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ABSTRACT: The aim of this study was to increase both the rates of
dissolution and bioavailability of the amlodipine (Amlo) drug. Due to the low
cost, high solubility, and amorphous state, polyvinylpyrrolidone (PVP) has
been used as a drug carrier in the solid dispersion process. Through applying
an irradiation technique, powder of (PVP) is irradiated with six 0—50 kGy
irradiation doses. The six irradiated (PVP) samples were characterized using
gel permeation chromatography, electron spin resonance, and Fourier
transform infrared (FT-IR) spectroscopy. The formulation of six (PVP/
Amlo) samples at a ratio of 2:1 wt/wt were characterized using FT-IR
spectroscopy and X-ray powder diffraction. In vitro dissolution of (Amlo)
drug was assessed in a water solvent at pH 1.2 and pH 7. Results
demonstrated that there is a change in the physicochemical properties of
irradiated (PVP). FT-IR confirmed that there is an intermolecular H bond
between the (Amlo) drug and (PVP) polymer. XRD confirmed that (PVP)

Possible i of (Amlo)

’ In solvent

Amorphous (PVP/Amlo)

changes the crystalline (Amlo) to amorphous amlodipine. Irradiated (PVP) at a dose of 20 kGy released approximately 89% from 40
mg of (Amlo) in 60 s. The in vitro rate of amlodipine dissolution depends on the drug—polymer intermolecular H bond. The rate of
(Amlo) dissolution is increased due to the drug—drug intramolecular hydrogen bonding replaced with the drug—polymer
intermolecular hydrogen bonding, which reduces the crystal packing. Irradiated (PVP) improved the rate of (Amlo) dissolution

compared to unirradiated (PVP).

1. INTRODUCTION

Improving the bioavailability of insoluble drugs is one of the
biggest problems, which is why several research papers were
addressed."” The bioavailability and solubility of insoluble drugs
have been improved by a solid dispersion method.”~>

Chiou and Riegelman® described solid dispersion as a binary
system consisting of two substances, a hydrophilic polymer and a
drug substance with hydrophobia. Polyvinylpyrrolidone (PVP)
is used in this article because of its low cost, high water solubility,
and amorphous structure form. Drugs tend to be more soluble
under amorphous conditions than crystalline conditions.” This
is because no energy is needed during dissolution of the
amorphous lattice.® In most cases, very reactive intermediates
are formed by subjecting the polymeric materials in a solid state
to ionizing radiation (gamma rays, X-rays, accelerated electrons,
ion beam), which leads to changes in their physiochemical
properties.”'’ Based on the polymer’s composition, various
polymers have different effects of radiation. Various studies on
the impact of ionizing radiation on polymeric materials show
several structural changes in their macromolecular struc-
ture."'™** These include the removal of atoms, carbonization,
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and the production of free radicals,"* which may cause scission
or cross-linking processes.'” Both processes are dependent on
the polymer’s nature and the atmospheric conditions.'™"* It
concludes that the scission cross-linking are a competing
phenomenon."” Polymer irradiation is somewhat different in
. . . 20,21
aqueous solutions than solids or in pure monomers. Gamma
irradiation-driven ring opening of polymer cycles in the absence
of oxygen,” like in (PVP),”’ gives free functional groups that
may undergo hydrogen-bonding interactions.”*"*° It is a
27 . . . .
complex phenomenon,”” which involves a combination of
scission-cross-linked processes. As an excipient, (PVP) is widely
used, particularly in solutions and oral tablets because of its
ability to dissolve in oil and water.
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This research aims to establish an improvement of amlodipine
solubility that could be used to treat chronic stable angina,
hypertension, and confirmed or suspected angina. Amlodipine is
a slow-channel blocker or a calcium ion antagonist that prevents
calcium ion on the transmembrane into the heart and vascular
smooth muscle. Amlodipine besilate is known as slightly soluble
in water and is described as an ionized compound (weak base);
pKais 8.6 at 25 °C.

Yu et al.”® investigated the important of calcium channel
blockers in diabetes treatment. CaV3.1 channels become
hyperactive along with the occurrence of diabetes. This leads
to a reduced insulin-secretion capacity of f-cells and aberrant
glucose homeostasis. The researchers evaluated the high
expression of the f-cell. The CaV3.1 channel impairs insulin
release and homeostasis of glucose. This confirms the
importance of the amlodipine drug for treating many diseases.

