
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



International Journal of Biological Macromolecules 182 (2021) 1769–1784

Contents lists available at ScienceDirect

International Journal of Biological Macromolecules

j ourna l homepage: ht tp : / /www.e lsev ie r .com/ locate / i j b iomac
Ethyl cellulose coated sustained release aspirin spherules for treating
COVID-19: DOE led rapid optimization using arbitrary interface;
applicable for emergency situations
Sreejith Thrivikraman Nair a,1, Kaladhar Kamalasanan a,1,⁎, Ashna Moidu a, Pooja Shyamsundar a,
Lakshmi J. Nair a, Venkatesan P b

a Department of Pharmaceutics, Amrita School of Pharmacy, Amrita Institute ofMedical Sciences and Research Centre, AIMS Health Sciences Campus, Amrita Vishwa Vidyapeetham, Kochi 682041,
Kerala, India
b Department of Pharmacy, Annamalai University, Annamalainagar, Tamil Nadu, India
⁎ Corresponding author.
E-mail address: kaladhar22654@aims.amrita.edu (K. K

1 Equal contributors

https://doi.org/10.1016/j.ijbiomac.2021.05.156
0141-8130/© 2021 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 23 March 2021
Received in revised form 21 May 2021
Accepted 23 May 2021
Available online 26 May 2021

Keywords:
Sustained-release
Ethyl cellulose
Aspirin
Granules
Spheronization
Central composite design
This work attempts to resolve one of the key issues related to the design and development of sustained-release
spherule of aspirin for oral formulations, tailored to treat COVID-19. For that, in the Design of Experiments (DOE)
an arbitrary interface, “coating efficiency” (CE) is introduced and scaled the cumulative percentage coating (CPC)
to get predictable control over drug release (DR). Subsequently, the granules containing ASP are converted to
spherules and then to Ethyl cellulose (EC) Coated spherules (CS) by a novel bed coating during the rolling
(BCDR) process. Among spherules, one with 0.35 mm than 0.71 mm shows required properties. The CS has a
low 1200 angle by Optical Microscopy (OM), smooth surface without cracks by scanning electron microscopy
(SEM), and better flow properties (Angle of repose 29.69 ± 0.780, Carr's index 6.73 ± 2.24%, Hausner's Ratio
1.07 ± 0.03) than granules and spherules. Once certain structure-dependent control over release is attained
(EC coated spherules shows 10% reduction in burst release (BR) than uncoated spherules showing a release of
80–91%) the predictability is achieved and Design of space (DOS) by DOE (CE-70.14%and CPC-200% and DR-
61.54%) is established. The results of DOE to experimentally validated results were within 20% deviation. The as-
pirin is changing its crystal structure by powder X-ray diffraction (PXRD) and differential scanning calorimetry
(DSC) from Form-I to Form-II showing polymorphism inside the drug reservoir with respect to the process.
This CE and CPC approach in DOE can be used for delivery system design of other labile drugs similar to aspirin
in emergency situations.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Cellulosic derivatives like ethyl cellulose (EC) [1], hydroxyl propyl
methyl cellulose [2], and carboxy methyl cellulose [1,3] used alone or
in combination with other macromolecules [1,4] are widely explored
for drug delivery applications [5]. It is desirable to evaluate and analyze
the role of thesemacromolecules in the design of the drug reservoir and
rate-controlling membrane for producing the required delivery profile
of the drug [6].

Various polymers from natural and synthetic origins are used for the
said purpose. Ethyl cellulose is a semi synthetic hydrophobic polymer
[7] that is currently being used as a sustained-release (SR) coating in
various SR [8] and controlled release (CR) [9] formulations. Various
EC-based value-added products are currently being developed
amalasanan).
[10–12]. The EC coating on solid dosage forms produces SR that helps
in drug delivery for a long duration during the stay in the GIT [13]. EC
coatings have better stability during storage, inertness, and good com-
pressibility. On the other hand, the Eudragit L 100 (EL-100) is a syn-
thetic anionic copolymer using for enteric-coated applications [14].
The site of drug delivery when using EL-100 is the jejunum and it dis-
solves at pH above 6 [15]. The use of EL-100 helps in site-specific drug
delivery in the intestine [16]. On the other hand, EL-100 can be used
as a polymer in combination with EC for modifying the release
properties.

COVID-19 patients reported having cardiac complications [17], and
WHOsuggests anti-coagulants for the treatment [18]. Induction of coag-
ulation cascade [19] seems to be the reason that can be suppressed
using anticoagulants such as aspirin (ASP). Considering the fatality
rate, rapidly translatable, affordable, and accessible anticoagulant tech-
nologies become significant in this scenario [20,21].

ASP has the triple effects of inhibiting virus replication, anticoagu-
lant, and anti-inflammatory properties; now being tried for the
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prevention of COVID-19 related cardiac complications [22]. Recently,
clinical trials have started to explore ASP as a protective agent to control
cardiac complications in COVID-19 [23]. There are also reports that ASP
has antiviral effects (100 mg/day), as it inhibits virus replication by
inhibiting prostaglandin E2 (PGE2) in macrophages and up-regulation
of type-1 interferon production [24]. Apart from that, a low dose
(35–50mg per day) of ASP is used as an anti-platelet agent for the pre-
vention of cardiovascular events like stroke and myocardial infarction
[23]. The antiplatelet effect (37.5 mg, 315 mg, 640 mg per day) is due
to the inhibition of thromboxane A2 [25]. In this case, the solid dosage
forms (SDF) such as ASP tablets or capsules75 mg (in an adult low-
dose ASP) — to 325 mg (a regular strength tablet) need to be taken
daily for a long time [26]. The daily intake of ASP by unmodified dosage
forms leads to local side effects like mucosal irritation and ulceration in
the gastrointestinal tract (GIT) due to the high concentration of ASP at
absorption sites (70 to 140 mg/dL) [27]. Being an anionic drug ASP in
the unionized form gets easily absorbed from the stomach [28]. On
the other hand, ASP gets degraded to salicylate in stomach pH, thus,
there is a requirement of reducing the degradation while improving
the absorption and bioavailability.

For that the currently adopted strategy is to develop enteric-coated
ASP- SDF to produce delayed-release that helps in reducing the acid
degradation of the ASPmolecule. On the other hand, enteric-coated sys-
tems completely avoid the possibilities of absorption in the stomach re-
gion, because the polymer completely avoids the release of the drug, as
the polymer dissolves only at the intestinal pH [14,29]. In fact, it delivers
the entire ASP in the intestine all of a sudden, where it is being least
absorbed which causes local toxicity in a local concentration-
dependent manner [21,27]. Also, enteric coating affects the anti-
platelet activity of ASP due to low bioavailability [26,30].

