (cm)

Figure 5. FTIR spectra of CHI (a), their blends (b—e), and P3HPEI (f). Content of P3HPEI in the
blends: 20 (b), 40 (c), 60 (d), and 80% (e).

Table 1. FTIR absorption bands in CHI/ P3HPEI blends and their assignment.

FTIR Absorption of Blends (cm™)

Assignment

100:0  80:20  60:40  40:60  20:80 0:100

3247 3248 3258 3259 3348 3291 -OH and NH stretching

2917 2928 2929 2928 2920 2940 CH stretching

2878 2879 2880 2880 2849 2827 CH stretching
162512 162412 163512 163112 163312 16752 C=0O stretching (amide I) !, water region 2
151434 15143+ 151534 15153* 14683+ 1464+ NH bending (amide II) 3, CH2vibration *

1412 1416 1418 1410 1422 1424 CH and OH vibration
137656 137556 137656 137656 137256 13716 Acetamide groups 3, CH vibration ¢

1311 1321 1317 1315 1302 - CN stretching (amide III)

1152 1151 1152 1152 1150 - Anti-symmetric strechnig of the C-O-C bridge
106078 105678 105578 105378 105378 10548 Skeletal vibration involving the C-O stretching 7, C-C stretching 8
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As shown in Figure 6, thermogravimetric analysis (TGA) was used to investigate the
thermal stability of pure CHI film, P3HPEI, and films based on blends of CHI and P3HPEI.
The results demonstrated that pure CHI film lost mass in two stages. The initial decline
was due to the loss of free- and physically bound water between 30 °C and 150 °C; the
proportion of physically bound water in pure CHI film was approximately 6%. The sec-
ond weight loss occurred between 250 and 400 °C as the CHI film degraded by thermal
decomposition; the maximum degradation rate was observed at 320 °C, resulting in a
58.3% loss in weight. Chitosan decomposes by depolymerization of its chains and pyra-
nose rings via dehydration, deamination, and ring-opening reaction [9].

—— CHI (100)
—— CHI/P3HPEI (80:20)
~——— CHI/P3HPEI (60:40)
—— CHI/P3HPEI (40:60)
—— CHI/P3HPEI (20 : 80)
—— P3HPEI (100)

0

100 200 300 400 500 600
Temperature (°C)
Figure 6. TGA thermograms of CHI film, CHI/P3HPEI blend films, and P3HPEIL

In contrast, three phases of weight loss were seen with P3HPEIL The first thermal
event is evaporation of free- and bound water (approximately 8.0%) between 30 and 150
°C. Subsequently, the thermal degradation of P3HPEI is seen >235 °C (40%), followed by
a further decomposition event >380 °C (89%).

The blends of CHI/P3HPEI show four weight loss events: (1) 30-150 °C, again due to
loss of free and bound water, (2) 200250 °C consistent with the early degradation of
P3HPEI, (3) 275-380 °C where the later degradation of P3BHPEI is seen, and (4) 350-450 °C,
which correlates with the degradation of CHI. In addition, the residue of CHI/P3HPEI
blends tended to decrease (34.5 to 7.1%) as the P3HPEI content in the blends increased up
to 80%, with a linear correlation (R?=0.9853) confirming the miscibility of polymer blends
(Figure S5).

Generally, a single glass-transition temperature (T;) is taken as evidence for homo-
geneity (miscibility) in polymeric blend systems. Figure 7 shows DSC thermograms for
CHI/P3HPEI blends, illustrating the presence of a single T, in all compositions. As ex-
pected, the T; of the CHI/P3HPEI blends all fell between the T, values of the individual
components (P3HPEI, -38.6 °C; chitosan, 131.9 °C) and the blends T shifted systematically
to lower temperatures as the proportion of P3HPEI rose in the blends. The addition of
P3HPE], as a water soluble component, appears to have acted as a plasticizer [41,42].

Figure 8 shows the correlation between the weight fraction of P3HPEI in the blends
and Tsusing the above experimental result and those calculated theoretically; the Tg of
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miscible blends can be predicted using Fox [43] and Gordon-Taylor [44] equations, as
shown in Equations (5) and (6):
1 _ Wcar , WrshpEr -
T, CHI+Tg, p— (Fox equation) (5)

WernTg, chrtkWpsnpEr Tg, P3HPEI

Ty=

(Gordon-Taylor equation) (6)

WeHrkWpsHPEI

where Wcar and Weshrer were the weight fractions of chitosan and P3HPEI, respectively;
and Tgcriand Tgresurer are the glass transition temperatures of chitosan and P3HPEI, re-
spectively; k is the ratio of heat capacity change in P3HPEI over chitosan [k = ACp2/ Cp1)]
[45].