Different excipients are reported for enhancement the
solubility and dissolution of the amlodipine drug (Amlo) and
its therapeutic efficacy. The solid dispersions of the amlodipine
drug (Amlo) was prepared through a solid dispersion method
using varying concentrations of excipients such as crospovi-
done,”® croscarmellose sodium, sodium starch glycolate,3'0
polyethylene glycol (PEG),”' ™ and starches with hydrox-
ypropyl methyl cellulose.**

Jang et al.”> used the solid dispersion method to disperse the
amlodipine drug (Amlo) in large amounts with dextrin (Amlo/
SD) (1:10 wt/wt) in the existence of an absorption enhancer
such as SLS (0.9% w/w). The comparative in vitro dissolution
study of (Amlo-SD) and (Amlo) was carried out at pH 1.2 and
pH 6.8. It was found that 86% of the amlodipine drug (Amlo)
was dissolved from (Amlo—SD) formulation after 10 min at pH
1.2 compared with 31% of the blank sample. Also in pH 6.8, the
dissolution of the amlodipine drug (Amlo) from (Amlo—SD)
was higher than that from the blank sample.

Pare et al.’ prepared different floating effervescent tablets of
the amlodipine drug (Amlo) and analyzed their various
physicochemical characteristics such as releasing the drug
from its active ingredient. Various hydrophilic and hydrophobic
polymers such as hydroxypropyl methylcellulose and Carbopol
934P with sodium bicarbonate and citric acid as effervescent
agents were mixed with the amlodipine drug (Amlo). The
developed tablets were compared to the conventional
formulations, and it was found that their release was delayed
twice (24 h) compared to that of the products on the market (12
h).

Shelke et al.”” prepared a film that consists of the Amlodipine
drug (Amlo) and sodium alginate as the drug carrier and sodium
starch glycolate as the drug disintegrant in nine various
concentrations through the solvent casting technique. The in
vitro dissolution study was carried out at pH 6.2, and it was
observed that almost 75—80% of the amlodipine drug (Amlo)
was released after 6 min in all the formulations.

The irradiated (PVP) polymer and amlodipine drug (Amlo)
interactions have been performed based on experimental FT-IR
and XRD data. Polyvinylpyrrolidone (PVP) powder was
irradiated by applying gamma rays at different doses (0, 10,
20, 30, 40, and 50 kGy) in order to obtain (PVP) of different
molecular weights. The influence of gamma radiation on the
change of the molecular weight and chemical structure has been
investigated.

2. EXPERIMENTAL SECTION

2.1. Materials. A water-soluble polymer, polyvinylpyrroli-
done (PVP) with an average molecular weight (Mw) of 100 kDa
(highly viscous), was purchased from Sigma-Aldrich Co.
Amlodipine besilate was received as a gift sample from Nile
Pharmaceuticals, Cairo, Egypt (Scheme 1).

Scheme 1. Chemical Structure of Polyvinylpyrrolidone and
Amlodipine Besilate

SOH

H

2.2. Gamma Irradiation of Solid (PVP) Powder. (PVP)
powder was exposed, in closed vessels filled with N, gas, to °Co
gamma radiation and purged with nitrogen gas to prevent
radiation—oxidation of (PVP). The five implemented radiation
doses are 10, 20, 30, 40, and 50 kGy performed at a dose rate of
2.08 kGy/h. The irradiated samples were kept in a closed vial
until examined through analytical characterization.

2.3. Preparation of Amlodipine Dispersions in Irradi-
ated (PVP) by the Solid Dispersion Technique. Solid
dispersions of amlodipine in combination with a (PVP) blank
and with irradiated (PVP) at doses of 10, 20, 30, 40, and 50 kGy
were prepared. Briefly, in a conventional solvent evaporation
method, 0.5 g of amlodipine and 1 g of each of six irradiated
(PVP) powder samples were dissolved in 20 mL of ethanol. We
maintained a 2:1 w/w polymer/drug ratio to optimize the
(PVP) space in which amlodipine is to be distributed to ensure
that the drug is well linked to the polymer matrix that can
effectively dissolve the drug. The six solutions of amlodipine—
(PVP) were dried under vacuum. The resultant six samples of
drug—polymer in solid dispersion (Table 1) are pulverized in a
mortar and pestle.

