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Abstract

Mucoadhesion/bioadhesion of single polymer including chitosan (C),
poly(vinyl pyrrolidone) (PVP), gelatin A (GA) and gelatin B (GB) , and blends were
evaluated using texture analysis, viscometric method and HT29 cell attachment.
These analyses demonstrate the higher mucoadhesion of some specific ratios of
polymer blends than the single polymers. In addition, diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS), Be cross-polarization magic angle-
spinning nuclear magnetic resonance ('*C CP/MAS NMR) and molecular dynamic
simulation were employed for evaluation of polymer-polymer as well as polymer-
mucin (M) interactions. The results obtained shows that polymer-polymer and
polymer-mucin can interact to each other and this may cause higher
mucoadhesion/bioadheison.  Metronidazole which is commonly drug use for
treatment of Helicobacter pylori (H. pylori) infection is loaded in these polymer films.
Drug released profiles show that mucoadhesive polymer can sustain drug release
compared to that of drug alone.

1. Introduction

Mucoadhesive/bioadhesive polymers have received considerable attention for
buccal retention or gastroretention of drugs.'” Different molecular theories have been
proposed to explain the mucoadhesion/bioadhesion phenomenon.® These include
electronic theory, adsorption theory, wetting theory, diffusion theory and fracture
theory.

Polymer blends have received a great deal of attention in recent years, since
blending is a simple and effective method to develop new materials with specific
properties that cannot be achieved by the individual polymer. Chitosan (C), (1-4)-2-
amino-2-deoxy-3-D-glucan, is a natural polymer obtained by alkaline deacetylation of
chitin, (1-4)-2-acetamido-2-deoxy-p-D-glucan. The molecule contains amino and
hydroxyl groups on its backbone which can serve as proton donors/proton acceptors
in hydrogen bonding interaction between chitosan molecules, or between chitosan and
other polymers. Chitosan has been widely investigated for its potential use in
industrial, medical and pharmaceutical applications. In addition to the use of chitosan
as a single polymer, it is also often blended with various other hydrophilic polymers.”
8 Chitosan/poly(vinyl pyrrolidone) (PVP) (both chemical structures shown in Figure
1), chitosan/gelatin A (GA) and chitosan/gelatin B (GB) blends have been prepared



and investigated for their potential use as controlled release drug delivery systems,
and for enhancing mucoadhesive properties.”

Generally, the chemical structures of the polymeric components have a
significant effect on the interactions between the polymers. Various methods
including viscosity measurement,'"™"? differential scanmng calorimetry (DSC)"
Fourier transform infrared (FTIR) spectroscopy have been previously used to
explore the interactions between polymers. In addition, molecular modehng has been
effectively used to study the interaction between two different species based on the
calculation of radial distribution function (RDF)."*"7

The objective of this study was to synthesize polymer blends and investigate
the interactions of single polymers (C, PVP, GA and GB) with mucin; the interactions
between polymer in blends (C-PVP, C-GA and C-GB); and these blends with mucin.
These interactions were examined using diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS), C cross-polarization magic angle-spinning nuclear
magnetic resonance ("C CP/MAS NMR), molecular dynamic simulations, viscosity
and texture analysis. In addition, bioadhesion analysis was performed using HT-29
cells. To investigate the potential uses of these polymers for H pylori infection,
metronidazole which is the commonly used drug for H. pylori infection was loaded in
these polymers and blends. Drug release from these polymer films was also
investigated.

2. Materials and methods

Chitosan, middle viscosity with a degree of deacetylation of 75-85%, was
obtained from Fluka. PVP K-90 (Kollidon 90), with an average molecular weight

(Hw) of 1,100,000, was kindly supplied by BASF Thailand. Gelatin A and gelatin B

were purchased from Sigma. Metronidazole was gifted by Siam Pharmaceutical,
Thailand. Mucin type II from porcine stomach was obtained from Sigma (USA). All
other reagents were of analytical grade.

2.1 Preparation of polymer blends

Stock solution (2% w/v) of each polymer was use for preparing polymer
blend. Chitosan solution was prepared by dissolving 2 g of chitosan in 100 mL (0.05
M) HCI at ambient temperature with constant stirring overnight. Other polymers,
PVP, GA and GB, were separately dissolved in water purified by reversed osmosis.
The blends of C-PVP, C-GA and C-GB were prepared by mixing the stock solutions
of specified polymers (2% w/v) in a 1:9, 3:7, 5:5, 7:3 and 9:1 volume ratio. For
DRIFTS and texture analyses, 10 mL of these blends and each polymer solutions were
poured into a polystyrene Petri dish and dried in an oven at 60 °C for 24 h. The films
obtained were peeled off and kept in a desiccator under 50% RH until analyzed.

These blends and individual polymer were mixed with mucin solution for the
study of the interaction between blends or single polymers with mucin as descrlbed in
section 2.2.



2.2 Interaction of polymers/polymer blends and mucin

The stock solutions at 15% and 2% w/v of mucin were used for viscosity and
DRIFTS studies, respectively. These stock solutions were mixed to each polymer
blend in section 2.1 in 5 volume ratio using reciprocating shaker. The mixtures of
polymer blends and mucin were directly used for viscosity measurement. For
DRIFTS measurement, however, the mixtures were dried in the oven at 60°C for 24 h
before analysis. s

2.3 DRIFTS Spectra Collection

Polymer films were ground and placed in a micro sample cup for PerkinElmer
Spectrum One FTIR diffuse reflectance accessory using the supplied sample cup
holder. The FTIR measurements were performed on a PerkinElmer Spectrum One
and a PerkinElmer DRIFTS accessory. The spectra were recorded from 4400 to 450
cm” by averaging 64 scans at 4 cm’” resolution. All reflectance spectra were
converted to Kubelka-Munk (KM) unit by the use of PerkinElmer Spectrum for
Windows version 5.02 software package.

2.4 Viscosity

Viscosity measurements were performed using a Brookfield viscometer,
model LVDV-III Ultra Programmable rheometer with a SC4-18 spindle and a small
sample adaptor (Brookfield Engineering Laboratories, Inc., MA, USA), connected to
a personal computer for setting analysis parameters and processing data. All
measurements were carried out at 25°C after a rest time of 1| min. The apparent
viscosity was measured at shear rates ranging from 3.96 to 79.2 s (flow curve) after
application of each shear rate for 1 min. Three measurements were performed for
each sample.

The forces of mucoadhesion (F) between polymers or polymer blends with
mucin involved physical chain entanglement, noncovalent intermolecular interactions
can be calculated as described by Hassan and Gallo'®

M =Mm + MNp + M
F=myo

where Ny, Mm, and m, are the viscosity coefficient of the system, mucin and the
polymer, respectively, and ¢ is the rate of shear per second. These forces can be
calculated if the viscosity of polymer solutions are Newtonian.

2.5 Texture Analysis

Polymer films were ground and prepared as discs (12 mm diameter) for
texture analysis by direct compression using the Specac 15 ton manual hydraulic press
(USA) and the discs were prepared using the Specac evacuable pellet die assembly.
The discs were compressed at the pressure of 10 tons for 30 s and kept in desiccator
until used.



Pig stomachs were obtained fresh from the slaughter house at Department of
Natural Resources, Prince of Songkla University, Thailand. The stomachs were
immediately washed with deionized water to remove non-digested food from fumen.
This process was taken care to maintain the integrity of the mucus layer and the
tissues were used within 6 hr.

The mucoadhesive strength of the polymer discs was investigated using the
TA-XT2 texture analyzer (Stabel Micro Systems, Surrey, UK) with a 5 kg load cell
equipped with mucoadhesive holder. The polymer disc was attached to the lower face
of a horizontal cylindrical probe (diameter 14 mm) by double-sided adhesive tape.

The disc was moved to contact the soaked tissue and a downward force (0.1N)
applied for 10 min. The probe was subsequently withdrawn at 1 mm s'. The
mucoadhesion determined as the force of detachment could be detected directly from
software Texture Expert version 1.22 which was used for data acquisition and
analysis. The total amount of forces involved in the probe detachment (work of
adhesion) was calculated from the area under the force of detachment vs distance
curve.

