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The objective of the present investigation was to develop an enteric nano-formulation of bromelain to
improve its stability and anti-inflammatory potential. Bromelain loaded nanoparticles (Br-NPs) were
developed using a Eudragit L 100 polymer by a double emulsion solvent evaporation method to obtain
gastro-resistant properties. Br-NPs were characterized for particle size (248.89 + 22.76 nm), zeta
potential (—27.34 + 2.17 mV), entrapment efficiency (85.42 + 5.34%), surface morphology (spherical) and
in vitro release profile. Infrared spectroscopy confirmed the entrapment of bromelain while thermal and
pXRD analysis concomitantly corroborated the reduced crystallinity of bromelain in nanoparticles.
Formulations showed gastro-resistant behavior at gastric pH and sustained bromelain release up to 10 h
in phosphate buffer at pH 6.8 and followed Higuchi square root release kinetics. The optimized

lyophilized formulation ensured 2 year shelf-lfe at room temperature. In vivo studies revealed
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Accepted 3rd January 2018 significantly improved performance of entrapped bromelain in inhibiting carrageenan induced paw

edema by mitigating leucocyte migration and release of nitric oxide, TNFa and IL-1f in paw compared to

DOI: 10.1039/c7ra13555¢ bromelain solution. In conclusion, enteric Br-NPs could be a viable drug delivery system for effective
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1. Introduction

Inflammation is an essential biological response manifested to
preserve the integrity of tissues functioning in reply to cellular
injury caused by physical, chemical or infective insult.!
However, frequent insults erroneously lead to initiation and
progression of cellular inflammation to normal tissue damage
by chronic activation of resident macrophages and cells adja-
cent to lesions and consequent overproduction of pro-
inflammatory mediators.>* Excessive inflammation also serves
as a prominent risk factor of various chronic pathological
conditions like cancer,” neurodegenerative,” cardiovascular,®
respiratory,” metabolic and autoimmune disorders.® Inflam-
mation is strongly integrated with pain which sometimes
progress to physical disability, restlessness, feelings of severe
despondency and dejection. Thus, treatment of inflammation
becomes imperative to minimize pain and ameliorate quality of
life. Conventional therapies for pain and inflammation
management utilize steroidal and non-steroidal anti-
inflammatory drugs (NSAIDS). However, perennial utilization
of the above mentioned drugs has frequent and potential
hazardous side effects, low efficacy and poor patient compli-
ance.”™ Development of effective and safe treatment of
inflammation is of high clinical priority.*
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oral bromelain delivery in inflammatory conditions.

In recent years, a variety of dietary compounds derived from
natural sources have been widely consumed for minor and
major illness by almost 80% of world population.”® Several
epidemiological studies have indicated beneficial effect of
commonly consumed dietary fruits and vegetables over human
health in inflammatory conditions.** Among dietary
compounds, bromelain (sulfhydryl proteolytic enzymes) ob-
tained from stem of pine apple (Ananas comosus) is gaining
enormous attention due to its higher safety and efficacy index at
lower cost.'>'® It exhibits anti-inflammatory potential in several
clinical conditions involving acute and chronic inflammation
like infection," osteoarthritis,* colonic inflammation?® and
cancer.”” Bromelain detaches particular cell surface molecules
associated with lymphocyte and neutrophil migration to the site
of inflammation and specifically removes CD28 chemokine
receptor for anti-inflammatory activity.”>* Bromelain also
significantly blocked activation and production of cytokines
and inflammatory mediators in cultured leukocytes or human
intestinal cells.?®**” Thus, outcomes of various in vitro investi-
gations demonstrated that bromelain can be a favorable pros-
pect for establishing future oral enzyme remedies for patients
with acute and chronic inflammatory conditions.