These limitations can be overcome by the conversion of the enteric-
coated to the SR solid dosage form [28] [31]. If ASP is delivered over a
wide area using particulate carriers such as spherules in a sustained
manner, it can substantially reduce the local concentration of the drug
and can start the release from stomach and continue the release
throughout the GI transit. Further, distributing the overall dose to a
wide area has significance, as it enhances the mixing and release as
well as the absorption from a wide area. So conversion of the unit
solid dosage form as a spherule-based capsule can be a possible strategy
[32]. These factors make the SR capsule more preferable than the
delayed-release ASP tablet.

For developing the SR spherule formulation of ASP, the Physico-
chemical aspects of the drug need to be analyzed for adopting suitable
processing conditions. Earlier, poorly water-soluble drugs such as acy-
clovir (solubility 1.2–1.6 mg/ml) [33], ketoprofen (0.5 mg/ml) [34],
and tamoxifen citrate (0.3 mg/l) [35] is explored for developing SR for-
mulations. As compared to these drugs, ASP is further less soluble in
water (2–4 μg/ml) [36] and is water-labile in nature [2]. The SR of
water labile and poorly water-soluble drugs such as ASP is more chal-
lenging as the development of drug reservoirs requires special consider-
ations [37,38].

Here, the wet granulation process is unavoidable for the preparation
of granules, which is a prerequisite for preparing the spherules. In those
conditions, ideally, keeping the solid state of the drug intact on a solid
matrix helps to improve the chemical stability of the drug [39]. In
such conditions, ASP-like labile drugs are blended with other ingredi-
ents and quickly transferred into a solid-state with a minimum amount
of water required, as granules. This can be then sequentially layered
with diluents to make spherules. This type of process improvement
helps to ensure a minimum amount of water throughout the process
of the formulation; from granules to coated spherules (CS) [40].

Spherules are being explored as a multi-particulate carrier for vari-
ous SR drug delivery technologies. And they are being coated with
rate-controlling polymer film coatings to produce SR spherules. For de-
veloping spherules, we have earlier developed a novel bed-coating-dur-
ing-sliding (BCDS) process to prepare spherules from granules [2]. This
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can be converted into a “bed coating during rolling process” (BCDR) for
coating the drug reservoir with the rate-controlling membrane. In this
process during the conversion of granule to coated spherules, the intact
control film coating is due to the rolling of the spherules, so the coating
process needs to be considered as bed coating during rolling (BCDR). It's
because spherules have a high chance of rolling than sliding (while in
the case of granules, it slides due to its irregular shape). It can be
adapted to any pharmaceutical operation such as pan coating [41] or
Wurster process [42] for the commercial-scale production of spherules.
Various SR polymer coatings using polymers such as EC and EL-100 are
applied by Pan coating [43] andWurster process [44] onto solid dosage
forms [45,46].

Polymers with swellability, low water permeability (EC), or stimuli
responsiveness (EL-100) are being generally used for developing the
SR drug release coatings [47,48[49]]. For that, coating parameters need
to be optimized [44], which is not well understood generally [50]. Sub-
sequently, the coatingperformance can be thought of as an arbitrary cri-
terion for assessing the effectiveness of a coating technique. For that, the
“cumulative percentage coating” (CPC) and the “coating efficiency” (CE)
can be introduced as independent variables that can influence the per-
formance of the coating. These variables affect the responses such as
overall control of drug release, drug content, and percentage size of
spherules. This can be modeled in the Design of experiments (DOE)
along with actual wet-lab experiments.

Design of experiments (DOE) by Quality by Design (QbD) is a statis-
tical approach based on minimum available experimental data to sys-
tematically design further experiments [51]. The experimental design
is done using appropriate statistical tools in silico. The process involves
setting predefined objectives, parameterization of the components,
and analyzing the set responses [52]. The major advantage of this tech-
nique is thatmultiple dependent and independent parameters are com-
pared for their influence on the given responses to draw out the
relations and interactions. The tools in QbD are, process analytical tech-
nology (PAT), risk assessment (RA), critical quality attributes (CQAs),
and design of experiment (DOE) [51–53]. Among the various tools,
DOE by central composite design (CCD) is used for optimizing formula-
tion parameters to understand theDesign of Space (DOS) in formulation
development. Wherein, a set of dependent and independent formula-
tion parameters and process variables are parameterized to analyze its
interaction and relation to responses to get the boundary condition for
a productwith adequate quality,which can be latermathematically rep-
resented [52–54]. For identifying the DOS by DOEmainly Response Sur-
face Methodology (RSM) is widely explored [55]. By employing DOE,
this work aims to explore granules for the production of SR of ASP
spherules and also to optimize the coating process. Regarding the con-
trol over the release of agents from the spherule, the coating of the
rate-controlling membrane needs to be optimized. Here, CE and CPC
are the two arbitrary independent variables that are parameterized
and correlated to responses (drug content, drug release, and percentage
size of spherules). In this work, CPC is equal to the amount of coating
that produces a 10% decrease in drug release profile, which is taken as
one number of the coating. Then it is multiplied by n number of coat-
ings. This step-by-step approach helps to rationally achieve control
over the release with respect to coating condition. So with a minimum
set of experiments, the coating properties can be evaluated and
optimized.

For that, the role of EC film coating properties in terms of CE on the
SR of ASP spherules is predicted by DOE and tested experimentally. In
addition, any polymorphic change in ASP needs to be understood and
is studied using PXRD and DSC. This polymorphic change of ASP inside
the drug reservoir is notwell understood. This has significance in its sol-
ubility and release profile. ASP is shown to mainly exist in Form-I and
under certain conditions is shifted to Form-II [56]. The study shows
spherules can be successfully developed with excellent flow properties,
high drug content, and SR properties by this method and the ASP inside
the drug reservoir is showing polymorphism is first reporting here.



Table 2
Formula for the preparation of ASP granules.

Ingredients Official quantity

ASP 300 mg
SLS 1 mg
Lactose 120 mg
Starch 24 mg
Starch paste q.s

Table 3
Formulae for preparation of coating solution of ethyl cellulose and eudragit L-100.

