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The present study aims to use a natural protein silk fibroin (SF) to enhance solubility, dissolution, tablettability, and
subsequently, delivery of naproxen (NP) using a green technique — ball milling. The development of SF and NP solid
dispersion (SF-NP-SD) for enhancing the solubility, dissolution, and compatibility of NP using ball milling. /n silico
molecular docking indicated a strong binding affinity of SF towards NP. Herein, SF-NP-SD (1:1) showed significant
improvement (p < 0.05) in saturation solubility (12 fold) and dissolution (1.46 fold) of NP. Along with reduced wetting
time (p < 0.05), optimum values of flowability, compressibility, and compatibility were noteworthy. The spectroscopic
analysis confirmed favorable interactions, amorphization, and stabilization of NP. The tablet formulation of SF-NP-SD
exhibited 1.38-fold enhanced dissolution. Molecular-level hydrophobic and hydrophilic interactions of SF favor
molecular-level dispersion, enhance solubility and dissolution, and consecutively, improve drug delivery of NP.
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INTRODUCTION

Silk fibroin (SF) is a natural protein-polymer
obtained from the silk moth Bombyx mori, reared
on plants." Being biodegradable, biocompatible,
and non-immunogenic, SF has been used
traditionally and even now in modern times, for
biomedical applications.>® Especially, its use in
textile, tissue engineering, ligatures, sutures,
artificial skin, biosensing, and controlled drug
delivery applications has been evident from a
myriad of research findings.* Essentially, SF
comprises heavy and light polypeptide chains
having molecular weights of ~390 kDa and ~26
kDa, respectively.* The alpha helix (type I,
metastable) and beta-pleated (type II, stable)
conformation of SF have been extensively
discussed for amorphism, crystallinity
modulation, and proteinylation.! The typical

amphiphilic nature of SF is due to [Gly-Ala-Gly-
Ala-Gly-Ser], hydrophobic repeating units,
contributing to an insoluble beta-pleated
crystalline form, and hydrophilic amino acids,
contributing to the alpha (soluble, amorphous)
form.*® The annealing and proteinylation attempts
have customized SF crystallinity, thus enabling its
use in the formulation of nanoparticles,
nanofibers, microparticles, microspheres,
hydrogels etc., for drug delivery applications.
Extensive work has been conducted in our
laboratory for stabilization and novel drug
delivery applications of SF.”!2

Solvent-based methods have been employed
for the development of novel applications and
formulations of SF.'* However, in today’s era of
green technology, the utilization of renewable
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resources for sustainable developments in the
field of formulation science has been
recommended and promoted.'* The cost-effective,
facile, less time-consuming, green technologies
are a priority. In line with this, ball milling has
been a prominent technology keeping abreast of
aforesaid requirements."* Thus, it has been
extensively used for mixing, size reduction (top-
down), controlled structural  breakdown,
amorphism, efc. of both the actives and
excipients.'*!¢

To date, various luciferous solvent-based
strategies have been adopted, including wet
milling, spray drying, co-amorphization, etc., to
overcome the poor bioavailability concern of
NP.!72°  In addition, salt formation and
conjugation have been investigated to improve the
solubility of NP.*'*? Reportedly, carriers, such as
methylcellulose, poly(ethylene glycol) (molecular
weight: 4000, 6000, 20000), p-cyclodextrin,
gelucire, D-mannitol, polyvinylpyrrolidone, efc.,
have been successfully used to formulate
dispersions of NP.*** Reviewing prospective
physicochemical properties of SF and vista of
benefits offered by ball milling, the present work
aims to explore solubility and dissolution
improvements for NP  [biopharmaceutical
classification system (BCS) class II drug].>"
Furthermore, it was hypothesized that ball milling
will impart structural breakdown of SF beta-
pleated secondary structure, exposing polar side
chains of hydrophilic amino acids like tyrosine,
valine, and other acidic amino acids.?
Importantly, these hydrophilic amino acids, along
with the hydrophobic counter domains of SF,
both, would contribute toward strong solid-state
interactions with the structurally broken down
NP. Moreover, it was assumed that NP would
have a strong binding with glycine and certain
hydrophilic amino acids of SF.?"**

To the best of our knowledge, the in silico
molecular docking approach was employed for
the first time to find the propensity of interactions
between NP and SF, and the application of
ligand-receptor theory for the selection of
polymers in making solid dispersions (SDs). After
that, the SF-NP binary SDs were prepared by ball
milling, varying the ratio of SF:NP, and then
evaluated for interaction intensity, percentage
yield, saturation solubility, percent drug content,
wettability, and in-vitro dissolution. The
optimized SF-NP-SD was further evaluated by
powder X-ray diffraction (PXRD), differential
scanning calorimetry (DSC), Fourier transform
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infrared spectroscopy (FTIR), micromeritics, and
accelerated stability study. The tablettability
(compressibility and compactibility), and release
performance of the optimized blend was
ascertained by the Heckel and Leuenberger
analysis, as well as in-vitro dissolution.