However, clinical usage of bromelain via oral route is so far
a challenge due to its high propensity of degradation and
instability in acidic environment of stomach.>*** Being protei-
neous in nature, bromelain's denaturation and/or aggregation
may also lead to loss of its therapeutic efficacy along with
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Table 2 Effect of surrounding pH on particle size, zeta potential and drug release behavior of formulation after incubation of Br-NPs at

respective pH for 2 h

S. No. pH Particle size (nm + S.D.) Zeta potential (mV) PDI Drug release (%)
1 5.0 428.19 £ 32.16 —15.34 £ 2.17 0.65 + 0.01 18.23 £ 3.25
2 6.8 258.81 + 31.06 —25.34 £ 2.24 0.25 4+ 0.02 32.45 £ 4.23
3 7.4 241.64 + 22.76 —28.69 + 3.21 0.23 + 0.01 37.12 £ 5.01

also exhibited a significant influence on PDI due to its direct
effect on thickness of polymer coating. Polydispersity index, an
indicator of particle size distribution of various batches varied
from 0.213-0.412. PDI of batches in the range of 0.15 to 0.30
indicated degree of homogeneity of size distribution of nano-
particles while greater than 0.30 indicated heterogeneity of
dispersion. The increased viscosity of organic phase with rela-
tive increment of polymer load had resulted in genesis of coarse
dispersion due to deficiency of ample energy to conquer viscous
forces (Table 1).3#

Increase in homogenization speed showed significant
impact on reduction of particle size and polydispersity index
whereas enhanced entrapment efficiency (Table 1). This might
be attributed to the formation of uniform micellar structures.
On the contrary, further increment of homogenization speed
(15 000 rpm) increased particle size and reduced entrapment
efficiency (Table 1). This could be due to high shear forces
facilitating formation of non-uniform interfacial barrier
between two phases during micelle formation leading to coa-
lescence of dispersed phase.

Among surfactants, tween-80 showed higher encapsulation
of bromelain compared pluronic F-68 at 0.1% w/v concentra-
tion. This confirmed that tween-80 formed stable primary
emulsion by providing mechanical and thermodynamically
stable barrier at interface preventing aggregation and coales-
cence of particles. Similar results had been obtained for
encapsulation of hydrophilic drugs like cephalexin, beta-
lactoglobulin and Brucella abortus.***** The decrease in surfac-
tant concentration (0.05% w/v) increased particle size whereas
reduced entrapment efficiency confirming the need of suitable
amount of surfactant for preparing stable colloidal system.
However, decreased entrapment efficiency with higher
concentration of tween-80 might be attributed to solubilizing
effect of surfactant. The magnitude of surface charge repre-
sented as zeta potential for various batches varied from —19.43
to —28.01 mV. Colloidal systems with zeta potential having
numerical values near +30 mV ensures their considerable
physical stability.*

Increase in volume of external phase showed significant
effect on particle size, PDI and entrapment efficiency. Particle
size and PDI increased while entrapment efficiency reduced
with increase of external phase volume from 25 ml to 50 ml.
This might be due to deficit of sufficient shear forces for the
formation of uniform stable micellar structures.*® Thus,
depending upon the results obtained, formulation (L;) prepared
with optimized variables like drug-polymer ratio 1:15,
homogenization speed 12 500 rpm, tween-80 (0.1% w/v) as

This journal is © The Royal Society of Chemistry 2018

stabilizer and external phase volume of 25 ml was designated
for further investigations.

