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Abstract: Solubility enhancement of poorly aqueous-soluble
drugs, like Terbinafine (TBN), is a critical challenge in formu-
lating effective dosage forms. This study focused on devel-
oping B-cyclodextrin (B-CD) and polyacrylamide (PAM)-based
microgels to address the solubility issue of TBN, classified as a
biopharmaceutics classification system class II drug. The
microgels were crafted through free radical polymerization,
employing methylene bisacylamide as a cross-linker and
methacrylic acid as a monomer, initiated by ammonium per-
sulfate. Comprehensive characterizations, including Fourier
transform infrared, thermo-gravimetric analysis, differential
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scanning calorimetry, scanning electron microscopy, powder
X-ray diffractometry analysis, Zeta size, and Zeta potential,
were conducted. In vitro studies, such as drug release and
swelling, were performed at pH 1.2. Toxicity analysis in rab-
bits revealed zero toxicity. These B-CD/PAM microgels suc-
cessfully enhanced the solubility of TBN.

Keywords: Terbinafine, microgel, f-cyclodextrin, free radical
polymerization, polyacrylamide, toxicity

1 Introduction

The emergence of carrier systems to recover target site
drug delivery has received a lot of attention among scien-
tists in the field of drug delivery, specifically oral drug
delivery systems [1]. Oral ingestion is the most convenient
and optimal way of drug delivery owing to its ease of
administration, patient safety and compliance, cost effec-
tiveness, and flexibility in the dosage configuration. The
pharmacological impact of every orally taken medicament
is determined by a complex system of transit from the site
of the entrance to the targeted site. The poorly aqueous-
soluble drugs having retarded drug absorption due to limited
dissolution lead toward insufficient and capricious bioavail-
ability along with gastrointestinal toxicity. For such sub-
stances, the gastrointestinal absorption rate is regulated by
dissolution. Therefore, numerous approaches such as surfac-
tants, polymeric conjugates, solid dispersions, micronization,
complexation, hydrotrophy, and water-soluble carriers have
been utilized to enhance drug solubility and dissolution [2].

Novel drug delivery techniques include the develop-
ment of microgels and nanogels that seem to be the most
widely used approaches for the transfer of hydrophilic
drugs due to having superior clinical applications such as
the water-swollen setup, improved mechanical properties,
chemical stability, and physico-chemical adjustability to over-
come many of the drawbacks of traditional hydrophobic drug
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carriers. Microgels are supramolecular structures that swell
when immersed in a solvent. They possess notable features
that differ from conventional colloids, dynamic macromole-
cules, hydrogels, micelles, and vesicles. Likewise, they are
much smaller than hydrogels, having dimensions of about
10 nm to 100 um. Moreover, microgels are adequately soft
and small to imitate and cross biological barriers and mem-
branes and can be modified chemically so that they can
confer to bio-interfaces and interact with biomolecules.
Microgels that can load and then distribute hydrophobic
medicines can be developed by creating segmented micro-
gels (e.g., core-shell structures) [3]. By incorporating drugs
in such systems, numerous diseases can be treated, e.g.,
cancer, fungal infections, hypertension, diabetes, etc. Fungal
infections are tremendously widespread, such as athlete’s
foot, fungal nail infection, ringworm, jock itch (an infection
in the groin area), and pityriasis versicolor. Although anti-
fungal medicines are efficient in controlling such fungal
infections, Terbinafine (TBN) is an effective allylamine anti-
fungal drug that preferentially targets fungal squalene epox-
idase. It displays extensive action against molds, yeast,
fungus, and dermatophytes. Therefore, TBN is prescribed
as a therapy for both oral and topical mycoses. The oral
dose of TBN usually includes 250 or 500 mg on a daily basis.
It is rather less soluble in aqueous medium and is extremely
lipophilic [4].

Polyacrylamide (PAM) is an eminent water-soluble,
non-toxic, and biocompatible cross-linked polymer com-
prised of repeating units of acrylamide monomer [5]. It is
utilized in water purification, wound dressing, ophthalmic
operations, etc. PAM can be used mutually with artificial
and natural polymers for the synthesis of microgels. Further-
more, it possesses the ability to retain a large amount of water
due to the presence of hydrophilic groups [6]. Seven glucose
units link to form a macrocycle named B-cyclodextrin (3-CD)
that produces host-guest interactions with hundreds of che-
mical agents. Cyclodextrin polymer is a long-chain molecule
that functions as an outstanding drug carrier to improve drug
dissolution and oral absorption while also ameliorating ther-
apeutic effectiveness [7]. Moreover, methacrylic acid (MAA)
was employed as a monomer that dissolves in hot water and
is miscible with most organic solvents.

The current research aimed to establish a novel approach
to integrate a drug carrier system, i.e., microgel, to resolve
the crucial issue by enhancing the solubility of an antifungal
drug, TBN. Improved solubility ultimately augments a drug’s
bioavailability and its therapeutic efficacy. In this work,
various ratios of PAM, B-CD, and MAA were employed to
synthesize microgel carriers through a cross-linker, methy-
lene bis acrylamide (MBA) by a free radical polymerization
technique. This microgel drug delivery system displays
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pH-responsive behavior. The formulated dosage form was
loaded with TBN to release the drug in a manner that can
boost patient compliance as well. Henceforth, the solubility
and efficacy of the drug can be efficiently improved.

2 Experimental section

2.1 Materials

TBN HCI was a kind gift from Saffron Pharmaceuticals,
Faisalabad. B-CD, PAM, MAA, MBA, and ammonium persul-
phate (APS) were purchased from Sigma Aldrich, UK.
Sodium hydroxide (NaOH), potassium chloride (KCl), potas-
sium dihydrogen phosphate (KH,PO,), and HCl were pur-
chased from Merck, Germany. All the chemicals utilized
were of analytical grade.