EXPERIMENTAL
Materials

Silk cocoons were collected from the Government
Silk Processing Center, Islampur, Maharashtra, India.
Naproxen was received as a gift sample from Dr.
Reddy's Lab in Hyderabad, Telangana, India.
Microcrystalline cellulose, HPMC (K100LV), lactose
monohydrate, silicon dioxide, and magnesium stearate
were purchased from Loba Chemie Pvt. Ltd., Mumbai,
Mabharashtra, India.

Methods
In silico study: molecular docking analysis

A molecular docking simulation was performed to
predict possible interactions between SF and NP. A
homology modeling approach was adopted to build the
3D structure of SF based on its amino acid sequence
derived from Bombyx mori. Mainly, V. Life MDS 4.6
software was employed to construct and retrieve the
appropriate structural template of SF using the FASTA
file. The low-energy conformations were further
optimized for the adjustment of the gradient energy to
0.001 kcal/mol/A. Using the genetic representation of
interaction patterns (GRIP) docking protocol of the
Biopredicta module, all low-energy conformations
within a range of 5 kcal/mol/A from the lowest energy
conformation were docked to discover ligand-receptor
(SF-NP) interactions.

Extraction and characterization of SFF

Initially, waste cocoon pieces were treated for 20
min with a boiling aqueous solution containing 0.5%
sodium carbonate under constant stirring. The entire
mass was repeatedly washed with distilled water for
complete removal of sericin, followed by drying in a
hot air oven.

Further, 10 g of degummed SF was dissolved in 9.3
M LiBr solution at 70 °C for 2.5 h to create the SF
solution. It was succeeded by dialysis using a cellulose
membrane-based dialysis cassette against distilled
water for 3 days by replacing the distilled water every
6 h for complete removal of LiBr. Subsequently, the
SF solution was subjected to centrifugation at 5-10 °C
and 9000 rpm for 20 min. The concentrated solution
was lyophilized at 0.013 mbar pressure and -49 °C
temperature to obtain SF powder, which was then
ground in the mortar by a pestle to obtain a uniform
fine powder. Further, the UV spectrum, isoelectric pH,
and percentage yield of the extracted SF were obtained
to confirm its purity.?3



Preparation and evaluation of SF-NP-SD

The SF-NP-SD was prepared by the ball milling
technique. Accurately weighed NP and SF in the
weight ratios of 1:0.5, 1:1, 1:1.5, 1:2, and 1:2.5 w/w
were mixed gently and fed to a milling chamber of a
ball mill having a volume of 50.27 cm?’. Further,
mixtures were milled using stainless steel balls of 9
mm diameter at 100 rpm for 3 h. Then, the dispersions
obtained were evaluated as described below.?*3!

Interaction intensity

Ultraviolet-visible (UV-Vis) spectroscopy was used
for the quantitative evaluation of interactions between
NP and SF. All SDs (1:0.5, 1:1, 1:1.5, 1:2, and 1:2.5
w/w) were dissolved in distilled water to obtain a
concentration of 10 pg/mL. The UV-Vis spectra
(Shimadzu UV-1800 Spectrophotometer, Shimadzu,
Japan) of all solutions were recorded in the wavelength
range of 200-450 nm. The maximum absorbance of NP
was measured at 235 nm and a representative factor (F)
for interaction intensity was calculated using the

following Equation (1):3%32
F= Absorbance of the drug: fibroin SD—Absorbanceof free drugrl)
- \

Abzorbanceof free drug

Saturation solubility

The phase solubility method was used to calculate
the saturation solubility of neat NP and SDs. A conical
flask containing 20 mL of distilled water was used to
dissolve an excess amount (50 mg) of plain NP and
SDs (1:0.5, 1:1, 1:1.5, 1:2, and 1:2.5 w/w) and mix it
using an orbital shaker for 48 h at 37 °C until
equilibrium was reached. The samples were
centrifuged at 7000 rpm for 10 min to ensure there was
no crystalline phase from precipitation, and the
supernatant was then filtered through Whatman filter
paper no. 45. Additionally, materials were
appropriately diluted before being examined in
triplicate at 273 nm using a UV-Vis spectrophotometer
(Shimadzu UV-1800 Spectrophotometer, Shimadzu,
Japan).3°