2.2 Effect of pH on formulation stability

It was observed that pH of surrounding media influenced the
colloidal behavior of formulation. Nanoparticles showed
aggregation (size of aggregates being 341.24 + 24.67 um),
reduced zeta potential (—0.27 £+ 0.01 mV) and increased PDI
(0.98 £ 0.02) suggesting reduced colloidal behavior of system
under acidic environment. The protonation of carboxylic
groups of methacrylic acid (pK, ~4.23) in acidic media (pH <
pK,) increased van der Waal forces of attraction between poly-
meric molecules and facilitated aggregation of nanoparticles.**
Earlier studies had reported retention of particles greater than
500 pm in stomach until fragmented to smaller size.** However,
size of aggregates observed was <500 pm indicating that
aggregation of nanoparticles would not interfere with gastric
emptying of nanoparticles. Optimized formulation incubated in
phosphate buffer pH 5.0, 6.8 and 7.4 had remained uniformly
dispersed as indicated by significantly higher zeta potential in
comparison to HCl buffer pH 1.2 (Table 2). Since pK, < pH,
polymer remained protonated and electrostatic repulsive forces
maintained the uniform dispersibility of nanoparticles at pH
conditions similar to intestine. The numerical values of zeta
potential (near - 30 mV) and PDI (<0.3) of formulation at
intestinal pH indicated that aggregates would undergo
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Fig. 1 In vitro release behavior of optimized formulation (Lz) in pH

progressive media (HCl buffer pH 1.2 for initial 2 h followed by phos-
phate buffer pH 6.8).
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disaggregation during passage from stomach to intestine
resulting in increased effective surface area.****

Drug release (12.98 £ 2.45%) from optimized formulation in
HCI buffer pH 1.2 indicated insufficiently coated surface of
nanoparticles. The nanoparticles were only slightly swollen but
remained intact and aggregated since Eudragit L 100 being
insoluble at acidic pH. Thus, polymeric nanoparticles would
maintain stability of bromelain during passage across stomach.
The increased percentage drug release was observed with pH
rise (5.0 to 7.4) due to increased ionization of polymer which
prevented aggregation of nanoparticles and provided higher
effective surface area for solvent contact and drug diffusion
(Table 2).%

2.3 Drug release study

In vitro drug release behavior of optimized formulation was
investigated in pH progressive media in order to determine the
potential of optimized formulation (L3) to mimic enteric and
controlled release behavior. Fig. 1 illustrates almost 13% drug
release in HCI buffer pH 1.2 within 2 h. Drug release in simu-
lated acidic environment might be due to leaching of drug from
insufficiently coated surfaces or film defects arising during
process of lyophilization. However, nanoparticles remained
intact in HCI buffer pH 1.2 due to insolubility of Eudragit L 100.
Optimized formulation showed burst drug release as pH of
dissolution fluid was increased to pH 6.8 by addition of diso-
dium hydrogen orthophosphate after 2 h. The abrupt release
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might be contributed by quick diffusion and elution of weakly
bound drug along with dissolution of outer polymeric layer. On
the contrary, succeeding prolonged release for 10 h indicated
slower dissolution of polymeric layer. Further analysis of release
data by substituting it to different release kinetic models showed
best fit to Higuchi square root release kinetic model which was
confirmed by comparing R value obtained for different release
kinetic models i.e. zero order (0.943), first order (0.798), Higuchi
(0.973) and Korsmeyer Peppas release kinetic (0.963) model. The
numerical value of release exponent (n = 0.694) revealed anom-
alous release behavior of drug i.e. diffusion of drug along with
dissolution of polymer contributed to release.

2.4 ATR-FTIR spectroscopy

Fig. 2 represents ATR-FTIR spectra of Eudragit L 100, bromelain
and optimized formulation. Eudragit L 100, an anionic copol-
ymer of methacrylic and methylmethacrylate exhibited charac-
teristic predominant peak of C=0 stretching vibration of ester
group at 1723.59 cm™ ' in its spectra. Bromelain showed char-
acteristic peak at 3258.17 ecm ™' (N-H stretching vibrations of
secondary amide), 2926.44 cm ' (aliphatic C-H stretching
vibration), 2360.23 cm™" (S-H stretching), 1727.75 cm™ ' and
1634.08 cm ™' (C=O0 stretch of aldehyde and amide group),
1337.53 cm™ ' (N-O symmetric stretch), 1423.40 cm™' (C-N
stretch of primary amide), 900.77 and 874.50 cm™ " (out of plane
C-H bending of aromatic residue of tryptophan or
tyrosine),749.53 em ™" (out-of-plane N-H wagging of secondary