Ingredients Coating solution for 10 g of spherules
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2. Materials and methods

2.1. Materials

ASP (180.15 g/mol), starch (359.3 g/mol), sodium lauryl sulfate
(SLS) (288.3 g/mol), lactose (342.3 g/mol), hydrochloric acid, sodium
hydroxide (0.1N), potassiumhydrogen orthophosphate, isopropyl alco-
hol, and acetone were purchased from Spectrum Reagents and
Chemicals Pvt. Ltd., Kochi, India. Eudragit L-100 (1,25,000 g/mol),
tartrazine dye (534.4 g/mol) were obtained from the Research-Lab
Fine Chem Industries, Mumbai, India. Polyethylene glycol (62.07 g/
mol) and ethyl cellulose (454.5 g/mol) were purchased from Loba
Chemie Pvt. Ltd., Mumbai, India. Indigo dye (262.27 g/mol) was ob-
tained from Sigma Aldrich chemicals Pvt. Ltd., Bangalore, India, and
Talc (379.27 g/mol) from Vikash pharma, Mumbai, India. All the re-
agents are of AR grade.

2.2. Methods

2.2.1. Experimental design and response surface methodology (RSM)
In silicomodeling and evaluationwere performed and interpreted by

Design Expert®12 Software (Stat-Ease, Inc.). The design selected here
was the central composite design (CCD), and different formulation pa-
rameters such as CPC & CE were selected as independent variables.
The drug release, drug content, and percentage size of spherules were
considered as dependent variables. Percentage size of spherules here in-
dicates the percentage spherule in a given bed of particles.

The selected variables and their levels are given in Table 1.
Analysis of Variance (ANOVA) was performed, and the P-value with

a 95% confidence interval was evaluated in order to determine the sig-
nificance of each coefficient term. And also to determine the fitting ex-
tent of experimental data, regression coefficient R2 along with
predicted and adjusted R2 were determined. The equation for the cur-
rent design:

Y ¼ Cþ β1Aþ β2Bþ β3ABþ β4A2þ β5B2

where Y is the dependent variable,
C is the intercept and it is the arithmetic mean response of the 11

runs.β1 to β5 are the estimated coefficients for the corresponding factors
A (CPC (%)) and B (CE(%)).

2.2.2. Scanning electron microscopy
Both the granules and spherules (coated and uncoated) were exam-

ined by scanning electron microscopy (SEM) (Phillips XL30) at 15–20
kV to study the surface morphology. Samples were mounted onto
metal stubs using double-sided adhesive tape, vacuum-coated with
gold (350 A°) in a Polaron E-5000, and analyzed by SEM.

2.2.3. Preparation of ASP granules [2]
ASP granules were prepared bywet granulation. The required quan-

tity (Table 2) of ASP, lactose, starch, and SLSwere taken in a mortar and
pestle, and then triturated to form fine powders. The SLS was used as a
wetting and wicking agent in the formulation. Starch paste (5% w/v
starch powder in water) as a binding agent was added drop wise to
form a coherent mass and it was made to pass through sieve no.12
(1.68 mm aperture size).
Table 1
Randomized response surface design parameters indicating the levels of variables.

Sl. no. Independent variables Coded Low actual
value

High actual
value

1 Cumulative percentage coating (%) X1 0 500
2 Coating efficiency (%) X2 35 95
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The starch solution was added during formulating spherules, in
order to make it slightly sticky by making it wet, and excessive sticki-
ness was avoided by adding the starch powder to the granules while
coating [57].

2.2.4. Preparation of polymer-coated spherules by BCDR process
Wet granules were taken in a 250ml beaker andwere rotated at 450

angles clockwise (80–100 quarter rpm is converted to 20–25 rpm/min).
To maintain the moisture of the granular bed, the ethanol: water
(10:10 v/v) mixture was sprayed and the starch solution was added
6–7 drops (5 drops of 5% starch paste in 10 ml water).

Continuous rotation is done until the formation of spherical particles
was observed. Dry granules are moistened before the coating process
using the mixture of solvent ethanol: water (1:1 v/v), which helps in
improving the coating without aggregation of the particles. Spherules
were then coated using a suitable polymer ethyl cellulose (EC) or
Eudragit L-100 (EL-100) coating solution by spraying using conven-
tional bottle sprayers into a tilted (45°) glass beaker containing the
spherule bed, and the spherules were then spread on a Petri dish for
drying and kept at 60–70 °C (Normal drying temperature for the
spherules) in a hot air oven for 20 min to prepare dried polymer-
coated spherules [58]. In this work, four formulations with various SR
coatings (based on ability to control the release rate) were prepared
i.e., f1 (formulation 1), f2 (formulation 2), f3 (formulation 3), and f4
(formulation 4) respectively. Where, f1- is the uncoated spherules of
ASP, f2- are spherules single coated with EC and EL-100 in 1:1 ratio,
f3- is double-coated spherules, which was first coated with EC and
then with EL-100, f4- are spherules double-coated with EC. Here
isopropyl alcohol (IPA) and acetone were used as the solvents for
preparing the coating solution for EC and EL-100 polymers
(as shown in Table 3). While preparing EL-100 coating solution
(5.99 g % w/v EL-100 in IPA 8.23 ml + Acetone 12.48 ml); In the
case of EC (1.92 g %w/v) coating solution, 20.8 ml volume of acetone
solution is applied to 10 g of spherules. The coating solution varies
between each sample. The amount of coating solution utilized here
is decided based on the quantity of coating solution required to pro-
duce a 10% control in the release. Wherein, this stepwise approach
helps to rationally achieve control over the release with respect to
coating conditions. After coating with sustained-release polymers,
they are sieved and separated to sieve no. 22 (aperture size -
0.71 mm) and 44 (0.35 mm) size spherules.
Ethyl cellulose Eudragit L-100

Ethyl cellulose 0.416 g –
Eudragit L-100 – 1.24 g
Talc 0.33 g –
PEG – 0.2 g
Isopropyl alcohol – 8.23 ml
Acetone 20.8 ml 12.48 ml
Dye 0.08 g 0.08 g
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2.2.5. Microscopic evaluation of granules and spherules
A projection microscope was used to determine the shape and

surface properties of granules and spherules. The prepared granules
and spherules were taken in a glass slide and were observed through
a projection microscope (10×). The shape and edges of the particles
were studied and the edges at 450, 900, 1200 were counted and the
percentage edges were calculated.

2.2.6. Flow property studies
The parameters such as Angle of repose, Carr's index, Hausner's ratio

of spherules (retained in sieve no.22, and 44 of each coating) were
calculated.

2.2.6.1. Angle of repose [59]. It determines the maximum angle between
the cone of the pile of spherules and the horizontal plane. Spherules
were taken in the funnel and were made to fall freely on paper to
form a pile. The radius and height of the pile were measured.

Angle of repose tan θð Þ ¼ h=r

where ‘h’ is the height and ‘r’ is the radius of the pile.

2.2.6.2. Particle packing parameters [2]. For measuring bulk density,
spherules (20 g) were taken in a 100mlmeasuring cylinder and the ini-
tial volumewasnoted. It was then tapped to determine the final volume
occupied.