2.2 Fabrication of B-CD/PAM microgel
system

Seven formulations of B-CD/PAM-based microgel systems
were fabricated by changing the quantity of B-CD, MAA,
and MBA (Table 1). To synthesize microgels, the most
common method, free radical polymerization, was adopted.
Accurately weighed quantities of B-CD and PAM were taken
to prepare a solution in distilled water separately. Tempera-
ture was maintained during the reaction processing until
the point where a transparent solution was attained. These
solutions were then mixed homogeneously by using a mag-
netic stirrer. Separate solutions of an initiator, APS, in water
and a cross-linker such as MBA in ethanol and distilled
water were prepared, which were then incorporated into
the reaction mixture dropwise. Then finally, the whole

Table 1: Composition of a B-CD/PAM-based microgel system

Sr. no. Formulation B-CD PAM MAA APS MBA
code wt wt(g) wt(g) wt wt (9)
(C)] (9
1. B-CD/PAM 1 0.05 0.03 4 0.1 3
2. B-CD/PAM 2 0.1 0.03 4 0.1 3
3. B-CD/PAM 3 015  0.03 4 0.1 3
4. B-CD/PAM 4 0.1 0.03 5 0.1 3
5. B-CD/PAM 5 0.1 0.03 6 0.1 3
6. B-CD/PAM 6 0.1 0.03 4 0.1 4
7. B-CD/PAM 7 0.1 0.03 4 0.1 5
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mixture was mixed for 20 min by magnetic stirring and
sonicated for 10 min. The final transparent solution was
kept in the flask and condensed for 2-3 h at 65°C by using
the reflex condensation method. Afterward, the resultant
condensed mixture, i.e., white fluffy gel, was poured out of
the flask and passed through sieve no. 70, 100, and 200. The
attained powder was then dried in an oven at 40°C for
24h [8,9].

2.3 Drug loading

TBN was loaded into the prepared microgels by the post-
loading method. About 250 mg of TBN was dissolved in
6 mL of ethanol at room temperature until the formation
of a clear solution. About 1g of the prepared microgels
were mixed separately into 100 mL of pH 1.2 buffer solu-
tion with the help of a magnetic stirrer. Then, the entire
drug solution was added into the microgel solution slowly
and stirred continuouslyfor about 24 h. Continuous stirring
was done to ensure uniform mixing of the drug solution and
prepared microgel solution. Following the filtration of the
ethanol solution having microgels, about 100 mL of distilled
water was introduced to rinse the offloaded drug. Finally,
these TBN-loaded microgels were dried at 60°C by using a
hot-air oven [10].

2.4 Zeta size and zeta potential

The size of TBN-loaded microgels was scrutinized by dynamic
light scattering with Zetasizer NanoZS equipment (Malvern,
UK) to evaluate whether the size of prepared microgels was
within the micrometer range or not. Similarly, the Zeta poten-
tial was measured with a Zetasizer NanoZS equipment
equipped with a He-Ne laser light source. Zeta potential
determination is a significant characterization technique
for microgels to estimate the net surface charge [11].

2.5 Morphology of prepared microgels

The structure and composition of microgels were investi-
gated by using a scanning electron microscope (SEM)
(JSM-7610F, JEOL). It provides a graphic representation of
the surface features of a sample and its composition.
Standardized graded alcohol was used to dry the microgels
that were coated with gold for approximately 3 min to reduce
them to almost 20-30 nm. Finally, samples were scanned, and
photomicrographs were recorded and investigated [12].
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2.6 Fourier transform infrared spectroscopy
(FTIR) studies

FTIR studies were performed to illustrate the presence of
functional groups in the formulated microgels [13]. The
structural arrangements and spectra of pure drug, loaded,
and unloaded microgels were examined using FTIR (Bruker,
Germany). By using attenuated total reflectance, the samples
were pulverized into acceptable particle sizes and powder
was scanned ranging from 4,000 to 500 cm™ [14,15].

2.7 Powder X-ray diffractometry
analysis (PXRD)

PXRD is a valuable tool for evaluating CD complex forma-
tion in finely ground and crystalline phases. If a real inclu-
sion complex has been generated, the complex’s diffraction
pattern should be clearly distinguishable from the super-
position of each component’s diffraction pattern. PXRD
study was executed at room temperature by using a diffract-
ometer (Bruker Karlsruhe, Germany). A copper-Ka radiation
source was adjusted at a wavelength of 1.542 A, and pure
drug, polymer, and formulated microgels were investigated
at an angle of 26 (10-80°) at a rate of 1° per min [16].

2.8 Thermo-gravimetric analysis (TGA) and
differential scanning calorimetry (DSC)

The TGA (TA instrument Q5000 series, West Sussex, UK)
was steered out in a simulated environment (78% N, 22%
0) at a heating rate of 20°C per minute and a highest tem-
perature of 900°C [17]. DSC is a method used to determine the
movement of heat into and out of a subject as a consequence
of heat or time when the sample is held at a specific tempera-
ture. The transition temperature of glass, melting, crystalliza-
tion, specific heat capacity, cure procedure, clarity, oxidation
behavior, and heat resistance are just a few of the material
parameters that may be estimated using this method. For
DSC, TA instrument Q2000 series, West Sussex, UK, was
used for thermal analysis. For TGA analysis, about 0.5-5 mg
sample was placed in an open platinum pan (100 uL) attached
to microbalance and heated under dry nitrogen gas from 20
to 600°C, with heat range adjusted at 20°C/min [18].

2.9 Estimation of drug loading

To estimate the percent drug loading, TBN-loaded micro-
gels (100 mg) were repetitively extracted by dipping them
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in ethanol until complete extraction of TBN was accom-
plished. The drug concentration was analyzed spectropho-
tometrically at 242 nm by using a UV-Vis spectrophotometer
(Shimadzu, Japan), and the drug content was calculated
by constructing the calibration curve. The total drug concen-
tration of the loaded drug was achieved by summing up
all individual drug concentrations. The drug loading (%) of
various formulations was determined utilizing below-men-
tioned equation [19]:

Total amount of loaded drug
Weight of microgels (4]

% 100.