Percentage yield

The percentage yield of SD recovered from each
batch (1:0.5, 1:1, 1:1.5, 1:2, and 1:2.5 w/w) was
calculated by Equation (2):3

Weight of solid dispersion

- - X 100
Weight of drug and carrier mixture (2)

Percentage yield =
Percent drug content

To determine the amount of drug present, precisely
weighed SDs (1:0.5, 1:1, 1:1.5, 1:2, and 1:2.5 w/w),
containing 10 mg of NP, were thoroughly dissolved in
methanol, and NP was extracted using a sonicator for
30 min. All of the solutions were then filtered again
using Whatman filter paper no. 45, diluted, and triple-
tested using a Shimadzu UV-1800 Spectrophotometer
(UV-Vis spectroscopy).>

Silk

Wettability study

In a glass funnel with an internal diameter of 3 mm,
neat NP and SDs (1:0.5, 1:1, 1:1.5, 1:2, and 1:2.5
w/w), corresponding to 100 mg of NP, were added.
After that, the funnel was inserted into a beaker filled
with distilled water, so that the surface of the water
remained level with the SDs inside the funnel.
Additionally, 10 mg of methylene blue powder was
uniformly put on top of the powder in the funnel, and
the time needed to wet the methylene blue was
recorded. The experiment was carried out three
times.*°

In-vitro dissolution study of SF-NP-SD

Neat NP (100 mg) and all batches of SDs
(equivalent to 100 mg of NP) were evaluated for in-
vitro dissolution using the United States Pharmacopeia
(USP) Type-II apparatus, to assess an improved drug
dissolution profile. The dissolution medium was 900
mL of pH 7.4 phosphate buffer. Its temperature was
held constant at 37.05 °C. The paddle’s rotational
speed was maintained at 100 rpm. Herein, a 5 mL
sample was taken from each basket every 15 min, and
the same volume of fresh dissolution medium was
utilized to replace the removed dissolution medium.
The materials were appropriately diluted before being
subjected to UV spectroscopic analysis at a maximum
wavelength of 273 nm.3! Based on the outcomes of the
aforesaid, an optimized batch of SD was selected and
further analyzed.

Spectroscopic characterization

The Powder X-ray diffraction (PXRD) patterns of
neat SF, NP, and optimized SD were recorded on a
Philips X-ray diffractometer (PW-3710, Holland) with
Cu Ka radiation (1 = 1.5405 A) at 40 kV voltage, 30
mA current, and 5x10° cps scanning rate. The samples
were examined over a 260 range from 10° to 70°.
Thermal analysis of SF, NP, and optimized SD was
performed by differential scanning calorimetry (DSC,
Mettler Toledo, Switzerland), operating with STARe
software, version 5.1. For this, 5 mg of each sample
was heated to a temperature of 300 °C, at a continuous
rate of 10 °C/min, while being purged with dry
nitrogen (80 mL/min) in aluminum pans that were pin-
holed and crimped. To identify physicochemical
interactions between SF, and NP, the FTIR spectra of
neat SF, NP, and optimized SD were recorded using
Fourier transform infrared spectroscopy (FTIR
spectrophotometer, Bruker Alpha-T, India). About 2
mg of samples were placed in the sample holder and
the spectra were recorded over the wavenumber range
of 400-4000 cm’!.

Tablettability evaluation

In this step, a ball-milled optimized batch of SD
was gently passed through sieve number 18 (ASTM)
and evaluated for flowability, compressibility, and
compactibility. The angle of repose, Carr’s
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compressibility index, Hausner’s ratio, Kawakita
constant, Heckel plot, and Leuenberger evaluation
were carried out by the equations below.3*** The
studies were performed in triplicate.
R
Tang = - 3)
L
where O is the angle of repose, / is the height of the

pile, and r is the radius of the pile.
Tappsd dsnsiry—Bu!.k density % 100(4)
Tapped density
Tapped density (5)
Bulk density

Carr's compressibility index (%) =
Hausner s ratio =

The values of the Kawakita constants a and b,
which  describe the cohesive qualities and
compressibility of the optimized SD, were then
computed using the following Equation (6):3
NN, 1 ©
c el e y]
where N is the tapping number, and C is the degree of
volume reduction.