2.6 Cell cultures

HT29 (passage 121-128) cells obtained from ATCC were grown, subcultured
and maintained with Dulbecco’s Modified Eagles Medium (DMEM) with 10% fetal
calf serum (FCS), 1% non-essential amino acid and 1% L-glutamine at 5% CO,, 95%
0, at 37°C.

2.7 Bioadhesive studies

Polymer and polymer blend solutions (100 uL, 2% w/v) were casted on ultra
low attachment surface microplates, 96-wells (Corning®™), and dried in oven at 50°C.
Acidity of chitosan solution causes cell death. Thus, all polymer films containing
chitosan were neutralized by washing with 100 ul of 0.05M NaOH solution. These
polymer coated plate was again dried in oven at 50°C. HT29 were seeded on this 96-
wells plate at a density of 2 x 10* cell/em® The cells were then incubated for 3 h in
5% CO,, 95% O, 37°C. Subsequently, each well was washed twice with a sterile
PBS solution to eliminate free cells. Then, a 3-(4,5-dimethylthiazol-2-yI)-2,5-
diphenyl tetrazolium bromide (MTT) test was performed to quantify the viability of
the cells which adhered on polymer films. The color developed was measured at 595
nm using Beckman Coulter DTX880 Multimode detectors with Multimode analysis
software. This is compared to the control (without polymer).

2.8 Drug loading and release

Metronidazole solution (1% w/v) was prepared by dissolving 0.32 g of
metronidazole in 32 mL of water and added to 20 mL polymer and polymer blend
solution in section 2.1 to a final concentration of 0.2% w/v of metronidazole. The
solution was. mix using reciprocating shaker until homogeneous. Each polymer
solution was then poured into a polystyrene Petri dish and dried in the oven at 60 °C
for 24 h. The films obtained were peeled off and kept in a desiccator under 50% RH
before drug release study.



The drug release rate from blended films was studied using the USP type I
dissolution test apparatus (paddle). Drug release was performed using Vankel
dissolution tester at 50 rpm. The drug loaded films were suspended in glass vessels
containing 200 mL of medium which was maintained at 37 + 0.5°C. The dissolution
medium at pH 4 was prepared by dissolving 2.7218 g monobasic potassium
phosphate (KH,PQ,, MW=136.09} in 2000 mL H»O and using either KOH or
phosphoric acid to adjust the pH to 4. A 4.0 mL aliquot was withdrawn at appropriate
time intervals and replaced with 4 mL of fresh dissolution medium. The amounts of
metronidazole in dissolution media were determined using UV spectroscopy at 318
nm. The dissolution tests were performed in triplicate.

2.9 C solid-state nuclear magnetic resonance (NMR) for PVP-chitosan blends

The NMR experiments were performed on a Bruker Avance 300 NMR
spectrometer operating at 75.51 MHz for 13C using standard 4 mm cross-polarization
magic angle-spinning probes (CP/MAS). The samples were spun at the magic angle
at a rate of 10620 Hz with a total number scans of 10000. A C contact time of 5.0
ms was used and a recycle delay between scans for all the samples was 3 s. The 13C
chemical shifts were referenced with respect to tetramethylsilane (= 0 ppm) using
solid adamantine as a secondary standard. There were no spinning side band (SSB)
interferences as the samples were spun at 10 KHz. The deconvolution of NMR
spectra was performed using GRAMS/AI7 by fitting the spectra with a Gaussian
function.

2.10 Computational method for PVP-chitosan blends

Simulations of chitosan and PVP blend were performed using Materials Studio
4.2 (Accelrys, Inc.) on a dual core Pentium-based computer. A COMPASS
(condensed-phase optimized molecular potentials for atomistic simulation studies)
force field was employed for all calculations. This force field has been widely used to
optimize and predict the conformation and thermophysical condensed phase
properties of a broad range of molecules and polymers.'*

Polymer assemblies containing 3 chains of PVP (20 monomer units) in its
atatic stereochemical structure and 3 chains of chitosan (10 monomer units) were
generated for the simulation of a 50:50 composition of the blend as previously
conducted.”® For the simulation of PVP:C 20:80, 33:67, 67:33 and 80:20 blends, 3
chains of each polymer were also employed but the numbers of monomer units were
20:40, 20:20, 40:10 and 80:10, respectively. Each generated polymer chain was
minimized using the Discover module and the blend systems were built inside a box
with periodic boundary conditions constructed using the amorphous cell module of
the Materials Studio. The density of the blend system was estimated from densities of
the pure polymers, i.e. 1.04 g/em3 for PVP and 0.67 g/em3 for C*° Thus, the
simulation cell densities for PVP:C 20:80, 33:67, 50:50, 67:33 and 80:20 were (.744,
0.792, 0.855; 0.917 and 0.966 g/cm3, respectively. The polymer assemblies were
energy minimized using the steepest descent method followed by the conjugate
gradient method with a convergence level of 0.01 kcal/mol/A. Group-based cutoff of
12.5 A and a switching function with the spline and buffer widths of 3 and 1 A,
respectively, were applied to evaluate nonbonded interactions. Molecular dynamics



simulations were performed in the NVT ensemble (constant particle numbers, volume
and temperature) at 298 K with a time step of 1 fs. Molecular dynamics simulations
were run for 1500 ps. Subsequently, the calculation of radial distribution function
(RDF), g(r), was carried out of the trajectory files of simulations where the dynamic
shows a stable performance.

3. Results and discussion
3.1 DRIFTS collection

DRIFTS spectra of C, mucin (M} and mixtures of C-M at volume ratios of 1:5,
3:5, 5:5, 7:5 and 9:5 are presented in Figure 2. Those of C, PVP and mixtures of C-
PVP at volume ratios of 1:9, 3:7, 5:5 and 7:3 are shown in Figure 3. Figures 4-8
present the DRIFTS spectra of C-PVP 1:9 and C-PVP-M 1:9:5, C-PVP 3.7 and C-
PVP-M 3:7:5, C-PVP 5:5 and C-PVP-M 5:5:5, C-PVP 7:3 and C-PVP-M 7:3:5, C-
PVP 9:1 and C-PVP-M 9:1:5, respectively. DRIFTS of C, PVP and mucin also
display in these figures for comparison. DRIFTS spectra of PVP, M and mixtures of
PVP-M at volume ratios of 1:5, 3:5, 5:5, 7.5 and 9:5 are presented in Figure 9.

DRIFTS spectra of C, GA and blends of C:GA at volume ratios of 1:9, 3:7, 5:5
and 7:3 are shown in Figure 10. Figures 11-15 present the DRIFTS spectra of C-GA
1:9 and C-GA-M 1:9:5, C-GA 3:7 and C-GA-M 3:7:5, C-GA 5:5 and C-GA-M 5:5:5,
C-GA 7:3 and C-GA-M 7:3:5, C-GA 9:1 and C-GA-M 9:1:5, respectively. DRIFTS
of C, GA and M also show 1n these figures. DRIFTS spectra of GA, M and mixtures
of GA-M at volume ratios of 1:5, 3:5, 5:5, 7:5 and 9:5 are presented in Figure 16.

DRIFTS spectra of C, GB and blends of C:GB at volume ratios of 1:9, 3:7, 5:5
and 7:3 are shown in Figure 17. Figures 18-22 present the DRIFTS spectra of C-GB
1:9 and C:GB:M 1:9:5, C-GB 3:7 and C:GB:M 3:7:5, C-GB 5:5 and C:GB:M 5:5:5,
C-GB 7:3 and C:GB:M 7:3:5, C-GB 9:1 and C:GB:M 9:1:5, respectively. Those of
C, GB and M also present in these figures. DRIFTS spectra of GB, M and mixtures
of GB-M at volume ratios of 1:5, 3:5, 5:5, 7:5 and 9:5 are presented in Figure 23.