Table 1. Experimental Procedures of the (PVP) Processing
by Gamma Radiation Technique

first step (PVP, dried solid

sample) second step

product mix (PVP/AMLO) product
sample radiation dose (kGy) (wt/wt) sample
(S-0) 0 1/0.5 (PA-0)

(8-10) 10 1/0.5 (PA-10)
(8-20) 20 1/0.5 (PA-20)
(8-30) 30 1/0.5 (PA-30)
(S-40) 40 1/0.5 (PA-40)
(8-50) 50 1/0.5 (PA-50)

2.4. Measurement of the In Vitro Dissolution Profile.
The release rate of (Amlo) from the (PVP/Amlo) was measured
from dissolution of 120 mg of (PVP/Amlo) in 100 mL of water
solution in both pH 7 and pH 1.2 every 60 s; samples of 3 mL
were withdrawn from the solution and assayed spectrophoto-
metrically for the drug,
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Figure 1. (a) Variation of weight average (M,,) and number average (M,,) of the molecular weight as a function of the irradiation dose. (b) Graphical

determination of 7 for irradiated (PVP).

2.5. Characterization. 2.5.1. X-Ray Diffraction. An X-ray
diffraction pattern was used to measure the effect of irradiated
(PVP) on the crystallinity of solid (Amlo) samples. The model
of the X-ray diffraction patterns is XRD-6000 series. A solid
(PVP) polymer, (Amlo) drug, and corresponding physical
mixtures of (PVP/Amlo) samples were analyzed via an X-ray
diffraction apparatus using a nickel filter with a scan speed = 8
deg/min, Cu K target, current = 30 mA, and voltage = 40 kV
from the Shimadzu company Shimadzu Scientific Instruments
(SSI), Kyoto, Japan.

2.5.2. Fourier-Transforms Infrared Spectra (FT-IR). FT-IR
records were conducted with a Mattson 1000 Unicom, England,
spectrometer within the wavenumber range 500—4000 cm™".

2.5.3. Electron Spin Resonance (ESR). ESR was performed
post-irradiation storage on the solid (PVP). The five irradiated
samples of (PVP) from 10 up to SO kGy along with blank
samples of solid (PVP) (0 kGy) are irradiated again at 20 kGy in
air atmosphere. The samples were measured immediately after
irradiation took place. A Bruker EMX spectrometer (X-band)
device from Bruker, Germany, was used to monitor ESR signals
at room temperature.

2.5.4. GPC Measurements. The molecular weights of the
irradiated solid (PVP) powder were determined by gel
permeation chromatography (GPC) with an alginate GPC
system equipped with a calibrated refractive-index detector
(RID A). The eluent used was a water aqueous solution
sonicated at a 0.5 mL/min flow rate.

2.5.5. Scanning Electron Microscopy (SEM). The grain
morphology and the crystalline of irradiated (PVP) and (Amlo)
powders were obtained using scanning electron microscopy
(SEM) with the working operation at 20 kV (JEOL JSM-5400,
Jeol Ltd., Tokyo, Japan). All samples were coated with a thin
layer of gold. Images of these samples were taken using an optical
microscope with 150, 1500, and 2000X magnifications.

3. RESULTS AND DISCUSSIONS

3.1. Gamma Irradiation-Induced Ring Opening of the
Pyrrolidone Molecule. As known, gamma ray irradiation
greatly affects the chemical structure of polymeric materials due
to the simultaneous cross-linkage and scission processes.””*” As
expected, the effect of gamma irradiation on the polymer sample

21478

Table 2. Data Extracted from GPC and Radiation Chemical
Yield of Scission (G,) of Solid Irradiated (PVP)

irradiation M, (g/ M, (g/ M,(g/
dose mol§ molj mol conversion
(kGy) 10 10 10° PDI G, (%)
S-0 1.13 2.58 5.73 2.28 97.82
S-10 1.07 2.35 5.34 2.19 0.88268 84.78
S-20 0.979 2.28 5.18 2.33 0.648487 92.59
S-30 0.943 1.92 3.80 2.03 1.172565 91.46
S-40 0.773 2.12 5.25 2.74 0.677189 99.04
S-50 0.84 2.12 5.16 2.52 0.49854 98.07

of (PVP) powder is subjected to inert gas (N,), which promotes
the scission reactions compared to cross-linkage reactions.*’
This was reflected in the changes in their physicochemical
properties.