Drug loading (%) =

2.10 Swelling study

To determine the swelling behavior of formulated micro-
gels, the cellophane membrane was placed in a pH 1.2 buffer
solution. A portion of about 100 mg of weighed microgels
was loaded in the cellophane membrane separately and
then dipped in the solution having pH 1.2. The cellophane
membrane was removed after regular time durations.
Afterward, the cellophane membrane was hanged until
there were no droplets flowing from the membrane, and
the weight of swelled particles was examined before the
membrane was immersed in the solution once more [20].
The swelling index, Q,, at time ¢ was calculated using the
following expression:

m; — mg

Q= TO: 2
where m, is said to be the initial weight of dehydrated
microgel taken as weight at zero time, and m, is the weight
after a specific time, ¢ [21]. Swelling behavior was studied
in a similar way for various microgel formulations con-
taining varying ratios of B-CD, PAM, and MBA.

2.11 Solubility study

A solubility study was carried out to determine the solubi-
lity of TBN hydrochloride microgels in aqueous medium.
This was accomplished by dissolving an excess quantity of
TBN and TBN-loaded B-CD/PAM microgel complexes in dif-
ferent flasks containing 100 mL distilled water. The flasks
were thoroughly shaken on an orbital shaker for 24 h.
Afterwards, the suspensions were filtered, diluted accord-
ingly with distilled water, and absorbance was measured
by a UV spectrophotometer at 242 nm [19].
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2.12 In vitro drug release evaluation

The USP dissolution apparatus II was employed to execute
the release studies of a TBN-loaded polymeric microgel
network. About 125mg of TBN microgels were incorpo-
rated in an empty hard gelatin capsule shell of appropriate
size. The capsules were placed in a pH medium of 1.2,
imitating the gastric fluid for the dissolution, maintained
at 37 £ 1°C for 4 h at 50 rpm. About 5 mL of aliquot samples
were withdrawn from the dissolution medium at predeter-
mined time intervals of 0.16, 0.33, 0.5, 0.67, 0.83, 1, 1.5, 2, 2.5,
3, 3.5, and 4 h. The dissolution medium was replaced each
time with 5mL of the same buffer solution to reserve the
volume of the dissolution medium. The withdrawn sam-
ples were then ultra-centrifuged at 12,000 rpm by using a
centrifuge for 10 min. The absorbance of samples was mea-
sured by a UV spectrophotometer at a relative wavelength
of 242nm. The amount of drug released at altered time
intervals was computed by the calibration curves. Six dilu-
tions (5, 10, 15, 20, 25, 30 ug/mL) were prepared, and the
absorbance was measured at 242 nm for the construction
of the calibration curve of TBN [22].

2.13 Release kinetics of TBN-loaded
microgels

Multiple kinetic models were employed to describe the
general pattern of drug release from microgel formula-
tions by using dissolution data.

The following equation was used for the illustration of
zero-order release that slowly releases the drug indepen-
dent of drug concentration in microgel formulation:

Q=0+ Oy 3

where Q is the amount of drug that is dissolved in a short
period of time ¢, while K is the constant that indicates zero
order release [23].

Kt

—_— 4
2.303° @

logC = logC, -
where C, is equal to the initial drug concentration and K is
the first-order constant [22,23].

In the literature, a number of predictive concepts for the
extraction of water-soluble and poorly water-soluble drugs
embedded in semi-solid and solid matrices were devised.
Therefore, the model expression is given by the equation:

ft =0 =A\D@2C - C)Cit, )
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where Q is the extent of drug released in time (¢) per unit
area (4), C is the initial concentration of drug, C; is the
solubility of the drug in the matrix media, and D is the
diffusivity of the drug molecules (diffusion coefficient) in
the matrix substance. The simplified Higuchi model expres-
sion is given below:

ft = Kut'?, (6)

where Ky is the Higuchi dissolution constant [24].
Invitro release study data of the microgels was also fitted
in the Korsmeyer—Peppas equation, which is as follows:
M,
— =K xth (7
MOO )
where M,/M., represents the fraction of permeated drug, ¢
is the time, K is the transport constant, and n is the trans-
port exponent [25].

2.14 Oral acute toxicity evaluation

Biocompatibility and toxicological studies of formulated
microgels were carried out in accordance with the guide-
lines of the Organization of Economic Co-operation and
Development (OECD). The animal study was approved by
the Research and Ethics Committee of The University of
Lahore. Six healthy rabbits were taken from the animal house
of the Faculty of Pharmacy, The University of Lahore, which
follows the recommendations of the guidelines for the care
and use of laboratory animals. Rabbits were randomly dis-
tributed into two groups (control group and test group) con-
taining three animals each. Test group (B) of rabbits was
given 5,000 mg/kg of B-CD/PAM-based microgels on their
sixth day, while control group (A) was not given any dose.
Subsequently, rabbits of each group were observed for 14
days, where diverse parameters were monitored. At 1st, 7th,
and 14th day, rabbits were examined for different parameters
such as body weight, signs of sickness, signs of toxicity, skin
irritation, allergy, etc. Furthermore, the impact of oral admin-
istration of microgel on food and water intake and any kind
of behavioral alterations in both control group (A) and
treated group (B) were evaluated.

For the blood and hematology study, 5 mL blood sample
was taken in EDTA tubes from the marginal vein of rabbits
of both groups on the 14th day. Biochemical analysis, including
complete blood count (CBC), lipid profile (cholesterol, trigly-
cerides, LDL, HDL), liver function tests (LFTs), and renal func-
tion tests (RFTs), was carried out to analyze any kind of
deviations.