The predicted glass transition temperatures of the blends were in close agreement, as
shown in Figure 7, with the T, decreasing as P3HPEI content increased. The experimental
data sit above the theoretical curves and are commonly seen when there are interactions
between the blend components [46—48]. The results suggest that chitosan and P3HPEI are
miscible and that the chitosan and P3HPEI molecules interact, probably through intermo-
lecular hydrogen bonds between the hydroxyl and amine groups of chitosan molecules
and the hydroxyl groups of P3HPEI molecules.

N

Exo up

T,=131.9 °C

T, =86.8 °C @)

(b)

- (©)
T, =38.5°C

Heat flow (W/g)

(@
——J, = —38.6°C (e

T~ ®

-60 -40 -20 O 20 40 60 80 100 120 140

Temperature (°C)

Figure 7. DSC thermogram of CHI (a), their blends (b-e), and P3HPEI (f). Content of P3HPEI in the
blends: 20 (b), 40 (c), 60 (d), and 80% (e).

Further, the interaction and miscibility of CHI and P3HPEI blends correlates with X-
ray diffraction patterns from the CHI/P3HPEI films (Figure S6). CHI films show the pres-
ence of crystalline domains in this polysaccharide, which was correlated well with previ-
ous reports [9,49]. The diffraction pattern from pure P3HPEI shows no clear crystalline
features but only a broad amorphous “halo”, indicating that the polymer was essentially
non-crystalline. The X-ray diffractograms of CHI/P3HPEI films also reveal a broad halo,
characteristic of polymers that are predominantly amorphous though some chitosan-typ-
ical diffraction peaks, could be detected in the blend films. Further, as P3HPEI content in
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the films increased, the sharper chitosan diffraction peaks were lost, suggesting molecular

interactions between the components and their resultant miscibility.
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Figure 8. Correlation between weight fraction of P3BHPEI and Ts of experimental results, compared

with theoretical results.

Fluorescence microscopy was used to examine the morphology of the polymer film
surfaces. Initially, fluorescein isothiocyanate (FITC)-labeled chitosan was synthesized and
then blended with P3HPEI to form films. The images show no evidence of phase separa-
tion or interface boundaries and that all films appear homogeneous (Figure 9). Thus, the
fluorescent microscope images data lend further support for miscibility of CHI and
P3HPEI in the solid state at the ratios used here. The fluorescent microscope images cor-
related well with the scanning electron microscope (SEM) image of film surface and cross-

sections (Figure S7).

Figure 9. Fluorescent microscopy images of film surfaces of CHI (a) and their blends (b—e). Content

of PBHPEI in the blends: 20 (b), 40 (c), 60 (d), and 80% (e) at 20x magnification.
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The mechanical properties of pure CHI film and its blends with P3HPEI are illus-
trated in Figure 10, including puncture strength, elongation, and modulus at puncture.
Pure chitosan films (100%) had a higher puncture strength (0.38 N/mm?) but a lower per-
centage of elongation (5.62%) than the other films tested. The puncture strength of
CHI/P3HPEI films decreased, compared to chitosan alone, whereas the flexibility (% elon-
gation) increased with increasing P3HPEI content. The puncture strengths of CHI/P3HPEI
films at 80:20, 60:40, 40:60, and 20:80 were 0.27, 0.24, 0.16, and 0.03 N/mm?, while elonga-
tion was 7.85, 7.94, 11.97, and 15.12%, respectively. The modulus at puncture was calcu-
lated from the puncture strength and elongation to predict the rigidity or stiffness of the
films; the data show a similar trend to that of the puncture strength.
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Figure 10. Mechanical properties of CHI and their blends with P3HPEI. Statistically significant dif-
ferences are given as: *—p < 0.05; ns—no significance.

Clearly, increasing the P3HPEI content in the films results in more elastic materials.
As shown above, P3BHPEI has a low glass transition temperature (-38.6 °C) and is a water
soluble polymer, so may function as a plasticizer. Plasticizers are typically relatively small
molecules, such as low molecular weight polyethylene glycol (PEG), that intersperse and
intercalate between polymer chains, thereby disrupting hydrogen bonding and spreading
the chains apart to increase flexibility by increasing the percentage of elongation while
decreasing the strength and modulus [50]. Here, increasing the P3HPEI content in
CHI/P3HPEI films probably decreases intermolecular hydrogen bonding between CHI
chains, resulting in enhanced chain mobility and film flexibility [51], in agreement with
the thermal analysis data above.