3.1.1. GPC, ESR, and FT-IR Study of the Altered
Physicochemical Properties of Irradiated (PVP) Powder.
Figure 1a exhibits a systematic decrease in weight (M,,), number
(M,,), and average molecular weight as a result of an irradiation
dose through the formation of polymer species of lower
molecular weight. The quantitative characterization of the
radiation degradation of polymers in terms of scission and cross-
linking was done. To quantify radiation chemical scission yields,
Gg, and cross-linking Gy for (PVP) solid powder. These two
parameters are defined by the relationships

G, = 9.65 X 10°t/M, (1)

)

where M, is the monomer molecular weight, 7 and y are the
probabilities of scission and cross-linking, respectively.
Charlesby"" and Saito and Osamu** developed the scission
and cross-linking theory of the chains of the polymer by
statistical calculation using the following assumptions:

G, = 9.65 X 10°%y/M,

1. All polymers should be linear.

2. G, and G, are dose independent.

3. Although the cross-linking and scission processes occur
simultaneously, it is assumed that independence of the
two cross-linking and scission phenomena is to be treated
consecutively.

https://dx.doi.org/10.1021/acsomega.0c01910
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Figure 2. First derivative of the ESR spectrum of the post-irradiation (PVP) solid state initiated by *Co gamma radiation (20 kGy) at room
temperature for (a) neat (PVP) and irradiated (PVP) at (b) 10, (c) 20, (d) 30, (e) 40, and (f) SO kGy with respect to the applied magnetic field

1T

111

4. All monomer units have the same probability of cross-

linking or scission.
S. Neglect end group effects.

Graphical values of 7 and y were obtained from the following

eqs 3 and 4:
M,(0)
M, (D)

=1+ pu(z—x)D

M,(0)
M,(D)

=1+ u(r — 4y)D

(4)

with the initial average number molecular weight denoted as

M, (0), after radiation dose denoted as D, and average number

molecular weight denoted as M,,(D). In the same way, the initial

(3)
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average molecular weight is denoted as M,,(0), after irradiation

https://dx.doi.org/10.1021/acsomega.0c01910
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Table 3. ESR Parameters of the Post-irradiation (PVP) Solid
State Initiated by Gamma Radiation (20 kGy)

product sample g// gl Hr(Oe) AH
(S-0)
(5-10) 2.00937 201211 3452.73 9.9
(5-20) 2.00943 201217 345273 10.89
(5-30) 2.00934 2.01253 3452.73 12.87
(5-40) 201068 2.01935 345039 2377
(S-SO) 2.00937 2.01211 3452.73 9.9

Absorbance (a.u)

4000 3500 3000 2500 2000 1500 1000 500

T T T

Wavenumber (cm)'1

Figure 3. FT-IR spectra of irradiated solid (PVP) up to S0 kGy.

Scheme 2. Proposed Scission Mechanism for the Impact of
Gamma Irradiation on Solid (PVP) Causing the Ring
Opening of the Pyrrolidone Ring at a Nitrogen Atmosphere
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dose is denoted as D, and average molecular weight denoted as
M, (D). The average number of monomer unit is 4.

By assuming that the scission effect is the major effect of
irradiation and no crosslinking occurred during irradiation
process, the value of G, = 0. Consequently, by replacing ¥ = 0 in
eqs 3 and 4, the following are obtained:

M, (0) =1+ utD
M, (D) (5)

M_ (D) N (6)

From the slope of Figure 1b, it could be possible to calculate
the 7 value. Using the graphical determination of 7, it possible to
calculate G (Table 2). As seen in Table 2, the chemical yield of
scission G is slightly affected by the gamma irradiation dose. At
an irradiation dose of 30 kGy, the G, of (PVP) was the largest
and returned to a decrease at irradiation doses of 40 and 50 kGy.
This could due to the cross-linked reaction that took place,
which was confirmed by increased PDI values to 2.74 and 2.52
for 40 and 50 kGy, respectively. These results confirmed that the
gamma irradiation may have caused the decrease in G, and
increased in PDI that are in agreement.*”**