Subsequently, rabbits were euthanized prior to histo-
logical analysis. Notably, vital organs such as heart, kidney,
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liver, spleen, intestine, and stomach of both control (A) and
treated group (B) were separated, and their weight was
determined. All the organs were kept in 10% formalin solu-
tion in separate jars. Then, the histopathological examina-
tion of such organs was performed to appraise any signs of
toxicity [14,26].

3 Results and discussion

3.1 Physical analysis

Numerous formulations of p-CD/PAM-based microgels were
synthesized by varying the ratios of polymer, cross-linker,
and monomer. Microgels were found to be white in appear-
ance. First, after the condensation process, solid but non-
uniform microgels were produced. However, after passing
through sieve no. 70, 100, 120, and 200, fine and uniform-
sized powdered microgels were attained. Finally, after
sieving, these microgels were dried in an oven at 45°C
for 2-5h, as shown in Figure 1a.

3.2 Zeta size and Zeta potential

Particle size analysis of the optimized formulation of -CD/
PAM microgels was performed to evaluate the size of the
particles to be in the micrometer range. Figure 1b reveals
the size range of the B-CD/PAM microgels, which demon-
strated that microgel formulation lied in the range of
microparticles, i.e., from 1 to 1,000 pm. Moreover, Zeta
potential determination is a substantial characterization
technique of nanocrystals to estimate the surface charge.
The microgels were slightly charged as they displayed a
positive Zeta potential of about 18 mV. Hence, it revealed
that the developed formulation was stable and uniform.

Attia et al. determined the average particle size of the
formulation at ambient temperature by a dynamic laser
light scattering apparatus. They also analyzed the zeta
potential that indicated that the developed formulations
were stable and uniformly dispersed providing analogue
findings [27].

3.3 SEM

To evaluate the surface morphology of -CD/PAM-based
microgel blends, SEM was employed. Microgels were



6 =—— Saira Akhtar et al.

DE GRUYTER

§ T L RPN 01 0 | SRRy
e
2z
4 :
E L 1 R N Y A T
L A
0.1 1 10 100 1000

Size (d.nm)

Figure 1: Uniform-sized B-CD/PAM microgels obtained after drying (a) and size distribution by the intensity of optimized microgel formulation (b).

processed at various magnifications to obtain the images.
Figure 2a and b shows the SEM micrographs of unloaded
microgels. It shows the three-dimensional microgels of
B-CD/PAM. A rough and porous structure was observed
in the SEM images with well-perceived ridges, which can
facilitate significant interaction of solvent with the struc-
ture [28]. The SEM micrograph displayed numerous small

pores for water absorption. Figure 2c and d represents the
SEM micrographs of drug-loaded microgels. The drug can
be seen as whitish spots in the SEM images. It displayed that
the drug is distributed throughout the microgel system,
where the drug particles are embedded in the porous struc-
ture of the microgel matrix [29]. Formulated microgels were
lyophilized for the removal of the remaining entrapped

Figure 2: SEM images of (a) and (b) unloaded B-CD/PAM microgels and (c) and (d) loaded B-CD/PAM microgels.
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solvent. The porosity of the system was increased due to
lyophilization and some structural changes were also
observed in the uniformity of the microgels. It was also
reported in a previous study that lyophilization increases
porosity and brings some changes in structural uniformity.
Moreover, porous structure has been observed as a feasible
arrangement for enhancing the solubility of poorly aqueous
soluble drugs [30]. Likewise, another latest study related to
the fabrication and evaluation of maltodextrin microgel
revealed comparable SEM results displaying the spherical
shape of developed microgels having a magnitude of a few
micrometers [31].

3.4 FTIR

The FTIR spectrum of -CD, PAM, TBN, unloaded g-CD/PAM
microgels, and TBN-loaded B-CD/PAM microgels was exe-
cuted and examined under a wavelength range of 400 to
6,000 cm ™. Results of the FTIR are presented in Figure 3a
showing the chemical and structural correlation of microgels.

The FTIR spectrum of B-CD is shown in Figure 3a(a)
that demonstrates the peak of B-CD with a slight decrease
in the peak intensity. However, the peak of the OH group of
B-CD at 3,398 cm™* shifted toward a lower frequency of
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3,303 cm™. The peak at 1,649 cm™ in IR spectra of B-CD
was due to water crystallization. Aleem et al. also observed
the FTIR pattern of B-CD and found similar findings, as it
displayed prominent peaks at 3,390 and 1,647 cm™ (H,0
bending) [32].

The FTIR pattern of PAM in Figure 3a(b) exhibited NH
stretching by forming strong bands at 3,166 and 3,281 cm ",
while a peak at 1,538 and 1,645 em™? demonstrated C=0
stretching of acrylamide and NH bending, respectively,
demonstrating the vibration modes of the primary amide
group. A CH stretching band at 2,915 cm™ was also detected.
Freddi et al. also observed PAM that showed strong absorp-
tion bands at 3,300 cm™ (NH stretching), 1,660 cm™ (C=0),
demonstrating comparable findings [33].

Moreover, the FTIR spectrum of TBN in Figure 3a(c)
exhibited a band at 2,345 cm ™ indicating C = C stretching, a
band at 2,964 cm™ indicating N-H stretching, while the
bands at 1,411 and at 1,261 cm ™ indicated C=0 stretching.
Bargir et al. also signposted the FTIR spectrum of TBN and
established similar results with major peaks at 2,116 cm™
(C = C stretching), 3,266 cm™ (N-H stretching), and 1,637 cm™
(C==0 stretching) [34].