Due to board peaks at 3000-3700 em’, it is difficult to observe the interaction
between C-M, C-PVP or C-PVP-M. Details discussions of peak shift from chitosan
were described in Section 3.3. These DRIFTS demonstrate the shift of characteristic
peaks of each material (C, PVP, GA, GB and mucin) which in tum suggests the
interaction between polymer-polymer, polymer-mucin and blends-mucin.

3.2 Viscosity measurement

In the preparation of samples for viscosity measurement, the stock solution
concentration of polymers used is approximately 2% and that of mucin is about 15%.
These solutions are mixed at the volume ratios as indicated in Table 1-3. Table 1
shows the force of mucoadhesion analysis by viscosity measurement for C-M, PVP-M
and C-PVP blend-M. Force of mucoadhesion is highest in C-PVP blend at volume
ratio of 1:1 (4.35 dyne/cm®) followed by those of 0.6:1.4 (3.98 dyne/cm?) and 0.2:1.8
(2.54 dyne/crhz), respectively. These blends demonstrate higher mucoadhesive force
than chitosan (2.31 dyne/cmz) and PVP alone (1.23 dyne/cm?).



Table 2 presents the force of mucoadhesion analysis for C-M, GA-M and C-
GA blend-M. The highest mucoadhesive force obtamned for the C-GA blends was at
the volume ratio of 1.8:0.2 {2.26 dyne/cm®). All C-GA blends demonstrate Jower
mucoadhesive force than chitosan (2.58 dyne/cm®) but higher than GA alone (0.17
dyne/cm?).

Table 3 shows the force of mucoadhesion analysis by viscosity measurement
for C-M, GB-M and C-GB blend-M. The C-GB blends at volume ratigs of 1:1 and
0.6:1:4 demonstrate highest mucoadhesive force (3.49 and 3.79 dyne/cm’
respectively) which is significantly higher than chitosan (2.46 dyne/cm?). The other
blends exhibit lower mucoadhesive force than chitosan but higher than GB alone
(0.57 dyne/cm®).

Although the amount of chitosan used in each measurement was not exactly
the same as its stock solution was prepared at different time of studies, the
mucoadhesive forces for single polymers may be in the order of C > PVP > GB > GA.
The blends of C-PVP and C-GB at some ratios demonstrate synergism in the
interaction with mucin.

3.3 BC solid-state nuclear magnetic resonance (NMR) for PVP-chitosan blends

The *C-NMR chemical shifts or line shapes of carbon resonance in the cross-
polarization/magic angle spinning (CP/MAS} spectra can provide information about
the chemical environment of the carbon nucleus; therefore, their changes can indicate
the intermolecular interactions between the blend components. The '*C NMR spectra
of PVP, chitosan and the 50:50 PVP/chitosan blend are shown in Figure 24.
According to these BCNMR spectra, the chemical shift of the PVP carbonyl carbon
is observed at 176.23 ppm. This carbonyl carbon peak of the blend appears almost in
the same chemical shift. However, its shape is broader and asymmetric compared to
that of the pure PVP. Chen et al’' have resolved *C CP/MAS NMR spectra at the
carbonyl region to identify the crystalline and amorphous fractions of materials. In
the present study, the carbonyl carbon peak of PVP in the blend was resolved into two
Gaussian peaks using a curve-fitting procedure. PVP is an amorphous material,
According to X-ray diffraction result, the PVP-C blend is also amorphous (data not
shown). Hence, these two resolved peaks will not specify whether the form of PVP
present is amorphous or crystalline. Multipeak curve fitting of NMR spectra has been
previously signified as the occurrence of different interactions or environments of a
specific group.”> * Thus, in this study, the downfield shift of one peak may possibly
result from the intermolecular hydrogen bonding between the carbonyl group of PVP
and the hydrogen atom of OH-C6, OH-C3 or NH-C2 group of chitosan. The other
- peak may be the unreacted carbonyl carbon. As shown in Figure 24, the chemical
shift of C2 and C6 of chitosan appears at 57.65 ppm and that of carbon atom C3
displays at 71.69 ppm which correspond to the previous assignment.®* The upfield
shifts of 0.70 (from 57.65 to 56.95 ppm) and 0.39 ppm (from 71.69 to 71.30 ppm)
were observed for C2, 6 and C3, respectively, of the blend. As previously observed,
the upfield shift of a carbon atom is attributed to the formation of hydrogen bonds of a
connected proton donor group.” In the present study, the upfield shifts may therefore
result from the intermolecular bonding between the proton donors of the OH groups at
C3 and/or C6 as well as the NH group at C2 with C=0 of PVP.



In addition to “C-CP/MAS NMR, DRIFTS was employed to investigate the
interactions between these two polymers. DRIFTS spectra of PVP, C and the 50:50
PVP-C blend are shown in Figures 3 and 25. DRIFTS of the blend in Figure 25 was
obtained from lyophilized material instead of film (Figure 3), however both spectra
are similar. The spectrum of pure chitosan shows an armno band at 1637 cm™. In
addition, chitosan displays a broad peak at around 3400 cm” ! resulting from the N H
and O-H v1brat10ns The amide carbonyl stretching of PVP shows a prominent peak
at 1685 cm™. In the blend, this peak is shifted to the lower wavenumber at 1669 cm™
indicating the incidence of interaction between PVP and chitosani. This interaction is
attributed to the hydrogen bonds formed between the proton acceptor C=0 of the PVP
and the proton donor groups, such as OH-C6, OH-C3 and NH-C2 groups, of chitosan.
Due to the overlapping band of OH and NH functions of chitosan, it is somewhat
difficult to indicate which group is the proton donor in this system.

3.4 Computational method for PVP-chitosan blends

Molecular dynamics simulations and subsequent RDF calculations were
performed to investigate the specific proton donor group of chitosan that interacts
with the proton acceptor group of PVP. The RDF, also referred to as pair-correlation
function, demonstrates the average density of atoms at a distance from a specified
atom. The RDF analyses were performed in the interval of simulations where the
simulation shows a stable behavior, i.e. from 800 to 1500 ps as illustrated in Figure
26. Figure 27 displays the intermolecular RDFs for the 50:50 PVP-C blend. As
shown in Figure 27a, a pronounced peak at 1.75 A with the g(r) function of 4.76
corresponds to the hydrogen bonding between the hydrogen atoms of OH-C6 of
chitosan and the oxygen atoms of C=0 of PVP. Meanwhile the g(r) function of about
2.81 at 1.75 A was observed for hydrogen atoms of OH-C3 chitosan and oxygen
atoms of C=0 of PVP. This indicates that hydrogen atoms of OH-C6 form stronger
hydrogen bonds with C=0 of PVP than hydrogen atoms of OH-C3. This is possible
due to the free rotation of OH-C6 compared to OH-C3 and consequently there is more
accessibility to interact with oxygen atoms of PVP. This computational model is the
first study that distinguishes the proton donor capacity between OH-C6 and OH-C3 of
chitosan on interacting with other polymers.

The shift of the peak to 2.25 A with the lower g(r) of 1.41 is related to the
hydrogen atoms of NH-C2 of chitosan and the oxygen atoms of C=O of PVP.
Therefore, the intermolecular hydrogen bond involving the amino group as the proton
donor is significantly weaker than that of the hydroxyl groups of chitosan. This may
be due to the fact that an N-H bond is less polar than an O-H bond. Thus the N-
H~0=C hydrogen bond is weaker than the O-H O=C counterpart. Figure 27b
displays the RDF calculations for the nitrogen atom of PVP and the proton donors
groups of chitosan. It can be observed that the amide nitrogen of PVP is less likely to
function as a proton acceptor. Generally, nonbonding electron pairs of the amide
nitrogen will delocalize to the carbonyl group. Therefore, in this case, when the
proton donors of chitosan interact with the amide function of PVP, they will form a
bond at the oxygen atom in preference to the nitrogen atom.