The Heckel plot was constructed to analyze the
relationship between pressure and relative density. The
optimized ball-milled batch of SD was compressed
using a hydraulic press (Techno Search Instruments,
Mumbai, Maharashtra, India) with an 8-mm flat-faced
punch and die set (lubricated with 1% w/v dispersion
magnesium stearate) for 1 min of dwell time in
triplicate for each ton. Compacts were given a 24-h
relaxation period in ambient circumstances, after
which the relative density of each applied pressure was
calculated. The consolidation behavior of compacts
was determined graphically and the mean yield
pressure (1/k) was calculated based on the following
formula:*®

In [ﬁ] — kP +A (7

where p; is the relative density, & is the slope, p is the
applied pressure, and A4 is the intercept.

The relationship between pressure and tensile
strength was investigated by the Leuenberger analysis.
The plot of the tensile strength (&7:) versus pressure
and relative density was constructed, and the value of
compatibility (Fsmg-) and compression susceptibility
(y) was calculated by following Equation (8):¢
Ur = Urmax [1 - EI:FPPE}] (®)
where ‘o’ is tensile strength. The study was performed
in triplicate.

Accelerated stability study

The stability of optimized SD was assessed under
accelerated conditions of relative humidity (75% RH +
5% RH) and temperature (40 = 2 °C) as per ICH
guidelines. The SD was placed in a stability chamber
for 3 months. Samples were withdrawn every month
from the time of placing up to 3 months and further
analyzed by FTIR, PXRD, and in-vitro dissolution.

Formulation and in-vitro dissolution of tablets

Optimized SD was formulated into tablets by the
direct compression method using a tablet press (a 10-
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station Minipress, Karnawati Engineering, Mehsana,
Gujrat, India) having 8 mm die and flat-faced punch.
The microcrystalline cellulose, silicon dioxide, HPMC
(K100LV), and magnesium stearate (Table 1) were
used as ingredients, and tablet hardness was adjusted to
5 kg/cm?. The prepared tablets were allowed to relax
for 24 h at ambient conditions and further evaluated for
in-vitro dissolution using USP type-II dissolution test
apparatus in phosphate buffer of pH 7.4 under the
following conditions: temperature: 37 = 0.5 °C, paddle
speed: 50 rpm, 5 mL of sample withdrawn and
replaced by the same volume of fresh buffer medium.
The withdrawn samples were filtered, suitably diluted,
and analyzed by a UV-Vis spectrophotometer at the
wavelength maximum of 273 nm.*’ The dissolution
profile of SD tablets was compared with conventional
tablets containing neat NP, and the similarity factor
(), the difference factor (fi), and p-value were
calculated.™

Ligand-receptor interaction analysis

To ascertain the interaction of NP with SF (ligand-
recepto— binding), an in-silico study was performed.
Reportedly, NP binds with the glycine residue of the
cyclooxygenase enzyme, whilst glibenclamide binds
with serine at the pancreatic Katp channel. As glycine
and serine are the chief constituents of SF and sericin,
respectively, the  co-amorphous systems  of
glibenclamide-serine (1:1) and NP-glycine (1:1) were
prepared by ball milling technique (milling cylinder
volume — 50.27 cm’, speed —100 rpm, time — 3 h) and
evaluated for interaction intensity. To validate the
interaction hypothesis, SDs of SF-NP, NP-sericin,
glibenclamide-SF, and glibenclamide-sericin were
prepared by the ball milling technique and evaluated
for interaction intensity and in-vitro dissolution.
Finally, f; and f; were calculated.*

Statistical analysis

Statistical significance was tested by the Analysis
of Variance (ANOVA) at a 95% confidence interval.
The paired ‘¢’ test was performed.

RESULTS AND DISCUSSION

Initially, SF extracted from the waste silk
cocoons of Bombyx mori showed a UV absorption
band at 276 nm and isoelectric pH at 4.2. The
percentage yield of SF was found to be 79.10
wt%. All the values were in agreement with the
literature reports, confirming the purity of
extracted SF.*

In silico study: molecular docking analysis

The output of virtual molecular level
interactions between NP and SF has been
depicted in Figure 1. The docking score (binding
energy) of SF-NP was found to be -54.50.



Further, NP was found to be interacting with SF
via a hydrogen bond with Glu28B. Aromatic
interactions were observed with Phe84A, Phe26B,
and Phe26B, whereas charge interactions were
reported with Lys63B and Glu28B. The

Table 1

Silk

hydrophobic interactions were also noted with the
glycine, as anticipated. The confirmation of
virtual interactions could plausibly explain the
wet laboratory findings, as well.