Likewise, the FTIR pattern of unloaded B-CD/PAM
microgels is shown in Figure 3a(d). The peaks observed
between 1,500 and 2,500 cm ™ were mainly due to the pre-
sence of OH groups, while the stretching bands at 1,855 to

(a)

Transmittance (%)
(2]

W’\\/J‘WM\/\j /g’“

2000 2500 3000 3500 4000

Wavenumber (cm™)

(b)

a
z
g b
=

C

d

20 (degree)

Figure 3: (a) FTIR pattern of ((a) B-CD, (b) PAM, (c) TBN, (d) unloaded, and (e) TBN-loaded B-CD/PAM microgels); (b) XRD pattern of ((a) B-CD, (b) PAM,

(c) unloaded, and (d) loaded B-CD/PAM-based microgels).
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2,376 cm ™! were due to stretching vibration of the CH group
of PAMs. Similarly, the FTIR pattern of TBN-loaded B-CD/
PAM microgels has been displayed in Figure 3a(e) displaying
the existence of various substantial peaks. Such peaks indi-
cated the formation of the polymeric microgel blend via
polymerization reaction, while sharp peaks demonstrated
the cross-linking of the polymeric microgel blend. Hence,
it can be confirmed that the TBN remained stable in the
B-CD/PAM microgel system. Similarly, another study demon-
strated the analogous results of FTIR confirming the devel-
opment of theophylline-loaded microgels by the chemical
cross-linking of alginate and itaconic acid where itaconic
acid interacted with alginate during polymerization reac-
tion and established overlapping of itaconic acid on alginate
backbone [35].

3.5 PXRD analysis

PXRD was implemented to determine the amorphous or
crystalline nature of B-CD/PAM-based microgels.

The XRD pattern of B-CD displayed sharp and intense
peaks, as displayed in Figure 3b. A sharp peak was observed
in the 26 range of 10-15°, as shown in Figure 3b(a). It repre-
sented the clear and crystalline nature of the -CD. Abarca
et al. also performed an XRD analysis. They reported that
XRD is a useful method for the detection of cyclodextrin in
powder or microcrystalline form. Moreover, the XRD pattern
of B-CD demonstrated a clear crystalline nature due to its
intense and sharp peaks. Furthermore, this pattern accorded
with the cage-like structure of the B-CD molecular organiza-
tion analogous to the currently observed pattern [36].

Likewise, the XRD pattern of PAM displayed some
intense peaks formed at 20 between 10 and 42°, as shown
in Figure 3b(b). Such intense peaks specify the slight crys-
tallinity of PAM. Although the overall pattern of the PAM
depicts the amorphous nature because of the presence of
some intense peaks, some crystallinity can also be observed.
Biswal and Singh performed the PXRD analysis of PAM, and
the pattern displayed comparable results. The crystalline
nature of the polymer, PAM, was also demonstrated [37].

Similarly, the XRD pattern of the loaded B-CD/PAM-
based microgel is shown in Figure 3b(c). Here, the XRD
pattern exhibited sharp peaks starting at 260 of about 10°.
A slight decline in peak intensity was observed, demon-
strating a slight reduction in crystallinity. In contrast,
Figure 3b(d) depicted the XRD pattern of the unloaded
B-CD/PAM-based microgel. The XRD pattern of unloaded
B-CD/PAM-based microgel also demonstrated sharp peaks
at the angle 26 of 10°, indicating that both the loaded and
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the unloaded formulations were crystalline in nature. As
B-CD and PAM are crystalline in nature, the consequential
combination of B-CD/PAM microgels also exhibited crystal-
linity. Su et al. formulated -CD and acrylamide-based
flocculant in which they revealed the synthesis of porous
network structure that may cause a huge alteration in the
crystalline state, where the AM-B-CD flocculant showed a
crystallization peak at around 26 between 10 and 30° [38].

3.6 TGA and DSC

TGA and DSC of B-CD, PAM, loaded and unloaded formula-
tions were executed as shown in Figure 4a and b, respec-
tively. TGA and DSC of B-CD are shown in Figure 4. In
the TGA graph of B-CD, two stages of weight loss were
observed. B-CD has shown weight loss, and the first stage
began from 90 to 350°C. The second stage displayed weight
loss from 250 to 400°C. Aroon et al. have also performed the
TGA of the pure B-CD in powder form and concluded a
similar graph [39]. The DSC thermogram of B-CD disclosed
the first endothermic peak in the range of 64-150°C, while
the second peak was observed between 300 and 350°C indi-
cating its melting point [40].
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Figure 4: TGA (a) and DSC (b) pattern of B-CD, PAM, unloaded (ULM), and
loaded B-CD/PAM microgels (LMG).
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TGA of PAM is displayed in Figure 4a. The TGA graph
demonstrated that PAM started to decompose at a tempera-
ture of 260.12°C and completely decomposed at 410°C. In
the DSC graph, PAM responses were found due to the heating
of the polymer because of endothermic and exothermic reac-
tions. In the DSC thermogram, an endothermic peak was
observed in the range of 175-225°C, indicating the melting
point of PAM. Ferreira et al. also observed a thermogram of
PAM that showed a T; value, i.e, 101.4°C, and a Ty, value, ie,
179.9°C. Such results indicated that our formulation exhibited
superlative results [41].

Moreover, TGA of B-CD/PAM-based unloaded microgels is
shown in Figure 4a. TGA of unloaded formulation depicted the
weight loss in three steps: first weight loss occurred at 80°C,
second weight loss occurred at 361°C, and finally dropped at
450°C. About 23% weight loss was observed at 198°C and 38%
at 361°C. In DSC of the unloaded formulation, an endothermic
peak was observed in the range of 40-125°C.

Similarly, TGA of B-CD/PAM-based loaded microgels
depicted the weight loss that occurred in three steps with
the escalation in temperature: first weight loss occurred at
56°C, second weight loss occurred at 300°C, and finally
dropped to 410°C. A 5% weight loss was observed at about
56°C, while 26% weight loss was observed at 300°C, dis-
playing the stability of drug-loaded microgels. In DSC of
l-
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ded formulation, endothermic peaks were observed in the
range of 50°C-230°C, and finally, a diminished peak was
observed between 350 and 420°C. Sorkhabi et al. prepared
and characterized novel microgels loaded with SiO, nano-
particles and demonstrated similar results where the resi-
dual weight percent displayed by core—shell microgel was
about 31.6%. Concisely, the findings depicted that the pre-
sence of silica nanoparticles leads to improvement in the
thermal stability of microgel preparations as compared to
the raw copolymer [29].