Bulk density ¼ Spherule weight=Bulk volume

For measuring tapped density, spherules (20 g) were taken in a
100 ml measuring cylinder and the initial volume was noted. It was at-
tached to a tapped density apparatus and the final volume occupied
after 100 tappings were noted.

Tapped density ¼ Spherule weight=Tapped volume

The Carr's index or Carr's compressibility Index indicated the com-
pressibility of powder or granule, thus, an indicator of interstitial
space between the particles upon confinement. That in turn reflected
the shape of the particles. For spherical particles, like spherules, the in-
terstitial space remained low, thus, Carr's index was high, while for
granular particles having an irregular shape, the interstitial space was
high, so, the flow property and compressibility were low [2].

Carr0s index ¼ Tapped density−Bulk density=Tapped density½ � � 100

Hausner's ratio was determined using the ratio between the tapped
and bulk density.

Hausner0s ratio ¼ Tapped density=Bulk density

2.2.7. Drug content evaluation [60]
ASP spherules (50 mg) were accurately weighed, triturated and dis-

solved in a phosphate buffer of pH 6.8, and filtered. Absorbance was
taken at λmax 275 nm by using a UV/Vis spectrophotometer by keeping
phosphate buffer as blank [61].

2.2.8. Drug release studies [62]
Percentage drug release with respect to time was determined using

USP type 1 basket apparatus. Phosphate buffer (900 ml) of pH 6.8 was
taken and 1.5 g of spherules were added to it. Tomaintain the sink con-
dition, the apparatus was rotated at 75 rpm at 37± 0.5 °C temperature.
As the Steady-state flow of release medium in USP type 1 basket appa-
ratus, rotating at the speed above 50 rpm ensures steady state sink con-
dition [63]. Moreover, to analyze the mechanism of release from less
intact rate-controlling films coated over the drug reservoir spherules,
1772
turbulence during mixing should not be an error contributing factor,
so a reasonable 75 rpm was selected based on the total amount of
drug released from uncoated spherules. Subsequently, this mixing was
good enough to maintain steady-state diffusion of the drug molecule
during dissolution.

At various intervals, 1 ml of release mediumwaswithdrawn (1, 2, 3,
4, 5, and 6 h.) and the same amount of buffer was replaced. Absorbance
was taken at 275 nm using a UV- Vis spectrophotometer.

2.2.9. Kinetic modeling [69,70]
The kinetics andmechanismof drug release from spheruleswere de-

termined by fitting the in-vitro drug release data into Zero order, First
order, Higuchi, and Korsmeyer-Peppas model. The best-fitted model
was confirmed using R2 and n values.

2.2.9.1. Zero-order release. It showed the release of the drug at a constant
rate. To acquire the data a graph was plotted between cumulative per-
centage drug released against time:

Qt ¼ Q0 þ K0t

where Qt = Drug released in time ‘t’.
Q0 = Initial drug content.
Ko = Rate constant of zero-order release.

2.2.9.2. First-order release. The release depended on the concentration.
To acquire the data a graph was plotted between log cumulative per-
centage drug remaining against time.

LogQt ¼ Log Q0–Kt=2:303

where Qt = Drug released in time ‘t’.
Q0 = Initial drug content.
Kt = Rate constant of the first-order release.

2.2.9.3. Higuchi model. To acquire the data, a graph was plotted between
cumulative percentage drug release against the square root of time.

Qt ¼ KH t1=2

where Qt = Amount of drug release at the time “t”.
KH = Higuchi release rate constant.

2.2.9.4. Korsmeyer–Peppas model. After acquiring the data, a graph was
plotted between log cumulative percentage drug release v/s log time.

Qt=Q0 ¼ Kkp:tn

where, Qt/Q0 = Fraction of drug release at time ‘t’.
Kkp = Korsmeyer-Peppas release rate constant.
n = Diffusion constant.

2.2.10. Powder X-ray diffraction (PXRD) analysis
The PXRDmeasurementswere done using a Bruker AXS D8 Advance

x-ray diffractometer. All samples were investigated in a polycrystalline
form. Each samplewas powdered in an agatemortar and the x-raymea-
surements were carried out at room temperature (25 °C), Step Size =
0.020°, 2θ =3°-70° and Wavelength = 1.54060 Å.

2.2.11. Differential scanning calorimetry (DSC) analysis
The DSC studies were done using a NETZSCH DSC 204F1 Phoenix.

The DSC measurements were carried out in the flowing air atmo-
sphere (N2, 40. 0 ml/min/N2, 60.0 ml/min) with a heating rate of
20 °C/10.0(K/min) at 20–200 °C.



Table 4
Design model indicating the levels of variables and responses.

Run Cumulative
percentage coating
(CPC) (%)

Coating
efficiency
(CE) (%)

Drug
release
(%)

Percentage size
of spherules (%)

Drug
content
(%)

1 300 65 41.66 52.04 53.1
2 300 95 49 69.11 65.4
3 150 65 63.01 67.22 57.01
4 150 65 46.3 83.5 53.01
5 150 35 59.4 79.62 49.25
6 0 65 58.02 83.01 55.74
7 300 35 39.01 52.36 52.1
8 150 65 53.68 69.74 49.65
9 0 35 79.89 85.54 50.7
10 150 95 59.4 74.2 66.2
11 0 95 67.5 82.9 65.4
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2.3. Statistical analysis

The experimental data were analyzed statistically and represented
as Mean ± S.D. All the data represented were done with a minimum
three number of samples;wherevermore samples are done itwasmen-
tioned specifically. The microscopic images are done using representa-
tive samples.
Fig. 1.Effect of independent variables such as CE and CPC on drug release (DR), (a) ANOVA respo
on drug release, (c) Coefficient of estimate values for drug release of ASP granules, (d) Contou
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3. Result and discussion

3.1. Experimental design

In this work, a randomized response surface design experiment is
conducted for the SR of polymer-coated ASP spherules in order to assess
the influence of two different independent variables (CPC and CE) on
the responses such as drug content, drug release, and the percentage
size of spherules. The different interactions and multiple effects be-
tween each parameter are verified and studied using Design-Expert
software (v.12). The experimental trials are performed at all 11 possible
combinations according to the model and the results are shown in
Table 4 and Fig. 1.