! !
2000 1000 anl

Fig. 2 ATR-FTIR spectra of bromelain, Eudragit L 100 and optimized formulation.
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Fig. 3 X-ray diffraction pattern of bromelain, Eudragit L 100 and optimized formulation.

amide) and between 700-600 cm ™" (C-S stretch of sulfides and
disulfides). Peaks in the spectra of bromelain loaded nano-
particles at 3386.2 cm ™', 837 cm ™', 1153.03 cm ™' and 700-
600 cm~ ' for substituted secondary amide, substituted
aromatic ring, C-S stretch of sulfides and disulfides suggested
bromelain entrapment.

2.5 pXRD

Diffraction pattern of bromelain, polymer and optimized
formulation is represented in Fig. 3. Eudragit L 100 diffracto-
gram displayed diffused peaks indicating its amorphous
behavior. The intense peaks at 18.72°, 19.54°, 20.34° and 21.04°
were observed in the diffractogram of bromelain whereas low
intensity peaks at 12.47°, 16.18° and 23.82°. This indicates
semi-crystalline behavior of bromelain. However, characteristic
peaks of bromelain were absent in diffractogram of formula-
tion. This further confirmed uniform molecular dispersion of
drug in amorphous form in polymeric nanoparticles.

2.6 DSC

DSC thermograms of bromelain, Eudragit L100 and optimized
formulation are presented in Fig. 4. Eudragit L100 exhibited
a broad endothermic peak at 221.86 °C with heat of fusion 0.360

This journal is © The Royal Society of Chemistry 2018

J g '. The sharp melting endothermic peaks at 147.44 °C and
216.56 °C with corresponding heat of fusion 7.789 J g~* and
8.321 ] g ' respectively characterizes thermal behavior of
bromelain. While thermogram of optimized formulation
showed a single broad peak at 239.80 °C with heat of fusion
0.366 ] g ' devoid of characteristic peaks of bromelain. The
results indicated reduced crystallinity of bromelain in poly-
meric matrix which are also supported by X-ray analysis.”

2.7 Scanning electron microscopy

SEM photomicrographs revealed spherical shape with smooth
surface of bromelain loaded nanoparticles (Fig. 5). Microscopic
images depicted approximate particle size i.e. ~250 nm which
complies with results of photon correlation spectroscopy.
Micrographs also disclosed uniform distribution of particles in
formulation.

2.8 Stability study

The results of stability study of bulk bromelain and optimized
formulation stored under accelerated and real-time stability
conditions according to ICH guideline are presented in Table 3.
Br-NPs showed around 93% drug content expressed on behalf of
activity remaining under accelerated storage conditions for six

RSC Adv., 2018, 8, 2541-2551 | 2545
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Fig. 4 DSC thermogram of bromelain, Eudragit L 100 and optimized formulation.

months while bulk bromelain sample showed only 74% drug
content. However, under real time storage conditions for 12
months, bulk bromelain powder and L; formulation showed
around 76% and 95% drug content respectively. Bromelain
followed first order degradation kinetics. The calculated ¢y, of
bulk bromelain powder and L; formulation at real time stability
conditions was 152 and 762 days, respectively (Table 3).
Numerical values of K.,/too suggested that optimized formula-
tions would be able to assure almost two-year shelf life (¢9,) for
the product whereas bulk bromelain will remain stable for
almost five months at room temperature (Table 3). Bulk
bromelain powder showed color change from pale buff to light
brown. However, no color change was observed in bromelain

2546 | RSC Adv., 2018, 8, 2541-2551

loaded L; formulation. Thus, results of stability study
confirmed significant improvement in stability of bromelain
entrapped in Eudragit L 100 nanoparticles compared to bulk
bromelain powder.