The electron spin resonance (ESR) technique is a direct
method to measure the chain scission.”> Certainly, radiation-
produced free radicals that have been accumulated were
detected using the ESR instrument. The five irradiated solid
(PVP) at 10—50 kGy belong to unirradiated samples (S-0) were
irradiated again at 20 kGy in air atmosphere. The samples were
measured immediately after irradiation at room temperature to
detect the radicals accumulated. The first derivative ESR
spectrum of the (S-0) blank sample (neat PVP) was recorded
as shown in Figure 2a; no hyperfine splitting was observed due to
the high localization of the unpaired electron, which is mainly
confined in a p orbital of a N atom in the pyrrolidone ring in a
neutral state. The first-derivative curves (Figure 2b—f) show a
signal of very low intensity ranging from 3000 to 3850 G with
noise. This means that the radicals that prevail in the system are
stable enough at room temperature. The shape of the spectrum
(Figure 2) was a hyperfine interaction, which indicates the
existence of the interaction of unpaired electrons of the nitrogen
nucleus and free radicals in carbon positions of the pyrrolidone
ring.***” As shown in Figure 2b—f of radiation doses from 10 up
to 50 kGy, there are anisotropic signals between g// and gl due
to the existence of the hyperfine interaction. Figure 2b shows the
asymmetric triplet-line spectrum for (S-10); the conclusion is
that an unpaired electron interacts with one corresponding
proton at the Ca atom of the polymer chain®® or it could be
attributed to proxy radicals.*” In Figure 2c,d, no alteration of the
triplet-line spectrum can be observed. Therefore, it can be
concluded that the radicals localized at the Ca atom of the
polymer chain. In Figure 2e for (S-40), the line spectrum was
changed to a wide line like that obtained from poly(vinyl
carbazole)*” due to concerned radicals with an unpaired
electron centered at the N atom (I). It could be confirmed
that the radical was produced by C—H scission in the alkyl side
chain of N-phenylmaleimide (II) where the radicals center at
Cﬁ;SIthese radicals have total spectra width from (S-10,5-20,S-
30, and S-50) of AH = 9.9, 10.89, 12.87, and 9.9, respectively,
that is less than AH for radical (I) and radical (II) from (S-40)
where AH = 23.77; this indicated that the cation radicals
centered at the N atom and at Cf} associated with radicals at Ca,
forming a double pond (III). Figure 2f shows a triplet-line
spectrum due to richness of free radicals in case the (S-50)
sample is similar to the line spectrum of (S-10, S-20, and S-30).
There was a predominance of the triplet to the propagating
radical (IT) and (IIT). The integrated intensity of the spectrum is
proportional to the concentration of radicals in the sample
(Table 3); the intensity of the peak at (S-40) is highly indicative
of the increase in the stability of radicals formed rather than
increase in the number of radicals.
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Figure 4. Outline of (a) hydrophilic and hydrophobic sides of the amlodipine besilate drug. (b) Amorphous solid dispersion. (c) Proposed mechanism
of formation of drug—drug and drug—polymer intramolecular and intermolecular hydrogen bonding, respectively. H bonds are shown as red lines.

FT-IR-ATR spectroscopy was used to assess the structural
changes in (PVP) polymers and their derivatives after their
irradiation. FT-IR spectra of the non-irradiated and irradiated
(PVP) powders at different doses are shown in Figure 3. The
spectrum of the unirradiated sample (S-0) indicates the
absorbance peak at 845 cm ™" corresponding to the characteristic
(PVP) rings.”” The peak at 1019 cm™" represents the functional
group C—N in (PVP) rings.53

The corresponding peak at 1660 cm™ for the C=0 bond in
(PVP) rings becomes wider, and a shoulder with radiation dose
increases; this means that the increase in the H bond involved
pyrrolidone ring opening (see Scheme 2). In addition, broad
peaks from 3060 to 3700 cm ™" for OH and NH groups are wider
with the radiation dose rising up to 50 kGy as shown in Figure 3 .
The absorbance peak at 820 cm™ that is bound for the two
samples (S-10) and (S-30) irradiated with 10 and 30 kGy was
observed, respectively; and stingy in the other doses, the peak at

1770 cm™" was observed for all radiation doses and pyrrolidone
ring openings at different radiation doses, and this results in the
formation of the imide groups (see Scheme 2). In the meantime,
the peak at 1540 cm™, which increases after irradiation, can be
attributed to the bending vibration of the secondary amide N—H
bond,”* whereby the peak at 1073 cm™ is attributed to the
alkoxy C—O group stretching> (see Scheme 2).