Fig. 1 shows the role of independent variables such as CE and CPC on
drug release. Fig. 1(a) shows the ANOVA results for the optimization of
drug release, for that, the statistical data of dependent variables (drug
release (DR), drug content (DC), percentage size of spherule (PS)) ob-
tained are introduced to ANOVA and are found to be significant at
p < 0.05. That indicates in this case, A (CPC) is the significant model
term. The overall interactions were found to be significant at p < 0.05,
which shows the effect of both variables in combination, is also signifi-
cant on the mean drug release. The Lack of fit value for p > 0.05 indi-
cates, the noise of the experiments is non-significant. Fig. 1(b) shows
nses for the drug release of ASP granules. (b) Response 3Dplot of independent variables up
r plot for the effect of CPC, and CE on drug release.

Image of Fig. 1


S. Thrivikraman Nair, K. Kamalasanan, A. Moidu et al. International Journal of Biological Macromolecules 182 (2021) 1769–1784
the graphical interpretation of interaction using a 3-D plot, which is
highly recommended and is used to assess the interactive effect of the
process variables and the predictability. Fig. 1(c) shows the coefficient
of estimate values for drug release, which indicates that all values are
negative for the main effects and interactive effects. The main effects
of A and B as well as interaction terms (AB, A2, and B2) show how the
responses change when 2 variables are simultaneously changed. This
in turn shows all the independent variables (CE and CPC) have a favor-
able effect on a decrease in the release of drugs from spherules and are
predictable. Fig. 1(d) shows the contour plot of drug release in 2-D, with
A & B (independent variables), plotted on X and Y scales and response
values represented by contours (Z-scale). These plots are useful for es-
tablishing the response values and operating conditions as required.
The figure shows as the CE (>60%) and CPC (>200%) increases; the
drug release below 60% can be attained and is predictable.

Fig. 2 shows the role of independent variables such as CE and CPC on
the percentage size of spherules. Fig. 2(a) shows the ANOVA results for
the optimization of the percentage size of spherules (PS), which are
found to be significant at p< 0.05. In this case, A (CPC) is the significant
model term. The overall interactions were found to be significant at
p < 0.05, which shows the effect of both variables in combination is
also significant on the mean percentage size of spherule. The Lack of
fit value for p > 0.05 indicates, the noise of the experiments is non-
Fig. 2. Effect of independent variables such as CE and CPC on percentage size of spherules, (a) A
variables upon percentage size of spherules, (c) Coefficient of estimate values for percentage siz
for ASP granules.>.
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significant. Fig. 2(b), shows the graphical interpretation of the percent-
age size of spherule (PS) using a 3-D plot,which is highly recommended
and is used to assess the interactive effect of the process variables and
the predictability. Fig. 2(c) shows the coefficient of estimate values for
the percentage size of spherule (PS), which indicates that the values
(AB, B2, and B) are positive for the main effects and interactive effects.
This in turn shows all the independent variables (CE and CPC) have a fa-
vorable effect on an increase in the percentage size of spherule and are
predictable. Fig. 2(d) shows the contour plot of percentage size of spher-
ule (PS) in 2-D, with A & B (as independent variables), plotted on X and
Y scales and response (PS) values represented by contours (Z-scale).
The figure shows as the CE (>60%) and CPC (>200%) increases, there
is a favorable effect on an increase in the percentage size of spherule,
which in turn controls the release profile.

Fig. 3 shows the role of independent variables such as CE and CPC on
the drug content. Fig. 3(a) shows the ANOVA results for the optimiza-
tion of drug content (DC), which are found to be significant at
p < 0.05. The overall interactions were found to be significant at
p < 0.05, which shows the effect of both variables in combination, is
also significant on the mean drug content. The Lack of fit value for
p > 0.05 indicates, the noise of the experiments is non-significant.

Fig. 3(d) and 3(b) shows the contour plot and 3-D response plot for
drug content (DC) in 2-dimensional and 3-dimensional plane, with A &
NOVA responses for the percentage size of spherules, (b) Response 3D plot of independent
e of spherules, (d) Contour plot for the effect of CPC, and CE on percentage size of spherules

Image of Fig. 2


Fig. 3.Effect of independent variables such as CE and CPC ondrug content. (a) ANOVA responses for thedrug content of ASP spherules. (b) Response 3Dplot of independent variables upon
drug content of spherules. (c) Coefficient of estimate values for drug content of spherules. (d) Contour plot for the effect of CPC, and CE on the drug content of ASP spherules.

Table 5
Regression analysis of the following dependent variables.

Response Drug release Percentage size of spherules Drug content

R2 0.8525 0.9207 0.8427
Adjusted R2 0.705 0.8414 0.6854
Predicted R2 0.6266 0.7165 0.7741
Adeq Precision 8.0244 8.5548 7.1911
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B (as independent variables), plotted on X and Y scales and response
(DC) values represented by Z-scale. The figure shows as the CE
(>60%) and CPC (>200%) decrease in the drug content below 70% can
be attained and is predictable.

Fig. 3(c) shows the coefficient of estimate values for drug content
(DC), which indicates all the coefficient estimates except model terms
(A2, B2, and B) are negative, for the main effects and interactive effects.
This is in turn shows all the independent variables (CE and CPC) have a
favorable effect on a decrease in drug content of spherules.

The coefficient estimate represents the expected change in re-
sponse per unit change in factor value when all remaining factors
are held constant. The intercept in an orthogonal design is the overall
average response of all the runs. The coefficients are adjustments
around the average based on the factor settings. When the factors
are orthogonal the VIFs (Variance inflation factor) are 1; VIFs greater
than 1 indicate multi-collinearity, the higher the VIF better the corre-
lation of factors. As a rough rule, VIFs less than 10 are tolerable [66].
In this model, the variance of inflation factor is found to be 1, which
indicates there is no multi-collinearity among the factors and also
verifies that it is in good agreement to proceed with regression. The
regression analysis of variance for these dependent variables is
given in Table 5.
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The correlation coefficient for the models is also calculated, which
are found to be >0.8 indicating a strong fit. The predicted R2 for these
dependent variables is found to be in reasonable agreement with the
adjusted R2 i.e. the difference is less than 0.2. The adequate precision
here measures the signal-to-noise ratio. A ratio greater than 4 is desir-
able [67]. Here, ratios for themodel indicate an adequate signal and ver-
ify that this model can be used to navigate the design space.

3.2. Optimized ASP spherules

The variables used in obtaining ASP spherules played amajor role in
determining the coating requirements for the desired control over

Image of Fig. 3


Fig. 4.DOS of optimized spherules, (a) Numerical optimization ramp view for CE, CPC, drug release (DR), drug content (DC), and percentage size of spherules (PS). (b) Shows theDesign of
Space (DOS) on contour plot for optimized levels of independent variables for the DC, DR, and PS.
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release alongwith other properties. ASP spherules with proper uniform
coating and maximum CE are desired to achieve the slow release of the
drug over a wide area.