2.9 Anti-inflammatory activity

Group of animals treated with optimized formulation showed
significantly higher ie. 81.02 + 6.98% reduction in hind paw
inflammation in prophylactic treatment after 4 h compared to
bromelain solution (13.90 + 5.67%) (Fig. 6). The percentage
reduction in inflammation observed following 10 h of treatment
of bromelain solution and optimized nanoparticles was 6.05 +
1.32% and 84.59 + 7.02% respectively. According to previous

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Scanning electron microscopy of optimized formulation.

reports available in literature, A-carrageenan injection induces
acute inflammatory changes occurring through cascade of
events involving secretion of proinflammatory agents.*® During
early phase (1-2 h), serotonin, histamine and bradykinins
release stimulates fluid extravasation at site of injection while
prostaglandins facilitating induction of isoforms of cyclo-
oxygenase plays vital role in late phase of post carrageenan
injection.” The outcomes of current study indicated suppres-
sion of late phase of carrageenan induced paw edema suggest-
ing bromelain's anti-inflammatory activity may be attributed by
inhibition of cyclooxygenase with diminished prostaglandins
expression (Fig. 6).>* The proteolytic activity of bromelain may
also be contributing to its anti-inflammatory potential by
inhibiting synthesis of inflammatory mediators, prostaglandin
E, and thromboxane A, as well as promoting reabsorption of
edema fluids into systemic circulation by enhancing tissue
permeability.’>**** The improved therapeutic potential of
formulation might be attributed to encapsulation of bromelain
in Eudragit L 100 which prevented bromelain denaturation in
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Fig. 6 Comparative in vivo evaluation of anti-inflammatory activity of
bromelain and optimized formulation. Optimized formulation showed
statistically significant difference (p < 0.001) in percent inflammation at
4 h and later with respect to control as well as bromelain.

gastric environment.”” Thus, improved gastric stability and
controlled release of bromelain from enteric nanoparticles
enhanced its anti-inflammatory activity.

2.9.1 MPO activity. The results of MPO assay showed that
carrageenan challenge in control group animals exhibited
significantly higher myeloperoxidase activity compared to
treatment groups. Pretreatment with bromelain and opti-
mized formulation showed 15.11% and 78.25% reduction in
MPO activity respectively compared to saline (Table 4). MPO
activity serves as a hallmark of neutrophil accumulation.>
Since MPO is an enzyme secreted by neutrophils outside the
cells inducing damage to adjacent tissues and contributing to
pathogenesis of inflammation. The results confirmed that
bromelain ameliorated inflammation by inhibiting trans-
endothelial migration and release of MPO facilitating faster
apoptosis of neutrophils.>®** Improved therapeutic potential
of optimized formulation further confirmed higher protection
of bromelain from gastric environment in enteric nano-
particles and availability of higher amount of biologically
active bromelain at site of action.

Table 3 Stability data of bulk bromelain and optimized formulation stored under accelerated and real-time stability according to ICH guideline®

Bromelain activity remaining (%)

Storage tyo
conditions Formulation oM 1.5M 3M 6M IM 12 M Kea (days)™*  (days)
40 + 2 °C/75 Bulk bromelain 100.00 + 1.78 92.04 4+ 2.92 81.96 + 3.88 74.25 £ 3.60 — — 1.61 x 103 65.37
+ 5% RH powder

L; 100.00 + 1.99 97.56 +3.89 95.60 + 3.50 92.71 +3.32 — — 4.61 x 107* 228.78
25 + 2 °C/60% Bulk bromelain 100.00 4 1.78 98.06 & 2.76 96.17 + 2.80 88.63 + 3.35 82.01 +2.32 76.19 +3.90 6.91 x 10°* 152.52
+ 5% RH powder

L; 100.00 4+ 1.99 99.92 + 2.48 98.90 + 3.54 97.26 +3.17 96.14 + 3.23 95.29 +2.51 1.38 x 10°* 762.62

¢ Note: values are mean =+ standard deviation (n = 3). Abbreviations: M, months; K., calculated first order degradation rate constant; too, time to

reach 90% of initial drug concentration.