3.7 Quantification of drug loading into
microgels

Drug loading was accomplished by post-loading technique
by incorporating TBN solution in microgel solution under
constant stirring as described previously. Swelling plays a
crucial role in drug loading. The greater amount of drug can
be loaded by the system that displays ample swelling due to
the larger pore size that allows penetration of drug mole-
cules into the pores of the microgel network. Estimation of
drug loading was carried out on all microgel formulations,
as displayed in Figure 5. The % drug loading was observed to
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Figure 5: Drug loading of B-CD/PAM-based microgels at varying concentrations of B-CD (a), MAA (b), and MBA (c).
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be enhanced with increasing concentrations of f-CD and
PAM as the swelling was also boosted by increasing the
concentration of B-CD and MAA. Contrary to B-CD and
MAA, the % drug loading was observed to be reduced as
the concentration of MBA increased. This happened prob-
ably due to an increase in bulk density that resulted in
dwindled water penetration and ultimately reduced swel-
ling as well as drug loading capacity. Moreover, the formu-
lations coded as B-CD/PAM 3 and B-CD/PAM 5 displayed
maximum drug loading of 87.3 and 86.9%, respectively.
Suhail et al. synthesized aspartic acid-loaded microgels
and displayed similar findings about drug loading where
% drug loading increased by increasing the monomer
(AMPS) and aspartic acid concentration, while a reduction
in % drug loading was observed as the concentration of the
cross-linker (MBA) increased [42].

3.8 Swelling study of B-CD/PAM-based
microgels

Three B-CD-based microgel formulations were prepared in
combination with PAM by the free radical polymerization
method. By incorporating different concentrations of g-CD
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in a B-CD/PAM-based microgel system, the prepared formu-
lations were coded as B-CD/PAM 1, B-CD/PAM 2, and B-CD/
PAM 3 containing B-CD equivalent to 0.05, 0.1, and 0.15 g,
respectively. Figure 6a displayed that B-CD/PAM 1 exhibited
minimum swelling due to less amount of B-CD present in it,
while B-CD/PAM 3 exhibited maximum swelling due to
greater amount of B-CD present in it. Therefore, it can be
concluded that by adding more quantity of §-CD, the swel-
ling response was augmented. Uyanga et al, upon the
hydrolytic analysis, reported that the incorporation of
B-CD enhanced the degree of cross-linking for hydrogels
H1 and H3 and demonstrated that H1 displayed the best
microstructure formation [43].

Similarly, the effect of altering the amount of MAA on
B-CD/PAM-based microgels was observed. Diverse concen-
trations of MAA were employed, ie., 4, 5, and 6 g in the
microgels coded as B-CD/PAM 2, B-CD/PAM 4, and B-CD/PAM 5,
respectively. Hence, it was observed that with the increase in
the MAA ratio, water uptake increases, which resulted in
increased swelling behavior of B-CD/PAM-based microgels.
Henceforth, B-CD/PAM 5 displayed a greater swelling response
due to the supplementary MAA ratio and vice versa in the case
of B-CD/PAM2. Bajpai and Singh also concluded that with an
increase in the cross-linking ratio, the water uptake at dif-
ferent time intervals improved. This was simply due to the
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Figure 6: Swelling behavior (a), drug release pattern (b), and solubility study (c) of B-CD/PAM-based microgels at pH 1.2.
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fact that with the increase in the cross-linking ratio, an
increase in the free space available between cross-links
occurs. They concluded with the same results as that of
our findings [44].

Moreover, varying amounts of MBA were employed in
formulating microgels, i.e., 3, 4, and 5 g in the case of B-CD/
PAM 2, B-CD/PAM 6, and B-CD/PAM 7, respectively. By
increasing the amount of MBA, swelling decreased, as
shown in Figure 6a. This happened because of an increase
in cross-linking within the microgels, which led to decreased
swelling. It was observed that with an increased ratio of
cross-linkers, there was an escalation in the degree to which
microgels were tightly bound. Kratz et al. analyzed the swel-
ling behavior for BIS cross-linked particles. It was observed
that the swelling capacity decreased with increasing cross-
linker concentration similar to our findings [45].

3.9 Solubility study

The solubilities of TBN- and TBN-loaded B-CD/PAM complex
were determined in distilled water. It has been reported
that the solubility of TBN is highly pH dependent, being
higher at acidic pH and significantly lower (1%) at alkaline
PH. Moreover, as reported earlier, TBN displays very lim-
ited aqueous solubility of about 1.21 mg/mL. When dissolu-
tion results of various formulations were compared, it was
found that the prepared microgels containing the same
concentration of TBN displayed an escalation in absor-
bance than TBN. The absorbance increased from 0.034 to
0.092 after 2h in the case of TBN HCl and TBN-loaded
microgels, respectively. Hence, it is proved that the goal
of our formulation has been achieved to provide enhanced
solubility for the purpose of achieving improved thera-
peutic efficacy. Moreover, B-CD/PAM 3 formulation dis-
played a 4.56 folds increase in the solubility from 1.21 to
5.53mg/mL. Hence, solubility of TBN enhanced signifi-
cantly after being formulated into microgels.