The optimization study of these experimental results is performed
by keeping all responses within desired ranges by using response sur-
face methodology. In this case, CE is targeted to the maximum and
other variables are kept in range for achieving the desired effect.
Based on the recommended values as given in Fig. 4, the experiment
is conducted to validate the optimized results. According to the results
obtained, approximately by a CPC of 200% or two coatings, 70.14% of
maximum CE is achieved with a slow release of ASP with maximum re-
lease up to 61.54% in the given time. This indicates a reasonable agree-
ment of the experimental and predicted results under optimized
conditions as shown in Table 6. Also, based on these results, it can be
Table 6
Optimized values for corresponding predicted and actual factors and variables.

Variables Predicted Actual Desirable

Cumulative percentage coating (CPC) (%) 150 200 100–250
Coating efficiency (CE) (%) 65 70.14 55–90
Drug release (%) 53.50 61.54 45–70
Drug content (%) 53.32 71.55 50–85
Percentage size of spherules (%) 73.16 70 60–80
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concluded that the statistical data obtained from the experimental de-
sign are quite helpful in understanding the interactions and main rela-
tions of the independent variable. Also, helps to formulate the desired
formulation at suitable conditions with reproducibility for an optimum
coating process.

Fig. 4(a) shows the optimized ramp view of numerical values for CE,
CPC, drug release, drug content, and percentage size of spherules in the
ramp plot. The colored dot on each ramp shows the factor setting or re-
sponse prediction for that solution. Wherein, Fig. 4(b) the colored re-
gion with an arrow showing the design of space for CE, CPC, drug
release, drug content, and percentage size of spherules in a contour
plot with optimized values. This overlay plot helps to visually identify
an area where the predicted means of one or more response variables
are in an acceptable range.

The optimized granules are prepared by thewet granulationmethod
followed by converting granule to spherule by BCDR process (Fig. 5).
This helps in reducing the degradation of ASP during the process. As
during the process; ASP in the solid form is maintained throughout
the inside of the granule, and is minimally exposed to the water from
the starch paste, which is applied during starch coating to prepare
spherules from granules. This step increases the stability of labile hydro-
lysable drugs like ASP than conventional wet granulation process
[68,69]. The solid-state stability of ASP is relatively high even in a
hygroscopic environment [70]. The aqueous starch is used here for
the spheronization process [71] to convert granules to spherules.

Image of Fig. 4


Fig. 5. Comparison of granules, spherules and coated spherules. (a)Morphological comparison between granules, spherules, and coated spherules. (b) Flow property studies like the angle
of repose, bulk and tapped density, Carr's index, and Hausner's ratio of corresponding coated and uncoated spherules.

S. Thrivikraman Nair, K. Kamalasanan, A. Moidu et al. International Journal of Biological Macromolecules 182 (2021) 1769–1784
Subsequently, to reduce the influence of water a mixture of non –
aqueous solvent (ethanol) with water is used to reduce the drying
time. Since ethanol reduces the water surface tension, the evapora-
tion rate of water is increased; in addition, the hydrolysable nature
of water is reduced. That also helps in increasing the stability of ASP.
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The spherules are then coatedwith a suitable sustained release poly-
mer coating to control the release [72]. That is sieved to obtain two dif-
ferent ranges of spherules and classified as one retained in sieve no.22
(aperture size −0.71 mm.) and others in sieve no.44 (aperture size
0.35 mm).

Image of Fig. 5
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In the case of coated spherules; EC exhibits good film properties and
the compactfilm is often required for better control over release. EC film
shows tackiness thus; an anti-tacking agent such as talc is added. EL-100
with PEG is not showing much tackiness and talc is not required. While
EL-100 film requires a porous structure as per our studies subsequently
the PEG is added.

Subsequently, the granules, spherules, and coated spherules are
studied in detail for their morphology (optical microscopy and SEM),
flow properties, drug content, and drug release properties.

At first, the particles (granules, spherules, and coated spherules) are
studied by optical microscopy (Fig. 5). The surface edges and the per-
centage number of angles are studied and calculated to differentiate
the granules from spherules. The acute (450) or right (900) angle
edges are more in granules (approx. 70%), while the spherules have
more obtuse (1200) angles (approx. 80%) due to their smooth surfaces
as shown in Fig. 5.

Flow property studies like the angle of repose, bulk and tapped den-
sity, Carr's index, and Hausner's ratio of the uncoated spherules (US-22/
44); single coated EC and EL-100 spherules (S-EC-EG-C1-22/44);
double-coated EC and EL-100 (S-EC-EG-C2-22/44); double-coated EC
spherules (S-EC-C2-22/44) are found to be excellent as shown in Fig. 5.

During the coating process, the particles in the bed need to be prop-
erly rolled down, for optimum coating around the particles. Spherical
Fig. 6. Scanning electron microscopy of ASP granules, spherules, and EC coated spherules at
(deposited polymeric material between the particles)
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particles have better flowproperties than granular particles, thus the ef-
ficiency of coating on spherical particles is high. These results are com-
parable with a previous report of the formulation of different polymer-
coated spherules from granules [2].

3.3. Scanning electron microscopy

The SEM studies show the information about the microscopic fea-
tures regarding surface morphology, shape, and size of the particles as
well as characteristics of the film coating [73]. In the case of granules
(Fig. 6a) shows the particle with irregular shape and edges along with
cracks. While that of spherules appeared (Fig. 6b) regular sphere with
cracks. While the coated spherules (Fig. 6c) show a regular sphere
shape with reduced cracks. The size of both spherules is greater than
granules. Further, the surface topography is analyzed at higher magnifi-
cation. The granules (Fig. 6d–f) show regularly distributed packed par-
ticles at the surface of granules, spherules, and coated spherules. The
interstitial space between the particles at the surface of granules, spher-
ules, and coated spherules (Fig. 6g–i) appeared the same.While that on
the surface of coated spherules have shown deposited polymeric mate-
rial between the particles (Fig. 6i). From the SEM studies, it is apparent
that the shape of the particles is becoming spherical in the case of spher-
ules, the intra-particular cracks are getting reduced after the EC coating
different magnifications. Arrow, red (cracks), blue (Distributed packed particles), white

Image of Fig. 6


S. Thrivikraman Nair, K. Kamalasanan, A. Moidu et al. International Journal of Biological Macromolecules 182 (2021) 1769–1784
and the coating material is getting deposited mainly at the interstitial
space of particles present at the surface of the spherules. The smaller
particles present on the surface of granules, spherules, and coated
spherules are starch particles. As the starch powder is used for the con-
version of the granules to spherules. Given that, the drug content and
drug release profile are studied as shown in Fig. 7, (here red and blue
curves show drug release profiles for sieve no 22 (0.71 mm) and sieve
no 44 (0.35 mm) respectively, for uncoated spherules (US-22/44); sin-
gle coated EC and EL-100 spherules (S-EC-EG-C1-22/44); double-
coated EC and EL-100 (S-EC-EG-C2-22/44); double-coated EC spherules
(S-EC-C2-22/44)).