This journal is © The Royal Society of Chemistry 2018
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Table 4 Effect of bromelain and optimized formulation on MPO activity, NO and cytokines level

Nitrate MPO
S. No. Groups (nmol g~ ' tissue) (U mg ™" of protein) TNFo, (pg ml™ ) IL-1B (pg ml ™)
1 Control 57.14 £ 3.06 11.45 £+ 1.94 245.78 + 45.56 106.23 £+ 25.21
2 Bromelain treated 54.01 + 2.97 9.72 + 2.08 218.56 + 41.67 96.11 + 20.56
3 Optimized formulation treated 32.85 £ 2.05 4.09 + 1.04 114.34 + 34.23 51.06 £+ 11.09

2.9.2 NO and cytokines (TNFa and IL-1B) estimation.
Carrageenan challenge resulted in significant increase in NO
synthesis and cytokines (TNFo and IL-1B) level in paw tissues. NO
is highly reactive and diffusible radical modulating edema
formation by escalating local blood flow and triggering prosta-
glandins genesis at the spot of inflammation.*® Similarly,
increased cytokines like TNFa and IL-1f level provokes various
inflammatory responses including neutrophil migration in local
tissues and induction of acute phase protein synthesis.”**
Therefore, increased NO and cytokines level at site of carrageenan
injection provoked inflammation. However, pretreatment of
animals with optimized formulation and bromelain guarded
against carrageenan induced elevation of NO and cytokines
respectively (Table 4). Bromelain's inhibitory effect on release of
various inflammatory mediators like TNFa, IL1- and NO by
inhibiting various molecular pathways including NFyxp over-
expression as well as improving expression of Nrf, pathway has
contributed to its anti-inflammatory activity.*>**** Bromelain
nanoparticles produced significantly higher reduction in level of
inflammatory modulators compared to bromelain solution due
to enhanced gastro-stability of bromelain in enteric formulation.
Thus, it can be concluded that usefulness of enteric nano-
formulation of bromelain in reduction of cytokine storm is
based on enhanced gastro-stability, inhibition of neutrophil
infiltration and release of pro-inflammatory cytokines.

3. Experimental procedure
3.1 Materials

Polymer (Eudragit L100) was procured as a gratis sample from
Jubilant life science, India. Potassium dihydrogen phosphate,
sodium hydroxide, hydrochloric acid, poly vinyl alcohol,
mannitol, cadmium filing, zinc sulphate were acquired from
Qualigens fine chemicals, Mumbai, India. Bromelain, casein,
tyrosine, carrageenan and trichloro acetic acid (98.0%) was
procured from Hi-media laboratory Pvt. Ltd, Mumbai, India.
Ethanol, dichloromethane (DCM) and iso-propanol were ob-
tained from Merck, Germany. Hexadecyl trimethylammonium
bromide (HTAB) and o-dianisidine dihydrochloride was obtained
from Sigma Chemicals Co. (St. Louis, MO, EUA). Other reagents
and solvents used were of analytical grade. Milli-Q pure water
(Millipore Elix water purification system) was used during study.

3.2 Preparation of bromelain laden nanoparticles (Br-NPs)

Br-NPs were formulated by double emulsion solvent evaporation
method with minor variation of method explained earlier.>*
Concisely, an aqueous solution of bromelain (15 mg) containing
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stabilizer (0.1% w/v tween-80) and mannitol (0.25% w/v) was
emulsified with organic phase under homogenization speed of
12 500 rpm for 10 min at 4 °C. Organic phase was composed of
Eudragit L 100 (75, 150, 225 and 300 mg) dissolved in mixed
solvent system of DCM : ethanol : IPA (5 : 6 : 4). The resulting w/o
emulsion was further emulsified in aqueous solution of polyvinyl
alcohol (1% w/v) containing mannitol (5% w/v) as cryoprotectant
using ultrasonic disruptor (PCI analytics 500F) for 5 min at 4 °C in
an ice bath. Subsequently, organic solvent was evaporated from
multiple emulsion at room temperature under magnetic stirring
for 14-16 h. The resulting suspension of nanoparticles was
centrifuged at 25 000 rpm for 20 min at 4 °C to collect nano-
particles as pellets. The collected particles were washed thrice
with milli-Q water and subjected to lyophilization. Various
batches of nanoparticles prepared by varying drug-polymer ratio,
volume of external aqueous phase, homogenization speed, type
and concentration of stabilizer are presented in Table 1.