Tablet formulation composition for SF-NP-SD

Ingredients

Quantity (mg)

Solid dispersion (1:1)

Microcrystalline cellulose

HPMC (K 100LV)
Silicon dioxide
Magnesium stearate
Total weight

150
45
75

Figure 1: Molecular docking interaction for SF-NP

Preparation and evaluation of SF-NP- SDs

The processability of all batches of SDs was
optimum and could generate the desired SDs. The
evaluation outcome of SDs has been given below.

Interaction intensity

The highest interaction intensity (0.85 = 0.04)
was observed in SD comprising a NP to SF ratio
of 1:1, followed by those with the ratios of 1:0.5
(0.70 + 0.03), 1:1.5 (0.67 + 0.03), 1:2 (0.65 +
0.02), and 1:2.5 (0.63 £+ 0.02). This could reveal
that SF incorporation increased the absorption
intensity of NP, without any significant shift in
Amax. Also, no deviation of the spectrum from the
baseline was observed, confirming enhanced
absorption intensity, and excluding the
absorbance of SF. Still, the interaction intensity of
SD (1:1) was significantly different (p < 0.05)
than those for the remaining ratios of NP:SF.

Saturation solubility of NP

The saturation solubility of neat NP was found
to be 0.08 £ 0.004 mg/mL. All SDs (1:0.5, 1:1,
1:1.5, 1:2, and 1:2.5 w/w) had significantly
enhanced saturation solubility (p < 0.05), over
that of neat NP. Especially, SD (1:1) showed the
highest saturation solubility (12 fold higher than
that of neat NP), ie. 0.98 £ 0.048 mg/mL,
followed by 1:0.5 (0.82 £ 0.040 mg/mL), 1:1.5
(0.79 £ 0.037 mg/mL), 1:2 (0.76 £ 0.035 mg/mL)
and 1:2.5 (0.74 = 0.033 mg/ mL). The presence of
SF did not exhibit any interference.

Percentage yield and percent drug content

The percentage yield of SDs (1:0.5, 1:1, 1:1.5,
1:2, and 1:2.5 w/w) was found to be in the range
from 85.47 £2.16% to 93.72 + 2.76%, as given in
Table 2. The highest yield was found in the SD
comprising a 1:1 ratio of NP and FD. The SD
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(1:1) showed maximum drug content (98.30 =+
1.53%). However, the drug content gradually
decreased in SDs in the order (1:0.5, 1:1.5, 1:2,
1:2.5), respectively (Table 2).

Wettability study

The average wetting time required for pure NP
was found to be 50.82 + 2.51 seconds. As seen in
Table 2, all the compositions of SDs showed less

wetting time compared to pure NP. Amongst all
batches of SDs, SD (1:1) exhibited the lowest
wetting time (38.19 + 1.85 s). A statistically
significant difference was noted between the
wetting time of plain SF and SD (1:1) at p < 0.05.
Hence, it could be confirmed that SF-based ball-
milled binary SDs can be used to improve SF and
NP wettability.

Table 2

Percentage yield, percent drug content, and wetting time for SDs prepared at various SF:NP ratio

SF-NP-SD ratio Percent yield Percent drug content Wetting time (s)
1:0 - - 50.82+2.51
1:0.5 91.14+2.25 94.29 £1.77 39.46+1.93
1:1 93.72+2.76 98.30 £ 1.53 38.19+f1.85
1:1.5 88.26+2.49 91.85+1.89 40.94+1.96
1:2 87.35+£2.21 89.62 +1.81 41.20+2.11
1:2.5 85.47+2.16 88.30 £ 1.57 42.1342.13

*All readings are average = SD (n=3)

In-vitro dissolution study

The in-vitro dissolution profiles of NP and all
batches of SDs have been depicted in Figure 2.
Herein, NP showed comparatively less dissolution
(63.47 £ 3.11%) in phosphate buffer pH 7.4 at the
end of 60 min. It was observed that all batches of
SDs showed significant improvement (p < 0.05)
in the dissolution profile of NP. The maximum
dissolution was observed in SD 1:1 (93.21 +
4.47%), followed by SD 1:0.5 (90.17 + 4.23%),
SD 1:1.5 (88.64 + 4.03%), SD 1:2 (8791 +
3.61%), and SD 1:2.5 (85.54 + 3.51%). Thus, SD
1:1 demonstrated a 1.46-fold improved
dissolution, compared to neat NP. Considering the
aforementioned outcomes, SD (1:1) was selected

as an optimized batch and analyzed further.
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Figure 2: In-vitro dissolution profile of pure naproxen

and SDs at various SF:NP ratios
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Spectroscopic characterizations

The diffractogram of NP exhibited numerous
high-intensity diffraction peaks at 260 values of
12.23°, 16.04°, 17.94°, 21.84°, 22.26°, 23.70°,
25.54°, 27.41°, and 33.41°, confirming its
crystalline nature. The absence of characteristic
high-intensity peaks in the SF diffractogram
revealed its amorphous nature. As depicted in
Figure 3, the diffractogram of SD (1:1) showed a
disappearance of the crystallinity peaks
corresponding to the amorphous form of NP in
SD.