As proton acceptors, the oxygen atoms of the hydroxymethyl groups were
previously reported to be more reactive than the nitrogen atoms of the amino groups
of chitosan in forming hydrogen bonds with proton donors of polyvinyl alcohol



(PVA) or poly(2-h6ydroxyethyl methacrylate) (P2ZHEM) at some ratios of these
polymer blends.’ However, with the higher amounts of PVA and P2HEM, the
interactions with the amino groups of chitosan increase in intensity.” Although, in the
present study, proton donors and acceptors are reversed compared to the above-
mentioned investigations, it was of interest to determine the interacting groups at
different compositions of our polymer blend. Therefore, molecular dynamic
simulations of PVP-C at compositions of 20:80, 33:67, 67:33 and 80:20 were
performed and the RDFs for these blends were presented in Figures 28 and 29. The
same results were obtained as the above-mentioned RDF for the 50:50 PVP-C blend,
at either lower or higher amounts of PVP, hydrogen atoms of NH-C2 of chitosan
function less as proton donors compared to those of OH-C6 and OH-C3. In the
previous study, it was also observed that the interactions between hydrogen atoms of
NH-C2 of chitosan and proton acceptor groups of P2HEM at various compositions of
these blends were lower than those of the OH groups.””

Additionally, at lower amounts of PVP, the g(r) functions observed for the
oxygen atom of C=0 of PVP and the hydrogen atoms of OH-C6 and OH-C3 of
chitosan are 6.29 and 2.52, respectively, for the 33:67 PVP-C blend (Figure 28a), and
those of 5.76 and 1.70, respectively, for the 20:80 PVP-C blend (Figure 28b).
Furthermore, for higher proportions of PVP, the g(r) functions for the oxygen atom of
C=0 of PVP and the hydrogen atoms of OH-C6 and OH-C3 of chitosan are 3.75 and
2.58, respectively, for the 67:33 PVP-C blend (Figure 29a) and those of 3.12 and 2.17,
respectively, for the 80:20 PVP-C blend (Figure 29b). This indicates that the
intermolecular hydrogen bonding between these two polymers is higher with lower
amounts of PVP in the blends, and lower with the higher proportions of PVP (Figures
28 and 29, respectively). According to the previous investigationsm’ " of various
compositions of these two polymers blends, it demonstrates that these blends are
miscible with only one glass transition temperature (Tg) was detected for each blend.
In addition, the DSC thermograms of PVP-chitosan blends from both studies show
positive deviations of Tgs from the linearity in the blends with lower PVP proportions
whereas Tgs are lower in the blends with high amounts of PVP. Generally, the Tgs of
polymer blends will be in the linear line which ranges between the initial Tg of each
polymer depending on the relative amount of each polymer in the blend. However, if
the two polymers bind more strongly to each other than to themselves, the Tg will be
higher than expected (positive deviation from linearity). If the two polymers bind less
strongly with each other than with themselves, the Tgs of the blends are lower than
expected (negatlve deviation). Our dynamic simulations results are consistent with
these findings'™ ' in terms of positive/negative deviations related to the forces of
intermolecular interactions between the polymers at lower/higher compositions of the
PVP.

3.5 Texture analysis

Work of adhesion of chitosan, PVP, GA and GB blends were calculated from
the arca under the force of detachment vs distance curve as shown in Figure 30.
Work of adhesion of chitosan, PVP and C-PVP blends are presented in Figure 31. The
blend of C-PVP 5:5 demonstrates the highest work of adhesion which is higher than C
or PVP alone. These results are consistent with those obtained using viscometric
method.



Work of adhesion of C, GA and C-GA blends is shown in Figure 32. Work of
adhesion of most C-GA blends is lower than that of chitosan. These results are
consistent with those from viscometric method of C-GA blend.

Work of adhesion of C, GB and C-GB blends is shown in Figure 33. Work of
adhesion of most C-GB blends is lower than chitosan. These results are slightly
different from viscometric analysis.

A texture analysis is a convenient method for comparing work of adhesion
among mucoadhesive polymers. This technique is used to support evidence of the
interpenetration and hydrogen bonding between mucus and polymer. Due to different
techniques use for mucoadhesive studies, the order of mucoadhesive force from
texture analysis, C > GB > PVP > GA (Figures 31-33), is slightly different from that
obtained from viscosity measurement C > PVP > GB > GA (Tables 1-3). However,
both analyses demonstrate that some polymer blends of C-PVP and C-GB can
enhance the mucoadhesive force than the single polymers.

3.6 Drug release

Dissolution profile of metronidazole alone, metronidazole loaded in single
polymers and in various volume rattos of C-PVP, C-GA and C-GB blend films are
shown in Figures 34-36, respectively.

Metronidazole is highly soluble in water (1g/100mL water)”. Its dissolution
profile thus shows fast release of drug with the completely dissolving in 5 minutes.
According to Figures 34-36, Metronidazole loaded in polymers and polymer blends is
dissolved in about 20 minutes and drug releases from all single polymers or polymer
blends are lower than drug alone. The dissolution profiles for the blends are
comparable to those of single polymers, however, for some blends of C-GA and C-
GB, the dissolution of the drug is lower than C, GA or GB. These results demonstrate
that polymer blends can sustain drug release to some extent.

3.7 Bioadhesive study

HT29 monolayer 1s also used for cell adhesion study of polymers. This cell
monolayer is suitable for bioadhesive investigation because of it can form monolayers
of mature goblet cells under standard cell culture conditions. Besides, it can secrete
mucin molecules and produce a mucus layer that covers the apical cell surface.?®

Percent relative cell attachment of C-PVP, C-GA and C-GB blends using
HT29 cell are shown in Figures 37, 38 and 39, respectively. These values for all
single polymers are also presented along with their respective blends in these Figures.
For single polymers, the order of cell attachment is PVP > C > GB > GA. Some C-
PVP blends demonstrate higher bioadhesion than C or PVP alone. Most of C-GA and
C-GB blends exhibit higher bioadhesion than C, GA or GB. These results show that
cell adhesion of polymer blends at specific volume ratios are higher than those of
single polymers. Probably due to different type of mucin from HT29 cells and
procine stomach, the mucoadhesive/bicadhesive results obtained from texture analysis
and viscosity measurement are different from those obtained using HT29 cells.
However, according to studies based on these three techniques, C-PVP at 1:1 ratio
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provides the highest mucoadhesive/bioadhesive force and most of C-GA and C-GB
blends demonstrate higher mucoadhesive/bioadhesion than GA and GB.

In conclusion, DRIFTS, BC CP/MAS NMR and molecular modeling
simulation demonstrate the presence of interactions between polymers and polymers-
mucin. The intermolecular interactions between polymer-mucin can possibly enhance
mucoadhesiv/bioadhesive force as examined using texture analysis, viscometric
measurement and HT29 cell attachement. In this study, polymer blends of C-PVP, C-
GA and C-GB at some ratios exhibit higher mocuadhesive/bioadhésive force than
single polymers. In addition, these blends can sustain metronidazole release. The use
of polymer blends as mucoadhesive/bioadhesive device for sustain drug release in
stomach will be able to benefit the treatment of /. pylori which is localized in
stomach. This strategy should be more advantage than using conventional therapy
that needs to administer high amount of drug and requires the re-released of drug to
stomach after absorption.
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Remarks

1.

Due to time consuming and lack of specific molecular structures of other
polymers, only the interaction between chitosan and PVP blend at 50/50 ratio was
investigated using molecular dynamic simulation.

A part of this work was prepared as a manuscript entitle “Molecular modeling
simulation and experimental measurements to characterize chitosan and
poly(vinyl pyrrolidone) blend interactions” and it was published in the Journa! of
Polymer Science Part B: Polymer Physics 2008, 46, 1258-1264.

Besides above mentioned polymer blends, trimethylchitosan (TMC) was also
synthesis as previously reported.