3.10 In vitro drug release of TBN

A drug release study of B-CD/PAM microgels loaded with
TBN was executed and is presented in Figure 6b. Seven
microgel formulations loaded with TBN were placed in
the USP dissolution apparatus II at 37°C containing an
acidic buffer of pH 1.2. Drug release (% age) was deter-
mined with the help of a calibration curve. TBN, being
highly lipophilic and basic in nature, exhibits maximum
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solubility in an acidic medium and vice versa in an alkaline
medium. The in vitro drug release profile followed the
same pattern as observed for the swelling of microgels.
Drug release was observed to be enhanced with increasing
concentrations of f-CD and MAA. An inverse relationship was
observed between cross-linker concentration and release of
drug from the microgels, possibly due to increased cross-
linking among microgel network, availability of less free
spaces for drug liberation, and also lessened volume of dis-
solution medium that penetrated into the microgels. Hence,
B-CD/PAM 7, containing the maximum amount of MBA, dis-
played a minimum drug release of 89.25%. Whereas B-CD/
PAM 3 and B-CD/PAM 5, containing the maximum amount
of B-CD and MAA, exhibited maximum drug release of 99.92
and 98.6%, respectively. Hassan et al. fabricated TBN HCL-
loaded nanogels for topical drug delivery and displayed com-
parable findings where, contrary to AA, the drug release (%)
declined by increasing the amount of cross-linker (MBA). For-
mulation AA7 displayed a maximum drug release of about
92% with a minimum MBA concentration of 2% wj/v [46].

3.11 Kinetic modeling

Zero-order, first-order, Higuchi, and Korsmeyer—Peppas
mathematical models were applied to dissolution data of
B-CD/PAM microgels in order to study the release pattern
of TBN. All seven formulations ranging from B-CD/PAM 1 to
B-CD/PAM 7 were subjected to mathematical models. Here,
all the formulations were best fitted to the first order, as
evident from the value of regression coefficient (RY, i.e.,
0.9804-0.9970, as represented in Table 2. In addition, all
the formulations from g-CD/PAM 1 to B-CD/PAM 7 followed
the Korsmeyer—Peppas model as well as its R* value ranged
from 0.9765 to 0.9931. Moreover, the value of n (diffusion
exponent) was observed to be >0.45 and <0.89, indicating

Table 2: Kinetic modeling of TBN loaded microgels

Microgel Zero- First- Higuchi  Korsmeyer-Peppas
formulations order order
R R R R N

B-CD/PAM 1 0.8741 0.9869 0.9565  0.9831 0.532
B-CD/PAM 2 0.8556 0.9970 0.9604  0.9925 0.614
B-CD/PAM 3 0.8846  0.9910 0.9588  0.9967 0.621
B-CD/PAM 4 0.8501 0.9868  0.9521 0.9830 0.568
B-CD/PAM 5 0.8353 0.9804 0.9360  0.9952 0.642
B-CD/PAM 6 0.8373  0.9887  0.9011 0.9814 0.585
B-CD/PAM 7 0.8728 0.9932 0.9476  0.9777 0.593
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Table 3: Clinical outcomes, hematology, biochemical blood evaluation
and impact of orally dispensed microgels on organ weight of rabbits

Finding parameters Group A Group B (treated with
(control) microgel) 5 g/kg
Signs of indisposition  Nil Nil
Body weight (kg)
Prior to therapy 1.39 £ 0.04 1.32 £ 0.05
Day 1 1.43 £ 0.03 1.36 + 0.06
Day 7 1.48 + 0.05 1.49 + 0.06
Day 14 1.52 + 0.03 1.50 + 0.03
Water utilization (mL)
Prior to treatment 196.76 + 1.23 195.66 + 2.33
Day 1 199.44 +1.45 193.56 + 2.34
Day 7 192.45 + 2.32 194.76 + 1.96
Day 14 194.66 + 1.22 194.58 + 1.45
Food intake (g)
Preliminary to 7433 +1.14 73.67 £2.33
treatment
Day 1 76.77 £ 1.23 74.54 + 2.78
Day 7 72.65 + 3.45 78.56 + 1.56
Day 14 73.55 +1.24 7723 £1.34
Sickness Nil Nil
Ocular toxicity Nil Nil
Skin allergy/irritation Nil Nil
Mortality Nil Nil
Hematology
Hb (10-15) g/dL 13.8 + 0.45 13.4 + 0.56
RBCs x 10%/mm’® 5.77 + 0.04 6.94 + 0.05
Platelets x 10°/uL 246 + 3.45 234 + 3.85
Lymphocytes (%) 27.8+0.12 29.6 + 0.16
Neutrophils (%) 69.6 £ 0.22 48.6 + 0.13
Monocytes (%) 4.6 +0.02 5.6 £ 0.03
HCT (%) 417 £ 0.12 425 +0.18
MCV (fL) 66.1 + 0.25 61.2 + 0.31
MCH (pg) 215+ 0.33 193 +£0.32
MCHC (g/dL) 32.5+0.43 31.5+0.21
TLC x 10%/pL 11.15 £ 0.11 10.44 £ 0.32
Biochemical evaluation
Lipid profile
Cholesterol (mg/dL) 34 +1.12 30 +1.31
Triglycerides (mg/dL) 67 +0.18 59 £ 0.09
HDL (mg/dL) 17 £ 0.02 18 + 0.07
LDL (mg/dL) 16 £1.32 13 +£1.44
Liver function tests (LFTs)
Total bilirubin 0.1+ 0.02 0.1+0.02
(mg/dL)
Alk. phosphate U/L 125 £ 0.19 128 + 0.12
ALT U/L 64 + 0.03 61+ 0.12
AST U/L 48 £ 0.13 44 + 0.16
RFTs
Blood urea 40 £ 0.1 39 +0.09
S/creatinine 0.7 £ 0.01 0.9 +0.02
Organ weight (g) of rabbits
Heart 3.89+0.03 4.23 £ 0.07
Liver 31.98 + 2.45 28.91 + 2.58
Kidney 3.45+0.98 3.6 +0.77
Spleen 0.43 + 0.04 0.38 + 0.03
Intestine 425+ 0.21 411 +0.24
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Table 3: Continued

Finding parameters  Group A Group B (treated with
(control) microgel) 5 g/kg

Lungs 7.62 + 0.34 7.99 + 0.49

Stomach 13.45 + 0.44 14.55 + 0.52

that the drug was released from the polymeric microgels
by anomalous mechanism of drug transport. Hence, the
drug was liberated from the polymeric microgels by non-
Fickian diffusion demonstrating a release pattern based on
both diffusion and dissolution. As all formulations did not
follow the zero-order kinetics, it means that it does not give
a constant release of drug independent of drug concentra-
tion. Similar findings were displayed by Hassan et al.
where the TBN release followed the first-order and Kors-
meyer—Peppas model based on R® values. The value of
release exponent, n, for all formulations, ranged between
0.581 and 0.860, exposing that all formulations presented
anomalous release, i.e., based on both swelling and diffu-
sion [46].