As an overall result, at higher doses, the radiolysis of (PVP)
caused ring opening, the radical produced due to gamma
irradiation has a high effect on changing the chemical structure
of (PVP) molecules. This could reflect in using irradiated (PVP)
in pharmaceutical applications; here, some of these applications
have been performed. Amlodipine besilate (Amlo) is known as
an insoluble drug. The purpose is to improve the rates of
solubility and dissolution by cooperating with irradiated (PVP)
powder by a solid dispersion technology.
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Figure S. X-ray diffraction of (a) amlodipine besilate. Irradiating (b) solid (PVP) and (c) (PVP/Amlo) up to S0 kGy.

Table 4. Crystal Size (D, nm) of Irradiated (PVP) Powder

sample FWHM

no. I/1, 20 (deg) prad D (nm)

S-0 100 10.84 2.8339 0.049460886 2.815822656
S-10 100 10.84 3 0.052359878 2.662060916
S-20 100 11.1 3.6 0.062831853 2.218867477
S-30 100 11.34 7.79 0.135961149 1.025618281
S-40 100 11.34 8.79 0.153414441 0.908938158
S-50 100 10.74 8.98 0.156730567 0.889256637

3.2. Proposed Chemical Interaction of (PVP) and
(Amlo) Molecules. The changes in the chemical structure of
irradiated (PVP) molecules give different probabilities of
interaction between (Amlo) drug molecules and irradiated
(PVP) samples. The internal interaction between the (PVP)
carrier and the drug leads to some differences in their solubility
rate. The possibility of a chemical interaction between (Amlo)
and (PVP) is outlined in Figure 4. In the AH form, the
amlodipine molecules have one intramolecular H bond.™ As
known, the existence of intramolecular hydrogen bonds in drug
molecules significantly reduced their solubility and bioavail-
ability.”” To enhance drug solubility as well as dissolution
kinetics, the formation of intermolecular hydrogen bonding
between drug molecules and hydrophilic carriers should be
obtained.”® Figure 4 underlines the drug—polymer molecular
interactions that govern the properties of solid dispersions, and

21482

the research articles of understanding the drug-polymer
interaction lack profoundness.>”

Figure 4a shows the hydrophilic and hydrophobic sides of the
amlodipine drug, the aromatic ring and chloride atom are
considered as a hydrophobic region that would cause repelling of
water molecules and currently reduced drug solubility. Only two
sides (O and N atoms) in the (Amlo) structure are considered as
a hydrophilic region and directly form hydrogen bonds with the
(PVP) polymer. This finds a way for amorphous solid
dispersion, thereby increasing the solubility of the drug and
reducing the necessary dosage.

Figure 4b shows representation of the dissolution process for
polymer—drug molecules. The structure form of (Amlo) drug is
crystalline, where (Amlo—Amlo) interactions are strong enough
due to intramolecular H bonds, and the solubility process
happens slowly.

The polymer—solvent interactions are strong due to the
amorphous structure form of the polymer, which plays a role in
this case. It is desirable to start an interaction with the solvent
that is strong enough in order to expose more of their area for
unfolding polymer chains, hoping for disintegration of the
amorphous state. Thus, the whole loosen coil will diffuse into the
crystallite (Amlo) drug. Therefore, the (Amlo) drug is
dispersing into a solution. At this stage, the disintegration of
the crystalline structure by the interaction with (PVP) polymer
increases the rate of drug dissolution.
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The particular connotations such as the molecular weight and
hydrophilic groups of (PVP) polymers are shown in Figure 4c,
which explain how the polymer—drug intermolecular H-bond
interaction is formed.

Case number (I) represented the interaction between the
(Amlo) drug—drug interaction, which is intramolecular H bonds
that are converted to intermolecular H bonds with unirradiated
(PVP) polymers caused by the stability of the solid dispersion.
Case number (II) represented the drug—polymer intermolec-
ular hydrogen bonding using three hydrogen donor groups of
the irradiated (PVP) molecule (opening PVP ring). The
increased intermolecular hydrogen bonding is an effect on the
crystal structure versus solid dispersion stability. In this conduct,
the interaction of the (Amlo) drug with irradiated (PVP) is a
more stable solid dispersion compared to that with unirradiated
(PVP). This indicated that the opening (PVP) ring induced by
gamma irradiation provides the stability of the dispersed (Amlo)
drug molecules.