Synthesis of N-trimethylChitosan (TMC)

N-trimethylchitosan was synthesized as previously described’. In brief, A mixture
of 2 g of sieved chitosan (93% deacetylated), 4.8 g of sodium iodide, 11 mL of a
15% aqueous sodium hydroxide solution and 11.5 mL of methyl iodide in 80 mL
of 1-methyl-2-pyrrolidinone was stirred on a water bath of 60°C for 1 h. Special
care was taken to keep the methyl iodide in the reaction mixture by using a Liebig
condenser. The product was precipitated using ethanol and thereafter isolated by
centrifugation. The N-trimethyl chitosan iodide obtained after this first step was
washed twice with ether on a glass filter to remove the ethanol. It was dissolved in
80 mL of 1-methyl-2-pyrrolidinone and heated to 60°C, thus removing most of
the absorbed ether. Subsequently, 4.8 g of Nal, 11 mL of 15% NaOH solution and
7 mL of methyl iodide were added with rapid stirring and the mixture was heated
on a water bath at 60°C for 30 min. An additional 2 mL of methyl iodide and 0.6 g
of NaOH pellets were added and the stirring was continued for 1 h. The product,
prepared as described above, was dissolved in 40 mL of a 10% NaCl aqueous
solution, instead of HCl, to exchange the iodide. The polymer was precipitated
with ethanol, isolated by centrifugation and thoroughly washed with ethanol and
ether. In vacuo drying yielded a white, water-soluble powder.

Due to the problem in texture analysis of this TMC film, this material is not
further studied in this project.

Reference

1. Sieval, A. B.; Thanou, M.; Kotze, A. F.; Verhoef, J. C.; Brussee, I.; Junginger, H. E.
Preparation and NMR characterization of highly substituted N-trimethyl chitosan
chloride. Carbohyd Polym 1998, 36, 157-165.
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Poly(vinyl pyrrolidone)

Figure 1. Structures of chitosan and poly(vinyl pyrrolidone)
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Figure 2 DRIFTS spectra of chitosan (C), mucin (M), and mixtures of C:M at volume

ratios of 1:5 {(C1-M5), 3:5 (C3-M5), 5:5 (C5-M5), 7:5 (C7-M35) and 9:5 (C9-M5).
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Figure 3 DRIFTS spectra of chitosan (C), poly(vinyl pyrrolidone) (PVP), and
mixtures of C:PVP at volume ratios of 1:9 (C1-PVP9), 3:7 (C3-PVP7), 5:5 (C5-
PVP5), and 7:3 (C7-PVP3).
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Figure 4 DRIFTS spectra of chitosan (C), poly(vinyl pyrrolidone) (PVP), mucin (M),
mixture of C:PVP at volume ratio of 1:9 (C1-PVP9), and mixture of C:PVP:M at
volume ratio of 1:9:5 (C1-PVP9O:MS5).
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Figure 5 DRIFTS spectra of chitosan (C), poly(vinyl pyrrolidone) (PVP), mucin (M),
mixture of C:PVP at volume ratio of 3:7 (C3-PVP7), and mixture of C:PVP:M at

volume ratio of 3:7:5 (C3-PVP7:M5).
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Figure 6 DRIFTS spectra of chitosan (C), poly(vinyl pyrrolidone) (PVP), mucin (M),
mixture of C:PVP at volume ratio of 5:5 (C5-PVP5), and mixture of C:PVP:M at

volume ratio of 5:5:5 (C5-PVP5:M5).
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Figure 7 DRIFTS spectra of chitosan (C), poly(vinyl pyrrolidone) (PVP), mucin (M),
mixture of C:PVP at volume ratio of 7:3 (C7-PVP3), and mixture of C:PVP:M at
volume ratio of 7:3:5 (C7-PVP3:M5).
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Figure 8 DRIFTS spectra of chitosan (C), poly(vinyl pyrrolidone) (PVP), mucin (M),

mixture of C:PVP at volume ratio of 9:1 (C9-PVPI), and mixture of C:PVP:M at

volume ratio of 9:1:5 (C9-PVP1:M5).
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Figure 9 DRIFTS spectra of poly(vinyl pyrrolidone) (PVP), mucin (M), and mixtures
of PVP:M at volume ratios of 1:5 (PVP1-MS5), 3:5 (PVP3-M5), 5:5 (PVP5-M35), 7:5
(PVP7-M5) and 9:5 (PVP9-M5).
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Figure 10 DRIFTS spectra of chitosan (C), gelatin A (GA), and mixtures of C:GA at
volume ratios of 1:9 (C-GA9), 3:7 (C3-GAT), 5:5 (C5-GAS), 7:3 (C7-GA3) and 9:1
(C9-GA1).
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Figure 11 DRIFTS spectra of chitosan (C), gelatin A (GA), mucin (M), mixture of
C:GA at volume ratio of 1:9 (C1-GA9), and mixture of C:GA:M at volume ratio of
1:9:5 (C1-GA9:M3).
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Figure 12 DRIFTS spectra of chitosan (C), gelatin A (GA), mucin (M), mixture of
C:GA at volume ratio of 3:7 (C3-GA7), and mixture of C:GA:M at volume ratio of
3:.7:5 (C3-GAT:M3S).
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Figure 13 DRIFTS spectra of chitosan (C), gelatin A (GA), mucin (M), mixture of
C:GA at volume ratio of 5:5 (C5-GAS), and mixture of C:GA:M at volume ratio of

5:5:5(C5-GAS:MS).
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Figure 14 DRIFTS spectra of chitosan (C), gelatin A (GA), mucin (M), mixture of

C:GA at volume ratio of 7:3 (C7-GA3), and mixture of C:GA:M at volume ratio of
7:3:5 (C7-GA3:M3).
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Figure 15 DRIFTS spectra of chitosan (C), gelatin A (GA), mucin (M), mixture of
C:GA at volume ratio of 9:1 (C9-GA1), and mixture of C:GA:M at volume ratio of
9:1:5 (C9-GA1:M5).
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Figure 16 DRIFTS spectra of gelatin A (GA), mucin (M), and mixtures of GA:M at
volume ratios of 1:5 (GA1-MS3), 3:5 (GA3-M5), 5:5 (GAS5-MS), 7:5 (GA7-M5) and
9:5 (GA1-M5).
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Figure 17 DRIFTS spectra of chitosan (C), gelatin B (GB), and mixtures of C:GB at
volume ratios of 1:9 (C1-GB9), 3:7 (C3-GB7), 5:5 (C5-GB5), 7:3 (C7-GB3) and 9:1
(C9-GB1).
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Figure 18 DRIFTS spectra of chitosan (C), gelatin B (GB), mucin (M), mixture of
C:GB at volume ratio of 1.9 (C1-GB9), and mixture of C:GB:M at volume ratio of
1:9:5 (C1-GB9:M5).
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Figure 19 DRIFTS spectra of chitosan (C), gelatin B (GB), mucin (M), mixture of
C:GB at volume ratio of 3:7 (C3-GB7), and mixture of C:GB:M at volume ratio of
3:7:5 (C3-GB7:M5).
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Figure 20 DRIFTS spectra of chitosan (C), gelatin B (GB), mucin (M), mixture of
C:GB at volume ratio of 5:5 (C5-GB5), and mixture of C:GB:M at volume ratio of
5:5:5 (C5-GB5:M5).
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Figure 21 DRIFTS spectra of chitosan (C), gelatin B (GB), mucin (M), mixture of
C:GB at volume ratio of 7:3 (C7-GB3), and mixture of C:GB:M at volume ratio of
7:3:5 (C7-GB3:M5).
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Figure 22 DRIFTS spectra of chitosan (C), gelatin B (GB), mucin (M), mixture of
C:GB at volume ratio of 9:1 (C9-GB1), and mixture of C:GB:M at volume ratio of
9:1:5 (C9-GB1:M5). '
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Figure 23 DRIFTS spectra of gelatin B (GB), mucin (M), and mixtures of GB:M at
volume ratios of 1:5 (GB1-MS5), 3:5 (GB3-M5), 5:5 (GB5-M35), 7:5 (GB7-M35) and
9:5 (GB1-M5).
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Figure 24 C CP/MAS NMR spectra of chitosan, PVP and 50:50 PVP-chitosan
blend; inset: the resolved spectrum of C=0 band of the 50:50 PVP:chitosan blend.
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Figure 25 DRIFR spectra of chitosan, PVP and 50:50 PVP-chitosan blend