Intensity (A.U.)

10 20 30 40 50 60 70 0
20 (Degrees)
Figure 3: Powder X-ray diffraction patterns for
(A) NP, (B) SF, and (C) SF-NP-SD (1:1)
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Figure 4: DSC thermograms for (A) SF, (B) NP, and (C) SF-NP-SD (1:1)
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The DSC thermogram of neat NP showed a
sharp endothermic peak at 156.75 °C, signifying
the melting point of the crystalline form. SF
showed the presence of a broad endothermic peak
at 86.77 °C, owing to its moisture content,
followed by another endothermic peak at 285 °C,
depicting its amorphous nature. The presence of
two endothermic peaks observed in the DSC
thermogram of SD (1:1) corresponded to the
melting of SF (85.35°C) and NP (163.56°C)
respectively, along with the strong intermolecular

ey
3000
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2000 1500
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Figure 5: FTIR spectra of (A) NP, (B) SF, and (C) SF-NP-SD (1:1)

adhesive interactions. The broad endothermic
peaks signified the disruption of crystallinity,
revealing amorphous form/molecular dispersion
of NP in the SF matrix, as evident from Figure 4.
The FTIR spectra of neat NP, SF, and SD (1:1)
have been depicted in Figure 5. In the spectra,
neat NP could enunciate prominent peaks at
wavenumbers of 1228.46 cm’, 1273.45 cm’,
1690.45 cm™', and 2833.73 cm™, representing C-O
stretching vibration (ether), C-O stretching
vibration (acid), C-C aromatic stretching
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vibration, and C-H aliphatic stretching vibration,
respectively. SF exhibited characteristic peaks at
wavenumbers of 1685.24 cm” — amide I (C=0
stretching vibration), 1508.58 cm™ — amide II (N-
H bending vibration), and 1379.39 cm™ — amide
II (C-N stretching vibration). The FTIR spectra
of SD (1:1) displayed a shift of principal peaks of
NP to lower wavenumbers, with reduced intensity
at 1227.82 c¢cm’' (C-O stretching vibration),
1685.22 cm™ (C-C aromatic stretching vibration),
and 2832.51 cm’ (C-H aliphatic stretching
vibration). This indicated a good degree of
interaction between NP and SF. Furthermore, the
broadening of characteristic peaks of NP
confirmed amorphization and its molecular-level
interactions.

Tablettability evaluation

The SF-NP-SD (1:1) could demonstrate the
value of the angle of repose, Carr’s
compressibility index, and Hausner’s ratio to be
29.48° + 1.28°, 8.52 £+ 2.13, and 1.09 + 0.05,
respectively, indicating excellent flowability over
that of neat NP. The Kawakita plot revealed
excellent flowability, as signified by a lower
value of the Kawakita constant ¢ = 0.31 £+ 0.03,
and a high value of constant b = 0.74 £ 0.05,
indicating better compression. The value of mean
yield pressure, Py = 0.94 = 0.05, could reveal
excellent consolidation and better compressibility
of SD. Meanwhile, as per Leuenberger’s analysis,
the values of Typmax and v, found to be 10.04 +

1.16 and 3.49 = 0.63, respectively, for SD (1:1) in

tabletted form, could signify  excellent
—D
—cC
WM ~— B
—A
e Mot
2 —
= MW W .
1 20 30 40 50 60 70 0

20 (Degrees)

Figure 6: Accelerated stability study diffractogram for

days (A) 0, (B) 30, (C) 60, and (D) 90
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compactibility. Thus, excellent flowability, better
compressibility, and compactibility were revealed
for the SDs.

Accelerated stability study

Herein, the presence of an amorphous form of
NP under accelerated conditions could be
attributed to the disruption of its crystallinity and
strong molecular-level interactions with the SF.
After 3 months of accelerated stability study (Fig.
6), it was observed that SF inhibited the
devitrification of NP completely. It means that
ball milling induced crystallinity disruption of
NP, further leading to amorphism and its
stabilization by SF. The FTIR spectra of the
stability study samples showed decreased peak
intensities, with a slight broadening of peaks,
indicating complete amorphization of NP, as
depicted in Figure 7. This confirmed that SF
suppressed the recrystallization of NP efficiently
even under accelerated conditions of temperature
and humidity.