3.12 Acute oral toxicity study

A 14-day oral toxicity study on B-CD/PAM microgels was
executed on rabbits according to the OECD guidelines.
Six healthy rabbits having approximate weights between
1,000 and 1,500 g were selected and randomly disseminated
into two groups labeled as Control group (Group A) and
Treatment group (Group B). The control group entailing
three rabbits was not given any medication, while the
medicated group comprised of three rabbits was given
500 mg of microgel capsules each. On the 1st, 7th, and
14th day, rabbits were examined for diverse parameters
such as body weight, sickness, skin irritation, food and
water utilization, behavior patterns, signs of indisposition,
etc., as conferred in Table 3. No signs of sickness, indication
of toxicity of eyes or running nose, nor any kind of skin
allergy was noticed [47]. The eating pattern of treatment
group B was normal, and they also gained weight similar to
that of the control group A [48]. Clinical observations jus-
tified that there was no paramount transmogrification in
body weight and food exhaustion of rabbits along with
zero mortality throughout the toxicity study.

Biochemical analysis was carried out to analyze any
kind of changes in copious parameters such as CBC, lipid
profile, liver function tests (LFTs), and renal function tests
(RFTs), as displayed in Table 3. Complete blood count
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Group B

Figure 7: Histological assessment of control (A) and treated group (B) of rabbit’s vital organs: Heart (a) and (b), intestine (c) and (d), kidney (e) and (f),

lungs (g), and (h) and liver (i) and ().

Group A
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parameters of group (B) were in the standard reference
range, similar to the control group (A) values, as well as
the values of lipid profile, LFT, and RFT indicated that the
formulated microgels are likely to be nontoxic. Divergent
specifications concerning biochemical atomization were
envisaged as convened in Table 3. Biochemical findings
of both groups were discerned to be within the normal
range. It has been observed that the developed microgels
administration did not alter any of such biochemical para-
meters to toxic levels [49,50].

After withdrawing the blood sample, each rabbit was
sacrificed. Vital organs such as heart, intestine, liver, kidney,
lungs, stomach, and spleen of both control and treatment
groups were separated, and their weight was determined.
The weight of all the organs of rabbits of both the groups,
i.e,, Group A and Group B, was found to be within normal
ranges. All the organs were placed separately in 10% for-
malin solution, and afterward, the histopathological inves-
tigation of crucial organs was executed. After microscopic
examination of such organs, no significant changes were
noticed in either group and, hence, proved that f-CD/PAM
microgels were non-toxic because they did not cause any
significant changes in the organs of either group of rabbits.
No variation in the histopathological investigation of vital
organs of treatment group B from the control group A was
revealed, as demonstrated in Figure 7. The pericardium,
myocardium, and endocardium of treatment group B seemed
normal in shape and cardiac muscles did not illustrate any
kind of hypertrophy [51]. The mucosal lining of the intestines
was free of ulcer symptoms. Moreover, the lungs of the rab-
bits exhibited no signs of arteriosclerosis nor alveolar or
bronchial damage. The size and shape of the kidney were
normal. Likewise, liver lobules of treatment group B dis-
played clear dividing lines, similar to control group A [52].
Henceforth, no substantial difference in histopathological
observation, hematological, and biochemical parameters
was established, attributing to the normal functioning of
vital organs of both control and treatment groups [53]. Addi-
tionally, Cheaburu-Yilmaz et al. recently reported extensive
information on the toxicity evaluation of oral melatonin
nano/microparticles, where a slight hepatotoxicity was detected
following drug administration in microparticle formulation to
mice, as demonstrated by histopathology and clinical biochem-
istry of blood [54].

4 Conclusion

It can be concluded that B-CD/PAM-based microgels were
successfully formulated through the process of free radical
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polymerization and reflux condensation technique. PAM
and B-CD were employed as polymers, MAA was used as
a monomer, while MBA was utilized as a cross-linker. -CD/
PAM-based microgels were subjected to various character-
ization processes such as FTIR, SEM, TGA, DSC, XRD, swel-
ling studies, Zeta size, and Zeta potential. The results
provided evidence that this work astounded some of the
common problems associated with the solubility of the
poorly aqueous soluble drug, TBN, which in turn can
increase the therapeutic efficacy of the drug. By applying
kinetic modeling, all seven formulations followed the first
order as well as the Korsmeyer—Peppas model based on the
value of the regression coefficient. SEM images demon-
strated the formation of the desired porous structure.
SEM, Zeta size, and Zeta potential indicated the mor-
phology of microgels as well as the specific micron size
of the formulation. Moreover, the solubility of the micro-
gels loaded with TBN was found to be enhanced when
compared with pure TBN. Moreover, the fabricated micro-
gels exhibited pH-dependent swelling and drug release.
Similarly, toxicity studies of B-CD/PAM-based microgels
demonstrated the non-toxic as well as biocompatible nature
of synthesized microgels. Hence, the solubility enhance-
ment, pH-dependent swelling, and drug release behavior
proved that the TBN-loaded microgel formulation could pro-
vide a platform for other poorly aqueous-soluble drugs also
to enhance their efficacy and solubility as per the need of
the future. Furthermore, in vivo bioavailability studies can
be performed as well on the currently developed TBN
loaded microgels in the future to further boost their applic-
ability and efficacy.
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