40



400
200

Potential energy

-200
-400

-600 - . : T
0 500000 1000000 1500000

Nonbonded energy

Energy (kcal/mol)

Simulation time (fs)
Figure 26 Potential and nonbonded energy vs stmulation time of 1500 ps.
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Figure 27 Radial distribution functions for the 50:50 PVP-chitosan blend representing
hydrogen atom of OH-C3, OH-C6 and NH-C2 of chitosan relative to the distance of
a) the oxygen atom of C=0 of PVP and b) the nitrogen atom of PVP. |
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Figure 28 Radial distribution functions for a) 33:67 and b) 20:80 PVP-chitosan blend

representing hydrogen atom of OH-C3, OH-C6 and NH-C2 of chitosan relative to the
distance of the oxygen atom of C=0 of PVP.
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Figure 29 Radial distribution functions for a) 67:33 and b) 80:20 PVP-chitosan blend
representing hydrogen atom of OH-C3, OH-C6 and NH-C2 of chitosan relative to the
distance of the oxygen atom of C=0 of PVP.
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Figure 30 Plot of force VS distance curve {work of adhesion) for chitosan-poly(vinyl
pyrrolidone) blend from texture analyzer
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Figure 31 Work of adhesion values of chitosan (C)-poly(viny! pyrrolidone) (P) blends
ratios of 1:9 (C1P9), 3:7 (C3P7), 5:5 (C5P5), 7:3 (C7P3) and 9:1 (C9P1).
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Figure 32 Work of adhesion values of chitosan (C)-gelatin A (GA) blends ratios of
1:9 (C1GA9), 3:7 (C3GAT), 5:5 (C5GAS), 7:3 (C7GA3) and 9:1 (CI9GAIL).
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Figure 33 Work of adhesion values of chitosan (C)-gelatin B (GB) blends ratios of 1:9
(C1GB9), 3:7 (C3GB7), 5:5 (C5GB5), 7:3 (C7GB3) and 9:1 (COGB1).
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Figure 34 Dissolution profile of metronidazole alone and in various volume ratios of
chitosan (C)-poly(vinyl pyrrolidone) (P) blend ratios of 1:9 (C1P9), 3.7 (C3P7), 5:5
(C5P5), 7:3 (C7P3) and 9:1 (CYP1).
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Figure 35 Dissolution profile of metronidazole in various volume ratios of chitosan
(C)-gelatin A (GA) blend ratios of 1:9 (C1GA9), 3.7 (C3GAT), 5:5 (C5GAS), 7:3
(C7GA3)and 9:1 (COGAI).
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Figure 36 Dissolution profile of metronidazole in various volume ratios of chitosan
(C)-gelatin B (GB) blend ratios of 1:9 (C1GB9), 3:7 (C3GB7), 5:5 (C5GBS), 7:3
(C7GB3) and 9:1 (C9GB1).
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Figure 37 Percent relative HT29 cell attachment of chitosan(C)-PVP ratios of 1:9

(C1P9), 3:7 (C3P7), 5:5 (C5P5), 7:3 (C7P3) and 9:1 (CYP1).
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Figure 38 Percent relative HT29 cell attachment of chitosan(C)-gelatin A (GA) ratios

of 1:9 (CIGAY), 3:7 (C3GAT), 5:5 (C5GAS), 7:3 (C7GA3) and 9:1 (COGAI1).
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of 1:9 (C1GB9), 3:7 (C3GB7), 5:5 (C5GBS5), 7:3 (C7GB3) and 9:1 (C9GB1).
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ABSTRACT: Blends of chitosan ‘and poly(vinyl pyrrolidone) (PVP) have a high poten-
tial for use in various biomedical applications and in advanced drug-delivery systems.
Recently, the physical and chemical properties of these blends have been extensively
characterized. However, the molecular interaction between these two polymers is not
fully understood. In this study, the intermolecular interaction between chitosan and
PVP was experimentally investigated using '*C cross-polarization magic angle-spin-
ning nuclear magnetic resonance (**C CPMAS NMR) and diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS). According to these experimental results,
the interaciion between the polymers takes place through the carbonyl group of PVP
and either the OH—Cg, OH—Cj, or NH—C; of chitosan. In an attempt to identify
the interacting groups of these polymers, molecular modeling simulation was per-
formed. Molecalar simulation was able to clarify that the hydrogen atom of OH—Cg
of chitosan was the most favorable site to form hydrogen bonding with the oxygen
atom of C=0 of PVP, followed by that of OH—C;, whereas that of NH—~C; was the
weakest proton donor group. The nitrogen atom of PVP was not involved in the inter-
molecular interaction between these polymers. Furthermore, the interactions between
these polymers are higher when PVP concentrations are lower, and interactions
decrease with increasing amounts of PVP. © 2008 Wiley Periodicals, Inc. J Polym Sci Part
B: Polym Phys 46: 1258-1264, 2008

Keywords: chitosan; *C CP/MAS NMR; DRIFTS; molecular dynamics; poly(vinyl
pyrrolidone)

INTRODUCTION

Polymer blends have received a great deal of
attention in the recent years, because blending
is a simple and effective method to develop new

Correspondence to: V. Tantishaiyakul (E-mail: vimon.t@
psu.ac.th)

Journal of Polymer Science: Part B: Polymer Physics, Vol. 46, 12568-1264 (2008)
©2008 Wiley Periodicals, Inc. !
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materials with specific properties that cannot be
achieved by the individual polymer. Chitosan,
(1-4)-2-amino-2-deoxy-§-p-glucan, is a natural
polymer obtained by alkaline deacetylation of
chitin, {1-4)-2-acetamido-2-deoxy-f-p-glucan. The
molecule contains amino and hydroxyl groups
on its backbone, which can serve as proion
donors/proton acceptors in hydrogen-bonding
interaction between chitosan molecules or
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between chitosan and other polymers. Chitosan
has been widely investigated for its potential
use in industrial, medical, and pharmaceutical
applications. In addition to the use of chitosan
as a single polymer, it is also often blended with
various other hydrophilic polymers.™* Chitosan
and poly(vinyl pyrrolidone) (PVP) blends have
been prepared and investigated for their poten-
tial use as controlled release drug-delivery sys-
tems, and for enhancing mucoadhesive proper-
ties * Both chitosan and PVP (Fig. 1) are bio-
compatible and nontoxic, and they demonstrate
interesting biological properties.>”

Generally, the important factor that deter-
mines the properties of a blend is the compati-
bility/miscibility of polymer pairs. The chemical
structures of the polymeric components have a
significant effect on the interactions between the
polymers resulting in miscibility of the polymer
blennd. For chitosan and PVP blends, both the
hydroxyl and the amine functional groups of chi-
tosan have the potential to interact with the
amide groups of PVP via hydrogen bonding. Vari-
ous methods including viscosity measurement,
differential scanning calorimetry (DSC),* and
Fourier transform infrared (FTIR) spectroscopy®
have been previously used to explore the interac-
' tions between these two polymers. Nevertheless,
most of these experimental studies have not been
able to reveal which of the two hydroxyl groups
(i.e., at Cs and at C3) and/or amine group at Cy

Chitosan
%

Poly(viny pyrrolidone)

Figure 1. Structures of chitosan and poly{vinyl

pyrrolidone). .
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of chitosan are involved in the interaction in
these blends.

Molecular modeling has been effectively used
to study the interaction between two different
species based on the calculation of radial distri-
bution function (RDF).12 In this study, molecu-
lar dynamics simulations and RDF calculations
have been performed with the aim to deduce the
specific groups of chitosan that are responsible
for intermolecular interaction with PVP. In addi-
tion to this computational method, the interac-
tions between these two polymers have also
been evaluated using 3C solid-state nuclear
magnetic resonance (NMR) and diffuse reflec-
tance infrared Fourier transform spectroscopy
(DRIFTS).