From Fig. 7, it shows that the uncoated spherules (f1) have a burst
release of 80% whereas formulation f2 (single coated EC and EL-100
spherules) and f3 (double-coated EC and EL-100 spherules) show a
slight decrease in the release (burst release 60%), which are not to the
level of expectation, that may be because of an uncontrolled spray rate
and a difference in rolling properties of spherules during the coating
process [74] that affects the CE. But a beneficial control in the release
is achieved by formulation f4 (double coated EC; burst release 40%).

Moreover, the coating on a bed of rolling particles can have several
uncertainties, however, that can be optimized based on the threshold
limit of controlling the release by the coated layer. Therefore the unseen
uncertainties together can be accounted for within the concept of CE.

Here on a drug reservoir, the rate-controlled film coating is done
[64]. The purpose of the study is to optimize the coating process. Exper-
imentally, the coating process needs to be optimized to attain a rela-
tively intact coating over the drug reservoir for control over the
release rate. The coating process thus can be staged into a point that
produces at least a 10% reduction in the release. Based on that the sec-
ond coating may be decided that can produce an increase or decrease
Fig. 7. Optimization of drug release of spherules, (i) Drug content evaluation of spherules. (ii) D
44), (b) Single coatedwith EC and Eudragit L-100 (S-EC-EG-C1-22/44) in 1:1 ratio. (c)Double co
22/44). Line graph of drug release for different spherules; (red) (Sieve No. 22), (blue) (Sieve N
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in the release. The increase in the release is due to increased osmotic
pressure and enhanced diffusion. And the decrease can be due to the
formation of intact less water diffusible membrane coating. These mul-
tiple coatings on a stage-by-stagemanner can be considered together as
CPC over the drug reservoir. This theory is evaluated in thiswork by tak-
ing four samples (f1, f2, f3 & f4). Where f1 is uncoated spherules (drug
reservoir), f2 is a single coated spherule (drug reservoir with a partially
coated surface and larger diffusible pores). For a single coated spherule
(f2) a combination of EL-100 (hydrophilic polymer) [75] andEC (hydro-
phobic polymer) is used, f3 is a drug reservoir with an intact rate-
controlling membrane having large hydrophilic pores. Here a second
coating for the above coating is done once again (i.e. double coated EC
and EL-100). And f4 is a drug reservoir with an intact hydrophobic
rate-controlling membrane is prepared by doing with double coating
using EC.

Further, mechanistic analysis of the drug release profile of spherules
is done by fitting the drug release data to the various kinetic models
(Table 7). Kinetic modeling of all the particles of spherules and coated
spherules (uncoated and coated) retained in sieve no. 22 and 44 are an-
alyzed, and that followed first-order drug release kinetics. All the spher-
ules are showing n < 0.45 is an indication of the dissolution-based
quasi-fickian release mechanism. This is mainly due to less water solu-
bility of the drug molecule [65][76].

The f4 gives an intact coating around the drug reservoir with maxi-
mum demonstrated control over drug release, so this formulation is
mainly analyzed for understanding themechanism of release using var-
ious models. The regression analysis shows that the f4 follows 1st order
release kinetics (Table 7). Where the regression coefficient for the f4 in
44 sieve (aperture size 0.35mm) spherules is 0.99, hence it is following
1st order release kinetics as expected. Subsequently, the one that has
rug release profile (red arrow indicates burst release) of, (a) Uncoated spherules (US-22/
atedwith EC and Eudragit L-100 (S-EC-EG-C2-22/44).(d) Double coatedwith EC (S-EC-C2-
o. 44),

Image of Fig. 7


Table 7
Mechanistic analysis of release kinetics of spherules retained in sieve numbers 22 and 44.

Kinetic models Uncoated spherules (f1) Single coated
spherules (EC and
Eudragit L-100 in 1:1
ratio) (f2)

Double coated EC and
Eudragit L-100
spherules (f3)

Double coated EC
spherules (f4)

Sieve no. 22 44 22 44 22 44 22 44
Zero-order R2 0.70 0.48 0.66 0.66 0.62 0.80 0.66 0.69

n 32.2 25.30 11.27 9.92 11.02 11.73 7.81 9.03
First-order R2 0.84 0.66 0.88 0.82 0.95 0.95 0.86 0.99

n 0.32 0.28 0.13 0.08 0.08 0.10 0.03 0.04
Higuchi model R2 0.88 0.72 0.89 0.88 0.87 0.96 0.90 0.91

n 56.68 48.71 33.68 29.45 33.47 32.96 23.4 26.6
Korsmeyer- Peppas model R2 0.60 0.88 0.96 0.83 0.95 0.91 0.94 0.96

n 0.20 0.10 0.18 0.18 0.17 0.30 0.23 0.21
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shown the highest regression coefficient (f4–44 sieve spherules) is
taken as the point for the comparison of other samples.

The coated spherules are showing variation in n value depending
upon the type and number of the coating. Between single coated and
double coated EC/EL-100 spherules, the double-coated spherule is
showing a higher n value. The increase in n value is an indication of en-
hanced release due to delivery system properties [77]. Usually, an in-
crease in release happens due to the osmotic effect [78]. In such kinds
of particles, the drug reservoir has osmotic properties due to the
Fig. 8. PXRD and DSC analysis of prepared samples. (a) PXRD spectrum of (i) ASP (pure API),
spherules without ASP. (b) DSC thermogram of (i) ASP (pure API), (ii) ASP granules, (iii) Do
Arrow (black) relevant peaks.
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excipients [79]. From the n values, it is apparent that the osmotic pres-
sure from the drug reservoir ismore in thedouble coated than the single
coated spherules. On the other hand, the hydrophobicity of the coated
film is high in EC double-coated spherules; thus, the n value is further
decreased, giving a higher control over release.

Given that, the DOS of optimized spherule is given in Fig. 4. The con-
version of a granule to an f4 EC coated optimized spherule requires op-
timization of CPC and CE. The coating process is going through an
arbitrary interface of less compact coating with varying release
(ii) ASP granules, (iii) Double coated EC-ASP spherules (S-EC-C2), (iv) Double coated EC
uble coated EC ASP spherules (S-EC-C2), (iv) Double coated EC spherules without ASP.