3.3. X-Ray Diffraction of Gamma-Irradiated Solid (PVP)
and (PVP/Amlo). Figure Sa shows the XRD pattern of
amlodipine besilate (Amlo), which exhibited the characteristic
diffractions peaks of three solid forms of AML, indicating their
distinct crystal structures. The XRD peaks located at 26 =
5.9,11.7, and 13.15° corresponding to the (002), (004), and
(023) plans were characteristic to AH, anhydrous form. The
observed XRD diffraction peaks located at 26 = 4.9, 13.4, 19.5,
and 24.4° corresponding to the (100), (210), (400), and (222)
planes were characteristic to DH, dehydrate form. Additionally,
the diffraction XRD peaks for the MH, monohydrate form, were
observed at 20 = 4.6, 9.7, and 13.9°. The experimental XRD
pattern of (Amlo) provides an excellent crystalline form that
matches the AH, anhydrous form.

As shown in Figure Sb, the irradiated solid (PVP) gave a
couple of broad bands located at 26 = 11 and 22°. Those peaks
are formulated with noise that could generally indicate the
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(d) 20 kGy (PVP/Amlo)

(d) 20 kGy (PVP/Amlo)

Figure 7. SEM micrographs for (PVP/Amlo) systems. (a) (Amlo)
drug, (b) 0 kGy (PVP) (c) 20 kGy (PVP), and (d) 20 kGy (PVP/
Amlo) at a 0.5:1 ratio.

abundance of amorphous structures in the unirradiated and
moderately irradiated solid (PVP) samples.”’

Table 4 summarizes the crystallite size (D, nm) that was
measured using the Debye—Scherer formula as an estimate of
grain size. It has been found that the D value of (PVP) samples
decreased as the radiation dose increased, which indicates that
the grain size expectedly decreased. The crystallite size of the
native (PVP) sample was measured as 2.81 nm and decreased
considerably after irradiation at 10, 20, 30, 40, and 50 kGy to

reach 2.66, 2.21, 1.02, 0.90, and 0.88 nm, respectively. A lower
crystallite size (D, nm) was observed at 50 kGy. The decrease in
the crystallite size reached about 68.41% compared to the blank
sample. It concluded that after irradiation, the (PVP) structure
could be changed.

Figure Sc illustrates the XRD pattern (PVP/Amlo). It is clear
from this figure that gamma rays induce a slight shift of the XRD
peak (100%) at 20 =~ 11 and 22° for the irradiated (PVP)
samples. The relative intensities of 20 & 11° decreased when the
radiation dose increased, which indicates that the lattice plane of
20 ~ 11° changed due to the interaction that occurred between
(PVP) and (Amlo) molecules with the grain size expected to
increase. This indicated that the (PVP) inhibited the
recrystallization process of drug molecules and exhibited
amorphous solid dispersions.

3.4. FT-IR of Gamma-Irradiated Solid (PVP) and (PVP/
Amlo). Figure 6a shows FT-IR analysis of the (Amlo) solid
forms. The characteristic O—H stretching band was absent in
the FT-IR spectrum; this indicated that the (Amlo) is in AH
form. In addition, the IR peak at 3293 cm™ is attributed to the
N-H stretching bond, which was characteristic to the AH
form.”® The two peaks located at 1668 and 1614 cm™ possess
two C=0 groups from ethyl ester and methyl ester side chains,
respectively. The infrared spectra of C=0 of the (PVP/Amlo)
are located at 1650 cm™ as shown in Figure 6b. By means of
shifting of C=0 peaks of both drug and (PVP) molecules,
individually, the intermolecular hydrogen bonds exist between
the (PVP) and (Amlo) molecule group, which is the interface of
the intramolecular hydrogen bonds that exist between the
(Amlo—Amlo) molecule group (Figure 6a). The presence of
hydrogen bonds between (Amlo) and the hydrophilic polymers
(PVP) in the solid dispersions is the primary cause of the rise in
its solubility and dissolution.®"**

3.5. Scanning Electron Microscopy (SEM). Figure 7a,b
displays the crystallite and amorphous structures for the (Amlo)
drug and native (PVP) powder, respectively. The crystals
structure of the (Amlo) drug seemed to be irregular in size and
shape. The grain size of the (Amlo) drug was smaller than native
(PVP) powder. The irradiated (PVP) powder at a dose of 20
kGy (S-20) is shown in Figure 7, it is clear from the SEM image
that gamma rays reduced the size of native (PVP) particles. The
decrease in native (PVP) grain size induced by gamma rays is
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Figure 8. In vitro release profile of (Amlo—PVP) formulations prepared by solid dispersions for a 1:2 ratio of irradiated (PVP) at different doses (a) at

pH 7 and (b) at pH 1.2.