The in-vitro dissolution study of SD (1:1)
showed enhanced dissolution of NP for all
conditions of the accelerated stability study. The
drug dissolution was not significantly affected by
the accelerated conditions. The percent
dissolution was found to be 93.21 + 4.47%, 92.46
+ 1.38%, 92.12 + 1.72%, 91.85 + 1.32% in
phosphate buffer of pH 7.4 on days 0, 30, 60 and
90, respectively. A consistent dissolution profile
with an insignificant difference (p < 0.05)
confirmed the amorphous form of the NP, even
after the accelerated stability study.
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Figure 7: FTIR spectra for stability study samples on
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Figure 8: In-vitro dissolution profile of SD (1:1) tablet formulation and neat NP tablet formulation

Formulation and in-vitro dissolution of tablets

The in-vitro dissolution study demonstrated
90.26 + 3.96% dissolution of tabletted SF-NP-
SDs in phosphate buffer of pH 7.4 at the end of 2
h (Fig. 8). This could confirm significant
improvement (1.38 fold) in the dissolution of
tabletted NP in SD, compared to the neat NP
tablets. The values of fi and f> were found to be 45
and 34, respectively. Herein, the P-value was
found to be 0.00000003 (p < 0.05). This could
confirm significant improvement (1.38 fold) in
the dissolution of tabletted NP in SD, compared
to that of the neat NP tablets. Enhanced
dissolution could be attributed to molecular-level
hydrophobic and hydrophilic interactions between
SF and NP, favoring molecular-level dispersion
and amorphization of the NP.

Ligand-receptor interaction analysis
Interaction intensity

As hypothesized, the interaction intensity of
NP-glycine was found to be maximum (0.92 +
0.04). In addition, the interaction intensity
observed for NP-SF was higher (0.85 = 0.04),
compared to that of NP-sericin (0.10 + 0.02). In

Table 3

the case of glibenclamide as a drug,
glibenclamide-serine demonstrated the highest
interaction intensity (0.76 + 0.03). The interaction
intensity of  glibenclamide-sericin and
glibenclamide-SF was found to be 0.62 + 0.03
and 0.17 £ 0.02, respectively. However, a vice
versa relation cannot be observed, as anticipated
from the ligand-receptor binding theory. The
hypothesis proposed has been confirmed,
underlining the role of the same in the selection of
protein polymer for better interactions with the
drug.

In-vitro dissolution study

The neat NP, SF-NP-SD, and NP-sericin SD
showed 63.47 + 3.11%, 93.21 + 4.47%, and 66.45
+ 3.38% NP dissolution, respectively (Table 3).
The fi and f, were found to be 4.95 and 80.97,
respectively, depicting identical dissolution
profiles of pure NP and NP-sericin-SD.
Meanwhile, fi and f; values were found to be 68
and 30.89 after comparison of dissolution profiles
of NP and SF-NP-SD, confirming significant
variation.

In-vitro dissolution data for SF-NP-SD in buffer of pH 7.4

% Drug dissolved in buffer pH 7.4

Time

. NP-Sericin Neat Glibenclamide- Glibenclamide-

(min) ~ Neat NP SF-NP-SD SD Glibenclamide SF-SD Sericin SD

0 0 0 0 0 0 0

5 18.30+£0.89 23.71£1.17 15.43+0.75 11.76+0.57 17.76+0.87 21.41+1.04

10 27.35+1.36 4191+£1.91 24.39+1.18 23.89+1.14 27.89+1.36 37.41+1.79

15 33.2+1.49 57.42+2.34 34.32+1.61 29.85+1.43 38.85+1.85 52.20+2.61

30 41.67+£1.95 72.29+3.48 42.67+£1.96 39.12+1.87 45.12+2.21 68.89+3.30

45 54.8+2.31 88.32+4.23 55.81+£2.73 47.19+£2.26 58.19+2.79 81.85+4.01

60  63.47+£3.11 93.21+4.47 69.45+3.38 59.28+2.84 71.38+3.49 87.36+4.33

*All readings are average + SD (n=3)
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A statistically significant difference (p < 0.05)
was observed for % drug dissolved between neat
NP and SF-NP-SD, neat glibenclamide and
glibenclamide-sericin-SD; a statistically
insignificant difference (p < 0.05) was observed
for % drug dissolved between neat NP and NP-
sericin-SD, neat glibenclamide and
glibenclamide-SF-SD.