Image of Fig. 8
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properties in the case of f2 (single coated EC and EL-100) and f3 (double
coated EC and EL-100) respectively. While the f4 (EC double-coated
spherule) being an intact coating is showing better control over the re-
lease. This is mainly due to enhanced hydrophobicity and intact coating
achieved in the case of EC. To bring together the net outcome of the
studies, EC coating on granules needs to be doneon relatively larger par-
ticles, as multiple coatings, for maximum CPC and CE. The DOE predicts
the required CPC for particular sustained-release properties. The exper-
imental observation is fitting well with the DOE prediction (Table 6).

3.4. Powder X-ray diffraction (PXRD) and Differential scanning calorimetry
(DSC) analysis

The PXRDdata shows that (Fig. 8a), ASP remains in Form-I in the API
with specific peaks intensity (PI)=2534.7, at 2θ=21.40which is earlier
confirmed as at 2θ =20.20 [80,81] and is maintained same in formula-
tions as well. While double-coated EC spherules at 2θ = 21.1720

(black arrow) indicating a Form-II polymorphic shiftwithpeak intensity
(PI) =2786.4. This shift needs to be further confirmed by DSC
experiments.

The polymorphism of ASP from Form-I to Form-II is not clearly visi-
ble from XRD, even though its indications are there. However, the DSC
experiments (Fig. 8b) indicate polymorphism thatmay be due to the in-
troduction of the EC rate-controlling membrane. This is probably be-
cause of the partial solubilization of the ASP by the organic solvent
(acetone) and its altered recrystallization in confinement due to the
presence of a rate-controlling membrane. Here the organic solvent
may be playing an important role in inducing the polymorphism. Be-
cause, in another process of preparation of granules by wet granulation
in aqueous conditions, no endothermic peak shift in DSC from Form-I
(143.7 °C) to Form-II (136.5 °C) is observed, while it remains at Form-
I at peak =143.7 °C. That means organic solvent like acetone is causing
polymorphism while the aqueous solvent is not.

The DSC data shows that (Fig. 8b) the ASP crystal structure is chang-
ing from Form-I with a melting point peak of 143.7 °C. Which was ear-
lier identified as a peak at 143.9 °C [80], and is shifted to Form-II (136.5
°C) which is earlier identified as 135.5 °C [80] (Fig. 9).
Fig. 9. Schematic representation of the study design and relation between the independent par
spherules) showing that CE and size affect the release from the spherules.(UC- Uncoated (
(Optimised).
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This study shows a novel method to include arbitrary layers into the
logic of DOE to analyze the role of independent variables on the re-
sponses (Figure 9:). . Here, the arbitrary layer adopted is CE, which is
an intermediary stage before the required coating properties are
achieved. By this method, the linear relation between the coating pa-
rameters and response such as release profile can be achieved. Also, a
mechanistic understanding of the release properties with respect to
coating parameters can be attained.

Further, the optimized EC-coated spherules can beblendedwith var-
ious other spherules (such as uncoated, single coated, and double-
coated spherules) to achieve the desired release profile. They can have
varying drug content and release properties. Moreover, this blending
technique achieves tunable drug release patterns, suitable for enteric-
coated, SR, and CR profiles [45]. These spherules are weighed and
dosed before being filled into suitable hard gelatin capsules [74,82,83].

In this study, ASP granules are formulated into spherules. Spherules
are produced bywet granulation followed by bed coating during rolling
(BCDR) process. The novel BCDR technique is a robust and low-cost pro-
duction technique used in the preparation of spherules for research and
industrial applications.

These spherules have the therapeutic advantage such as high drug
content, sustained release, and property of distribution over a wide
area; being the spherules. That can result in improved absorption, de-
creased gastric irritation, which is particularly useful for treating the
COVID-19 patients having sensitive mucosa [84]. Spherules are coated
with sustained-release polymers that could avoid dissolution and disin-
tegration of the dosage form in GIT while distributing the dose over a
wide area of the intestine and deliver it over a period of time [41,85].

Although from various studies and published records [23,24], it is
apparent that ASP possesses some antiviral properties. That also has a
primary role in inhibiting the inflammatory responses and preventing
cardiac dysfunction or myocardial infarction in COVID-19 patients.
ASP is difficult to administer to COVID-19 patients, because of the in-
flammation, particularly in the stomach. Wherein, sustained-release
formulations are most suited as demonstrated here. When compared
to other NSAIDs like ibuprofen, administration of ASP at a low dose
(i.e. less than 100 mg/day) is highly safe for long-term use [26].
ameters such as CE, CPC, and responses (drug content, drug release, and percentage size of
f1), P1- single polymer coating (f2), P2- double polymer coating (f4)). Boxes (Green)

Image of Fig. 9
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However, it causes side effects such as gastrointestinal bleeding or local
toxicity due to the high concentration of drugs in the system [27]. The
EC coated spherule-based technology rapidly developed here with the
help of DOE is a suitable strategy to deliver ASP with minimal side ef-
fects in COVID-19 patients, as these spherules get distributed over a
wide area and slowly deliver the ASP.

4. Conclusion

ASP is currently proposed as one of the candidate drugs for the treat-
ment of COVID-19 patients due to its anticoagulant, anti-viral and anti-
inflammatory properties. However, its local side effect during GI admin-
istration such as gastric irritation needs to be suppressed. This study
aims to prepare an SR spherule-based oral formulation for ASP, from
granules by modifying them using coating with an SR polymer (EC), to
treat COVID-19. This is by optimizing the coating parameters and spher-
ule properties by exploring DOE and experimental validation. For that,
ASP spherules are developed using the novel BCDR process. They are
then coated with EC sustained release polymer film coating and tested.
The DOS by DOE is achieved to be around CE- 70.14%, CPC- 200% and
DR- 61.54% aswell as that is experimentally demonstrated. Comparison
between DOE to experimentally validated results is shown within 20%
deviation. The XRD and DSC analysis has demonstrated that ASP is un-
dergoing polymorphism within the drug reservoir with respect to pro-
cessing conditions, and this is the first report in this regard to our
knowledge. The BCDR process and DOEwith CE as an arbitrary interface
are the novel techniques adopted here. This is for the quick optimization
of SR formulations, which can bewidely explored in the pharmaceutical
industry. The optimization of EC coating based on mechanistic under-
standing of drug release profile adopted here also shed light on the de-
sign of SR coating requirements and optimization. One of the futuristic
plans is to improve the stability of the ASP in spherules with respect
to shelf-life.

The optimized spherules as demonstrated here are a potential candi-
date for the blending and filling of capsules to make as a unit dosage
form.
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