3.3. Chitosan/Poly(3-hydroxypropyl ethyleneimine) Film Formulations for Loading and Delivery
of Haloperidol: X-ray, Microscopic, and Drug Release Studies

Drug-loaded films have been used as drug delivery systems for administration via
the transdermal, buccal, nasal, and ocular routes, which have advantages over oral and
intravenous administration [52,53]. In particular, non-oral delivery methods are noninva-
sive or minimally invasive, painless, and simple for patients to utilize, especially those
with swallowing difficulties. However, control over drug delivery is problematic with
formulations, such as creams or gels [54,55]. Moreover, it was suggested that they can
increase the bioavailability of various drugs [56]. Drug-loaded films have thus been de-
veloped for drug delivery systems via the topical [57], buccal [58], nasal [56], and ocular
[9] routes.

Polymeric films, and, in particular, their blends, can be selected to optimize both me-
chanical properties and drug release [59]. The glass transition temperature (Ts) of a poly-
mer is an important factor when considering their use in drug delivery systems as this
impacts the drug release profile; at temperatures greater than T, polymer chains become
flexible, and thus promote drug release [10]. Since the physiological temperature of mu-
cosal membranes is ~35-37 °C (and skin ranges from 32 °C at the outer surface to body
temperature in the inner layers) [11], a CHI/P3HPEI blend with a Tg ~20 °C was selected.
To meet this criterion, the appropriate composition of CHI/P3HPEI was calculated from
the data in Figure 7 as 35:65% (w/w); the T of this blend was then confirmed by DSC (Fig-
ure S8).

Haloperidol (HP) was chosen as a model poorly soluble drug for inclusion in the film
patch. Generally, HP, an antipsychotic, is associated with side effects of drug-induced ex-
trapyramidal syndrome (EPS) in conventional monotherapy [27]. HP is a BCS class 2 drug,
characterized by low solubility but high permeability, and has poor oral bioavailability
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[29]. In this study, CHI/P3HPEI films loaded with haloperidol (HP) at various% drug
loading from 1.0 to 5.0% were prepared. X-ray, microscopic, and drug-release studies of
HP from CHI/P3HPEI films are shown in Figures 11-13.

The X-ray diffraction (XRD) pattern of HP (Figure 11) is in agreement with literature
[18]; a single crystalline polymorphic form was identified. The XRD pattern of the drug-
free film showed a predominantly amorphous material with a pattern additive of those
from CHI and P3HPEI. Peaks in the XRD patterns from drug-loaded films are attributable
to HP crystals. However, the diffraction peaks of HP-loaded CHI/P3HPEI films exhibit a
different pattern than that of HP as the free base, with peaks at 20 = 17, 23, 25, and 31°.
This is attributable to loading HP into a CHI/P3HPEI solution containing 0.1 M HClI (to
solubilize chitosan), which then converts HP to its hydrochloride salt; our data is con-
sistent with the HP-HCI reported by Al Omari et al. [60].

As expected, HP peak intensity fell with reducing drug content in the films and no
crystalline materials were detected below 1.5%. This may be below the limit of detection
for the instrument or, alternatively, could reflect the solubility of HP in the polymer blend.

@
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— 71 - 1 - I ~ T -~ 1T - T ~— T "~ T "~ 1T
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Figure 11. XRD diffractograms of haloperidol (a), haloperidol HCI (b), CHI/P3HPEI films loaded

with haloperidol at various% drug loading, 5.0% (c), 2.5% (d), 2.0% (e), 1.75% (f), 1.5% (g), and 1.25%
HP films (h) and drug-free CHI/P3HPEI film (i).

Polarized light microscopic examination, as shown in Figure 12, provides direct vis-
ual evidence for the presence or absence of solid HP in the CHI/P3HPEI films with large
crystals evident at high HP loading (2.0-5.0%), corresponding to the presence of the crys-
talline peaks shown by XRD. As the HP loading fell below 1.5%, the morphology of HP-
loaded film altered, again reflecting the solubility of HP in the polymer blends and con-
sistent with the XRD data. Based on these observations, HP solubility in the CHI/P3HPEI
film is approximately 1.5%.
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— 150 pm —

Figure 12. Polarized light microscope images of drug-free CHI/P3HPEI film (a) and CHI/P3HPEI
films loaded with haloperidol (HP) at various% drug loading, 5.0% (b), 2.5% (c), 2.0% (d), 1.75% (e),
1.5% (f), and 1.25% (g) (20x magnification). Scale bars are 150 pm.