EXPERIMENTAL

Chitosan, middle wviscosity with a degree of
deacetylation of 75-85%, was obtained from
Fluka. PVP K-90 (Kollidon 90), with an average
molecular weight (M) of 1,100,000, was kindly
supplied by BASF, Thailand. All other reagents
were of analytical grade.

Preparation of the Blend

Chitosan solution was prepared by dissolving
1.5031 g of chitosan in 50 mL (0.05 M) HCI] at
ambient temperature with constant stirring
overnight. PVP (1.5043 g) was dissolved in
water purified by reversed osmosis. The PVP so-
lution was mixed with the chitosan solution in a
1:1 volume ratio. The solution of this blend was
lyophilized to obtain the solid blend.

DRIFTS Spectra Collection

The samples were placed in a microsample cup
for PerkinElmer Spectrum One FTIR diffuse re-
flectance accessory using the supplied sample
cup holder. The FTIR measurements were per-
formed on a PerkinElmer Spectrum One and a
PerkinElmer DRIFTS accessory. The spectra
were recorded from 4400 to 450 cm ! by averag-
ing 64 scans at 4 cm™! resolution. All reflectance
spectra were converted to Kubelka-Munk (KM)
unit by the use of PerkinElmer Spectrum for
Windows version 5.02 software package.
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13¢ Solid-State NMR

The NMR experiments were performed on a
Bruker Avance 300 NMR spectrometer operating
at 7551 MHz for *C using standard 4 mm
cross-polarization magic angle-spinning probes
(CP/MAS). The samples were spun at the magic
angle at a rate of 10620 Hz with a total number
scans of 10,000. A *C contact time of 5.0 ms
was used, and a recycle delay between scans for
all the samples was 3 s. The 'C chemical shifts
were referenced with respect to tetramethylsi-
lane (=0 ppm) using solid adamantine’ as a sec-
ondary standard. There were no spinning side
band (5SB) interferences due to the fact that
the samples were spun at 10 kHz. The deconvo-
lution of NMR spectra was performed using
GRAMS/AI (7.01) by fitting the spectra with a
Gaussian function.

Computational Method

Simulations of chitosan and PVP blend were
performed using Materials Studio 4.2 (Accelrys)
on a dual core Pentium-based computer. A
COMPASS (condensed-phase optimized molecu-
lar potentials for atomistic simulation studies)
force field was used for all calculations. This
force field has been widely used to optimize and
predict the conformation and thermophysical
condensed phase properties of a broad range of
molecules and polymers.'?

Polymer assemblies containing three chains
of PVP (20 monomer units) in its atatic stereo-
chemical structure and three chains of chitosan
{10 monomer units) were generated for the sim-
ulation of a 50/50 composition of the blend as
previously conducted.’* For the simulation of
PVP/chitosan 20/80, 33/67, 67/33, and 80/20
blends, three chains of each polymer were also
used, but the numbers of monomer units were
20/40, 20/20, 40/10, and 80/10, respectively.
Each generated polymer chain was minimized
using the Discover module, and the blend sys-
tems were built inside a box with periodic
boundary conditions constructed using the
amorphous cell module of the Materials Studio.
The density of the blend system was estimated
from densities of the pure polymers, that is,
1.04 g/em® for PVP and 0.67 glem® for chitosan.'*
Thus, the simulation cell densities for PVP/chito-
san 20/80, 33/67, 50/50, 67/33, and 80/20 were
0.744, 0.792, 0.855, 0917, and 0.966 glem®,
respectively. The polymer assemblies were energy

minimized using the steepest descent method fol-
lowed by the conjugate gradient method with a
convergence level of 0.01 keal/moV/A. Group-based
cutoff of 126 A and a switching function with
the spline and buffer widths of 3 and 1 A, respec-
tively, were applied to evaluate nonbonded inter-
actions. Molecular dynamics simulations were
performed in the NVT ensemble {constant parti-
cle numbers, volume, and temperature) at 298 K
with a time step of 1 fs. Molecular dynamics sim-
ulations were run for 1500 ps. Suhsequently, the
calculation of RDF, g(r), was carried out of the
trajectory files of simulations where the dynamic
shows a stable performance.

RESULTS AND DISCUSSION

The 3C NMR chemical shifts or line shapes of
carbon resonance in the CP/MAS spectra can
provide information about the chemical environ-
ment of the carbon nucleus; therefore, their
changes can indicate the intermolecular interac-
tions between the blend components. The '°C
CP/MAS NMR spectra of PVP, chitesan, and the
50/50 PVP/chitosan blend are shown in Figure
2. According to these 3C CP/MAS NMR spectra,
the chemical shift of the PVP carbonyl carbon is
observed at 176.23 ppm. This carbonyl carben
peak of the blend appears almost in the same
chemical shift. However, its shape is hroader
and asymmetric compared to that of the pure
PVP. Chen et al.}® have resolved 'C CP/MAS
NMR spectra at the carbonyl region to identify

Rl 2477 o
aeees Chitosan
— e PYPChitosan Slend

200 130 100 %0 -]

Figure 2. ®C CP/MAS NMR spectra of chitosan,
PVP and 50/50 PVP/chitosan blend; inset: the
resolved spectrum of C=0 band of the 50/50 PVP/chi-
tosan hlend. ’
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Figure 3. DRIFTS spectra of chitosan, PVP, and
50/50 PVP/chitosan blend.

the crystalline and amorphous fractions of mate-
rials. In this study, the carbonyl carbon peak of
PVP in the blend was resolved into two Gaus-
sian peaks wusing a curve-fitting procedure
{inset, Fig. 2). PVP is an amorphous material.
According to X-ray diffraction result, the PVP/
chitosan blend is also amorphous (data not
shown). Hence, these two resolved peaks will
not specify whether the form of PVP present is
amorphous or crystalline. Multipeak curve fit-
ting of NMR spectra has been previously signi-
fied as the occurrence of different interactions or
environments of a specific group.'®'” Thus, in
this study, the downfield shift of one peak may
possibly result from the intermolecular hydro-
gen bonding between the carbonyl group of PVP
and the hydrogen atom of OH—Cg, OH—Cs3, or
NH—C, group of chitosan. The other peak may
be the unreacted carbonyl carbon. As shown in
Figure 2, the chemical shift of C; and Cq of chi-
tosan appears at 57.65 ppm and that of carbon
atom Cy displays at 71.69 ppm, which corre-
spond to the previous assignment.’ The upfield
shifts of 0.70 (from 57.65 to 56.95 ppm) and 0.39
ppm (from 71.69 to 71.30 ppm) were observed
for CofCe and Cg, respectively, of the blend. As
previously observed, the upfield shift of a carbon
atom is attributed to the formation of hydrogen
bonds of a connected proton domor group.’ In
this study, the upfield shifts may therefore
result from the intermolecular bonding between
the proton donors of the OH groups at C5 and/or
Ce as well as the NH group at C; with C=0 of
PVE .
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In addition to '*C CP/MAS NMR, DRIFTS
was used to investigate the interactions between
these two polymers. Figure 3 shows DRIFTS
spectra of PVP, chitosan, and the 50/50 PVP/chi-
tosan blend. The spectrum of pure chitosan
shows an amino band at 1637 cm™? . In addition,
chitosan displays a broad peak at around
3400 em™}, resulting from the N—H and O—H
vibrations. The amide carbonyl stretching of
PVP shows a prominent peak at 1685 em™ . In
the blend, this peak is shifted to the lower wave-
number at 1669 cm™! indicating the incidence of
interaction between PVP and chitosan. This
interaction is attributed to the hydrogen bonds
formed between the proton acceptor C=0 of the
PVP and the proton donmor groups, such as
OH—C4, OH-C4, and NH--C; groups, of chito-
san. Because of the overlapping band of OH and
NH functions of chitosan, it is somewhat diffi-
cult to indicate which group is the proton donor
in this system.