3.3 Physicochemical characterization of nanoparticles

3.3.1 Proteolytic activity. Modified casein digestion
method specified in USP (XXVII) was used to determine the
proteolytic potential of bromelain. Briefly, buffered casein
substrate (1% w/v, pH 6.0 £ 0.1) was incubated with bromelain
solution for 20 min at 37 °C. Subsequently, trichloroacetic acid
solution (3 ml, 30% w/v) was added to terminate enzyme-
substrate reaction. The precipitated protein was permitted to
coagulate for 30 min in an incubator at 37 °C. Thereafter,
supernatants collected, filtered and quantified at 280 nm using
UV-VIS spectrophotometer (Lab India®,3000*, Mumbai, India).
Bromelain's proteolytic activity was expressed as casein diges-
tion unit (CDU) defined as microgram of tyrosine formed in
1 min by 1 mg of enzyme under assay condition.

3.3.2 Particle size and zeta potential. Br-NPs were charac-
terized for mean particle size, dispersity index and zeta poten-
tial using Nano ZS (Malvern instruments, UK) after dispersing
in milli-Q water using an ultra-sonicator (ElmasonicS100H). All
reported values were average of three independent samples.

3.3.3 Encapsulation efficiency. Briefly, lyophilized formu-
lation (15 mg) was dissolved in phosphate buffer pH 7.4 (1 ml).
Micro BCA protein estimation kit was utilized to determine
protein content of samples by microplate reader (Biotek
Instruments, Winooski, USA) at 540 nm. Encapsulation effi-
ciency was determined by formula

mg encapulated bromelain
100 mg nanoparticles

100
(1)

Actual drug loading (%) =
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actual bromelain loading
theoretical bromelain loading

x 100

Encapsulation efficency (%) =

(2)

3.3.4 pH dependent stability of nanoparticles. Lyophilized
Br-NPs were exposed to different pH conditions like pH 1.2, 5.0,
6.8 and 7.4 corresponding to stomach, duodenum, small intes-
tine and large intestine respectively to predict their stability in
GIT fluids. Briefly, nanoparticles equivalent to 10 mg bromelain
were incubated into 20 ml of HCI buffer pH 1.2, phosphate buffer
pH 5.0, 6.8 and 7.4 in an incubator shaker at 37 + 0.5 °C and 100
shakes per min for 2 h, respectively. Particle size, surface charge,
polydispersity index and percent drug release were determined
after incubation of nanoparticles in different buffers respectively.

3.3.5 Dissolution study. Dissolution profile of optimized
formulation was determined utilizing USP paddle type dissolution
apparatus. Optimized formulation equivalent to 30 mg of
bromelain placed in dialysis bags was submerged in pH progres-
sive dissolution medium (250 ml) at 37 + 2 °C with constant
stirring at 100 rpm. Samples were withdrawn at predetermined
intervals upto 12 h followed by replacement with equivalent
volume of same buffer. The amount of bromelain released was
estimated utilizing micro BCA protein estimation kit at 540 nm.

3.3.6 Attenuated total reflection-Fourier transforms
infrared spectroscopy (ATR-FTIR). ATR-FTIR spectra of brome-
lain, Eudragit L 100 and Br-NPs were recorded in spectral region
4000 to 400 cm ™' using Bruker EQUINOX 55 FTIR spectropho-
tometer. All spectra obtained were corrected by applying
advanced ATR correction and percentage transmittance was
documented using a nominal resolution of 2 em ™.