Enhanced dissolution of NP from SF-NP-SD
could be due to higher-order interactions,
indicating stronger molecular level interactions,
chiefly between NP and glycine, glutamic acid,
lysine, and phenylalanine. Also, glibenclamide-
sericin SD (87.36 + 4.33%) showed higher
dissolution, compared to glibenclamide-SF-SD
(71.38 + 3.49%), and neat glibenclamide (59.28 +
2.84%), because of abundant serine in sericin,
facilitating  stronger molecular interactions
between glibenclamide and sericin. The fi and f;
were found to be 14.86 and 63.82, respectively,
after comparing the dissolution profile of neat
glibenclamide and glibenclamide-SF-SD,
suggesting similarity in dissolution profiles.
Meanwhile, f; and f, were found to be 69.88 and
30.03, respectively, which assured a significant
difference in the dissolution profile of pure
glibenclamide and glibenclamide-sericin-SD.
Thus, it confirmed the strong interactions between
SF and NP.

In the contemporary research, the adoption of
green technologies by employing renewable
resources has gained high interest due to a
multitude of advantages." In line with this, we
prepared SF-NP-SD by utilizing ball milling as a
green technique and SF as a natural protein.**
Nowadays, the in silico approach is widely
adopted by researchers to curtail the intensiveness
of laboratory work and bring smartness. Virtual
screening indicated a strong binding affinity of
NP towards SF, confirming the ligand-receptor
binding hypothesis. This could be attributed to the
abundant presence of receptor amino acids, such
as glycine, lysine, phenylalanine and glutamine,
in SF.*** The aforesaid hypothesis can be
extended in the selection of protein polymer for
the preparation of SDs. Moreover, the interaction
intensity analysis revealed the presence of
comparatively stronger interactions between NP
and SF at the ratio of 1:1, which could imply a
strong impact of SF on the physicochemical
properties of NP.** Also, the enhanced solubility
of NP in SDs could be attributed to the structural
breakdown of NP and stronger interactions
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between NP and FD.* The reduction in the
wetting time could be attributed to the enhanced
surface area of NP in the SD and hydrogen
bonding, exposure of hydrophilic domains of SF
on ball milling, as predicted virtually, which
consecutively enhanced in vitro dissolution.'>*!*#
In addition, the spectroscopic analysis and the
accelerated stability study showed a reduction of
crystallinity peaks in XRD, broadening of the
endothermic peak in DSC, and shifting of
characteristic peaks to lower wavenumbers in
FTIR, assuring amorphization and stabilization of
NP.*%445 The optimum values of angle of repose,
Carr’s compressibility index, and Hausner’s ratio
concluded better flowability of SF-NP-SD.*
Also, the Kawakita and Leuenberger analyses
assured improved tablettability of SF-NP-SD.***
Overall, the SD-based tablet exhibited better
dissolution, compared to the neat NP tablet.
Interestingly, as glycine is present abundantly in
SF, it showed better interaction intensity in SD
comprising NP and SF. Glibenclamide showed
better interaction intensity in SD comprising
sericin. This could be due to the abundance of
serine in sericin, unlike SF. Conclusively, it can
be stated that glycine strongly binds with NP, thus
with  SF; serine strongly binds with
glibenclamide, thus with sericin. As anticipated
from the ligand-receptor binding theory, the
hypothesis proposed has been confirmed.*’

CONCLUSION

The successful use of ball milling, a green
technology, has been made in preparing SF-based
binary solid dispersions of NP. The SF-NP-SD
has been explored for improving solubility,
dissolution, and tablettability. The strong binding
affinity of NP towards SF was confirmed by in
silico molecular docking studies. Prepared SF-
NP-SD  demonstrated enhanced saturation
solubility and dissolution of NP. The optimized
SD (1:1) showed the highest yield, maximum
drug content, reduced wetting time, highest
solubility, and dissolution. The XRD, DSC, and
FTIR findings confirmed the transformation of
the crystalline form of NP into an amorphous
form, and its simultaneous stabilization,
reiterating the same in accelerated stability
studies. The Heckel and Leuenberger analyses
confirmed the excellent compressibility and
compactibility of SF-NP-SD. The role of glycine
and the secondary structure of SF towards the
favorable interactions with the NP have been



delineated. Further, the interaction analysis
confirmed that the ligand-receptor binding theory
can be utilized to modify the physicochemical
properties of drugs and select protein polymers in
preparing SD. Also, the same can be extended to
predict molecular level interactions deciphering
amorphous form stabilization of  drugs.
Conclusively, the role of SF as a solubility and
dissolution enhancer, along with an amorphous
form stabilizer for NP, demonstrating excellent
tablettability, has been established.
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