Figure 13 illustrates the cumulative release of HP (1.25, 2.5, and 5%) loaded into
CHI/P3HPEI films using the Franz diffusion cell technique and a 20% PEG 400-PBS re-
ceiver solution at pH =7.4 and 37 °C to maintain sink conditions [23]. The data show rapid
release from the films, irrespective of drug loading. Drug release from films is dependent
on both the physicochemical and mechanical properties of the polymers and also the na-
ture and state of the drug, and whether encapsulated in a carrier. For the polymer matrix,
the diffusion of water into the film, relaxation of the polymer chains, swelling, and erosion
are important factors to consider [61,62]. Here, the hydrophilic nature of our CHI/P3HPEI
films permits rapid water diffusion, swelling, and erosion whilst the low T; facilitates the
relaxation of the polymer chains, resulting in rapid drug release followed by disintegra-
tion of the films. In addition, release increased with drug loading, allowing dose optimi-
zation from the films. Similar loading-related release has been described by Budhian et al.
[63] when HP was encapsulated in PLGA nanoparticles; here, a simple dispersion of HP
in our novel polymer-blended film provides rapid release, as is desired for administration
in buccal or ocular delivery.
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Figure 13. Cumulative drug release per unit area of CHI/P3HPEI films loaded with haloperidol (HP)
at various % drug loading (5.0, 2.5 and 1.25%).

4. Conclusions

Poly(3-hydroxypropyl ethyleneimine), or PSHPEI, has been successfully synthesized
and its physicochemical and cytotoxic properties have been described. The polymer
demonstrated good solubility in water, low toxicity, and a low glass transition tempera-
ture. PSHPEI was subsequently blended with chitosan to generate novel flexible films by
casting from aqueous solutions and evaporating the solvent. The polymers in the blends
were fully miscible in the solid state. Blending chitosan with P3HPEI significantly affected
the elasticity and strength of films (increased elongation at the break but reduced punc-
ture strength). A 35:65 (%w/w) blend of chitosan/P3HPEI provided the optimum glass
transition temperature for the delivery of haloperidol through mucosal membranes. Mi-
croscopic and XRD analyses were consistent and indicated that the solubility of the drug
in the films was ~1.5%. The inclusion of the hydrophilic polymer P3HPEI allowed rapid
drug release followed by disintegration due to rapid water diffusion into the films, swell-
ing, and erosion, supported by the relaxation of the polymer chains. The drug release pro-
files are consistent with the physicochemical properties of P3HPEI as a hydrophilic poly-
mer with a low Ts. Hence, blending P3HPEI with chitosan allows the selection of desirable
physicochemical and mechanical properties of the films for the loading and rapid delivery
of haloperidol, a model poorly water-soluble drug for transmucosal drug delivery, such
as buccal or ocular administration.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pharmaceutics14122671/s1, Figure S1. Synthesis scheme of
P3HPEL,; Figure S2. FTIR spectra of PEOZ, LPEI and P3HPEL,; Figure S3. X-ray diffractograms of
PEOZ, LPEI and P3HPEL,; Figure 54. TGA thermograms of PEOZ, LPEI and P3HPEL; Table S1. thick-
ness of films.; Table S2. Water loss of CHI, P3HPEI and their blends detected by TGA analysis.;
Figure S5. Correlation between residue and amount of P3HPEI in CHI/P3HPEI blends.; Figure Sé.
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X-ray diffractograms of CHI (a), their blends (b—e) and P3HPEI (f). Content of P3HPEI in the blends:
20 (b), 40 (c), 60 (d) and 80% (e).; Figure S7. SEM images of film surfaces (A) and cross section (B) of
CHI (a) and their blends (b—e). Content of P3HPEI in the blends: 20 (b), 40 (c), 60 (d) and 80% (e).;
Figure S8. DSC and TGA thermogram of CHI/P3HPEI (35:65).; Figure S9. FTIR of haloperidol HCI
(a), haloperidol HCI with different concentrations: 5% (b), 2.5% (c), 1.5% (d) and 1.25% (e) loaded in
CHI/P3HPEI films and drug free CHI/P3HPEI film (f).; Table S3. Solubility of haloperidol in various
medias; Figure S10. Standard curve of haloperidol.
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