Molecular dynamics simulations and subse-
quent RDF calculations were performed to
investigate the specific proton donor group of
chitosan that interacts with the proton acceptor
group of PVP. The RDF, also referred to as pair-
correlation function, demonstrates the average
density of atoms at a distance from a specified
atom. The RDF analyses were performed in the
interval of simulations where the simulation
shows a stable behavior, that is, from 800 to
1500 ps as illustrated in Figure 4. Figure 5 dis-
plays the intermolecular RDFs for the 50/50
PVP/chitosan blend. As shown in Figure 5(a), a
pronounced peak at 1.75 A with the g(r}) function
of 4.76 corresponds to the hydrogen bonding
between the hydrogen atoms of OH-Cg of chito-
san and the oxygen atoms of C=0 of PVP.
Meanwhile the g(r) function of about 2.81 at
1.75 A was observed for hydrogen atoms of
OH—C; chitosan and oxygen atoms of C=0 of
PVP. This indicates that hydrogen atoms of
OH—C; form stronger hydrogen bonds with

Energy (keoiimol)

100000
Simutation tene {{s)

1520000

Figure 4, Potential and nonbonded energy vs simu-
lation time of 1500 ps. ‘
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Figure 5. Radial distribution functions for the 50/50
PVP/chitosan blend representing hydrogen atom of
OH—Cg, OH—C3 and NH—C, of chitosan relative to

the distance of (a) the oxygen atom of C=0 of PVP
and (b) the nitrogen atom of PVP.

C=0 of PVP than hydrogen atoms of OH—Cs.
This is possible because of the free rotation of
OH—Cg compared to OH—Cj, and consequently
there is more accessibility to interact with oxy-
gen atoms of PVP. This computational model is
the first study that distinguishes the proton do-
nor capacity between OH—Cg and OH—C4 of
chitosan on interacting with other polymers.

The shift of the peak to 2.25 A with the lower
g(r) of 1.41 is related to the hydrogen atoms of
NH-—-Cy of chitosan and the oxygen atoms of
C=0 of PVP. Therefore, the intermolecular
hydrogen bond involving the amino group as the
proton donor is significantly weaker than that of
the hydroxyl groups of chitosan. This may be
due to the fact that an N—H bond is less polar
than an O—H bond. Thus the N—H-..0=C

hydrogen bond is weaker than the O—H...Q=C
counterpart. Figure 5(b) displays the RDF calcu-
lations for the nitrogen atom of PVP and the
proton donors groups of chitosan. [t can be
observed that the amide nitrogen of PVP is less
likely to function as a proton acceptor. Gener-
ally, nonbonding electron pairs of the amide
nitrogen will delocalize to the carbonyl group.
Therefore, in this case, when the proton donors
of chitosan interact with the amide function of
PVP, they will form a bond at the oxygen atom
in preference to the nitrogen atom.

As proton acceptors, the oxygen atoms of the
hydroxymethyl groups were previously reported
to be more reactive than the nitrogen atoms of
the amino groups of chitosan in forming hydro-
gen bonds with proton donors of polyvinyl aleco-
hol (PVA) or poly(2-hydroxyethyl methacrylate)
(PZHEM) at some ratios of these polymer
blends.’?° However, with the higher amocunts
of PVA and P2HEM, the interactions with the
amino groups of chitosan increase in intensity.
Although, in this study, proton donors and
acceptors are reversed compared to the above-
mentioned investigations, it was of interest to
determine the interacting groups at different
compositions of our polymer blend. Therefore,
molecular dynamie simulations of PVP/chitosan
at compesitions of 20/80, 33/67, 67/33, and 80/20
were performed, and the RDFs for these blends
were presented in Figures 6 and 7. The same
results were obtained as the above-mentioned
RDF for the 50/50 PVP/chitosan blend, at either
lower or higher amounts of PVP, hydrogen
atoms of NH—C, of chitosan function less as
proton donors compared to those of OH—Cg and
OH—C;. In the previous study, it was also
observed that the interactions between hydrogen
atoms of NH—C, of chitosan and proton
acceptor groups of P2HEM at various composi-
tions of these blends were lower than those of
the OH groups.'*

Additionally, at lower amounts of PVP, the
g(r) functions observed for the oxygen atom of
C==0 of PVP and the hydrogen atoms of
OH-—Cg and OH—Cj3 of chitosan are 6.29 and
2.52, respectively, for the 33/67 PVP/chitosan
blend [Fig. 6(a)], and those of 5.76 and 1.70,
respectively, for the 20/80 PVP/chitosan blend
[Fig. 6(b)]. Furthermore, for higher proportions
of PVP, the g(r) functions for the oxygen atom of
C=0 of PVP and the hydrogen atoms of
OH—C; and OH—C; of chitosan are 3.75 and
9,58, respectively, for the 67/33 PVP/chitosan
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Figure 6. Radial distribution functions for (a) 33/67
and (b) 20/80 PVP/chitosan blend representing hydro-
gen atom of OH—Cg, OH--Cj3 and NH-C, of chitosan
relative to the distance of the oxygen atom of C=0 of
PVE.

blend [Fig. 7(a)] and those of 3.12 and 2.17,
respectively, for the 80/20 PVP/chitosan blend
[Fig. 7(b)]. This indicates that the intermolecu-
lar hydrogen bonding between these two poly-
mers is higher with lower amounts of PVP in
the blends, and lower with the higher propor-
tions of PVP (Figs. 6 and 7, respectively).
According to the previous investigations™® of
various compositions of these two polymers
blends, it demonstrates that these blends are
miscible with only one glass transition tempera-
ture (T,) was detected for each blend. In addi-
tion, the DSC thermograms of PVP/chitosan
blends from both studies show positive devia-
tions of Tys from the linearity in the blends with
lower PVP proportions whereas Tgs are lower n
the blends with high amounts of PVP. Generally,
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the T,s of polymer blends will be in the linear
line, which ranges between the initial T of each
polymer depending on the relative amount of
each polymer in the blend. However, if the two
polymers bind more strongly to each other than
to themselves, the T, will be higher than
expected (positive deviation from linearity). If
the two polymers bind less strongly with each
other than with themselves, the Tgs of the
blends are lower than expected (negative devia-
tion). Our dynamic simulations results are con-
sistent with these findings®® in terms of posi-
tive/negative deviations related to the forces of
intermolecular interactions between the poly-
mers at lower/higher compositions of the PVP.
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Figure 7. Radial distribution functions for (a) 67/33

and (b} 80/20 PVP/chitosan blend representing hydro- .
gen atom of OH—Cg, OH—C;z and NH--C, of chitosan

relative to the distance of the oxygen atom of C=0 of

PVP.
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CONCLUSIONS

13C CP/MAS NMR and DRIFTS spectra demon-
strate that the C=0 group of PVP interacts
with chitosan in the blending of these two pol-
ymers. Considering the chemical structures of
these molecules, the hydrogen atoms of
OH-—-Cg, OH—C;, and NH—C; of chitosan can
possibly function as proton donors in these
intermolecular hydrogen-bonding interactions
between PVP and chitosan. However, these ex-
perimental results have not been able teo iden-
tify with certainty the specific groups of pro-
ton donors. Molecular modeling simulation
was then used to identify the protoen domnor
group of chitosan., The computational results
are consistent with the experimental findings
that intermolecular interactions take place via
the C=0 of PVP. Additionally, the molecular
simulations verify that the hydroxyl groups of
chitosan are the more favorable sites for
hydrogen-bond formations than the NH—C,
group. The hydrogen atom of OH—Cj; is less
favorable than that of OH—C4 as a proton do-
nor group. Besides the oxygen atom of PVP,
the nitrogen atom is another possible proton
acceptor site. According to the computational
modeling results, however, this nitrogen atom
does not serve as a proton acceptor in these
systems. Furthermeore, the computational
results agree with the previous studies in
relating the force of interaction between the
polymers to the compositions of the polymers,
that is, there is higher interactions with the
lower amounts of PVP in the blend and lower
interactions with the increasing amounts of
PVP in the blend.
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