21484

https://dx.doi.org/10.1021/acsomega.0c01910
ACS Omega 2020, 5, 2147621487


https://pubs.acs.org/doi/10.1021/acsomega.0c01910?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01910?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01910?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01910?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01910?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01910?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01910?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01910?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c01910?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

due to the lattice distortions in the native (PVP) structure.
Figure 7d showed the amorphous structures of the physical
mixture of the 20 kGy (PVP/Amlo) (PA-20). It was difficult to
distinguish the presence of (Amlo) drug crystals due to (Amlo)
crystals incorporated into the matrix of amorphous (PVP)
particles. This result was in full agreement with the results of
XRD.

3.6. In Vitro Dissolution Study Results. Figure 8a,b shows
the released (Amlo) molecules with time at pH 7 and pH 1.2,
respectively. As seen in Figure 8a, in all prepared (PVP/Amlo)
samples, the dissolution rate increases drastically from (PA-0),
(PA-10), (PA-40), (PA-50), (PA-30) to (PA-20). In Figure 8b,
the release rate of (Amlo) significantly changed in the order of
(PA-10), (PA-40), (PA-0), (PA-50), (PA-30), and (PA-20).

Analysis of the above results showed that the irradiated (PVP)
powder leads to increasing release of the (Amlo) drug compared
with the unirradiated sample. This is probably due to the higher
intermolecular H bonds and amorphous structure of (Amlo/
PVP). At pH 1.2, samples of (PA-0), (PA-10), (PA-20), (PA-
30), (PA-40), and (PA-50) are released for 60.37, 50.82, 88.95,
82.70, 61.09, and 73.94% at the first minute, respectively. At pH
7, samples of (PA-0), (PA-10), (PA-20), (PA-30), (PA-40), and
(PA-50) are released for 6.82, 41.57, 89.04, 88.25, 63.60, and
57.40% at the first minute, respectively. This indicated that the
solubility of the (PA-20) sample is substantially enhanced
compared to residual samples.

4. CONCLUSIONS

In this article, the changes in physicochemical properties of a
(PVP) biocompatible material in powder form induced by
gamma irradiation were investigated with the aim of evaluating
their effect on enhancing the dissolution of the amlodipine drug.
In particular, a set of six (PVP) samples were irradiated with
varying gamma rays dose up to 50 kGy under a nitrogen
atmosphere. X-ray diffraction techniques illustrated the
amorphous nature of the (PVP) formulation under conditions
of gamma irradiation. Further, the radiation impact on solid
(PVP) was examined by FT-IR powered by ESR; these spectra
indicate that the formation of new functional groups created on
the developed segmental molecules were produced by the
radiation-induced chain scission mechanism. The formation and
shifting of the broad OH and C=0 peaks by a dose determined
the affordability of establishing an interpolymer interaction
cross-linkage via hydrogen bonding among the radiation-
induced opening of the (PVP) ring and the hyperfine splitting
due to the radical interaction with proton at Ca and Cf in a
hollow (PVP) chain; in actuality, the gamma irradiation of the
(PVP) solid could cause the opening of pyrrolidone ring. The
irradiated (PVP) samples are used as a carrier of the (Amlo)
drug to enhance their dissolution and bioavability. It is clear
from the SEM image that gamma rays reduced the size of native
(PVP) particles. The decrease in native (PVP) grain size
induced by gamma rays is due to the lattice distortions in the
native (PVP) structure. A higher dissolution rate of (Amlo)
observed with irradiated (PVP) (compared to the blank (PVP)
sample) solid dispersion is due to the presence of (Amlo) in
amorphous when incorporated with (PVP). This indicated that
the (PVP) inhibited the recrystallization process of drug
molecules and exhibited amorphous solid dispersions. The
amorphous form produces a faster dissolution rate. FT-IR
confirmed that the interaction (hydrogen bonding) between
(PVP) and amlodipine affected their drug solubility. The change
of the chemical structure of irradiated (PVP) at 20 kGy (PA-0)

could be the strongest drug—polymer H-bond interaction that
provides high drug dissolution behavior.
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