3.3.7 Powder X-ray diffractometry (p-XRD). Diffraction
pattern of bromelain, Eudragit L100 and optimized formulation
was determined on XPERT-PRO, Pan Analytical, powder X-ray
diffractometer (Netherland). Measurements were done at 40
kV and 25 mA tube current using Cu line as radiation source.
Samples were scanned at diffraction angle ranging from 3.0 to
45.0° 20 at the scanning rate of 2° min~".

3.3.8 Differential scanning calorimetry (DSC). Thermal
behavior of bromelain, Eudragit L100 and optimized formulation
was recorded on DSC-204 F1 Phoenix, NETZESH differential
scanning calorimeter (Germany). Samples (3-5 mg) clamped in
aluminum pan were heated at 10 °C min~' in nitrogen gas envi-
ronment (40 ml min~") over a temperature range from 40-250 °C.

3.3.9 Scanning electron microscopy (SEM). The surface
morphology of optimized formulation was evaluated through
scanning electron microscope (LEO 435 VP) and images were
captured. Samples were mounted on brass stubs using carbon
paste and coated with gold and palladium using a high vacuum
evaporator (SC7640 Polaron Sputter Coater) under an inert
environment.

3.4 Stability studies

Stability of bromelain bulk powder and optimized formulation
stored in amber colored glass bottles was monitored according
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to ICH guideline for zone III and IV. Samples were analyzed for
stability at accelerated and real-time stability conditions for 6
and 12 months respectively. Samples after thawing and re-
dispersing were analyzed for bromelain activity, particle size
and zeta potential over a period of stability study.

3.5 In vivo activity

3.5.1 Animals. Wistar rats (150-180 g) of 4-6 weeks were
obtained from Institutional Animal House, Department of
Pharmacy, Banasthali Vidyapith, India. All experimental
protocols for conducting in vivo acute anti-inflammatory studies
were sanctioned by the IAEC Banasthali Vidyapith, India.
Experimental animals were acclimatized at 25 + 2 °C and 60 +
5% RH under a 12 h light/dark cycle for a week with unrestricted
access to standard animal diet and water ad libitum before
initiation of experiment.

3.5.2 Acute anti-inflammatory activity. Wistar rats (150-
180 g) were randomly grouped into three groups (n = 6). Group
I, II and III received normal saline (positive control), bromelain
solution (5 mg kg~ ') and optimized formulation (dose equiva-
lent to 5 mg kg~ ! bromelain) respectively. All treatments were
administered prophylactically 1 h before induction of edema.
Edema was induced by injecting 100 pl of 1.0% w/v carrageenan
solution in normal saline into subplanar region of right hind
paw of all test animals. Subsequent paw volume measurements
were made using plethysmometer (M/s Ugo Basile, Italy) by
immersing hind paw to hair line to ankle at a time interval of 0,
0.5,1,2,4,6,8and 10 h after injection of inflammation inducer.
The change in paw volume was expressed as percentage edema
compared to paw volume before carrageenan injection. The
percentage edema inhibition was determined using formula

% edema inhibition = (V,,. — V;, )/ V5, (3)
where V,,_and V},_is volume of paw in control group and treated
group respectively.

3.5.3 Leukocyte myeloperoxidase (MPO) activity. Paw
tissues associated MPO activity was evaluated by method
explained by Comalada et al., 2005 with slight modification.>®
Briefly, paw tissues were homogenized in phosphate buffer
(50 mM, pH 6.0) containing 0.5% HTAB under ice cold condi-
tion. Homogenates were centrifuged at 15 000 rpm and 4 °C for
25 min. An aliquot (250 pl) withdrawn from supernatant was
allowed to react with o-dianisidine dihydrochloride (1.6 mM)
and hydrogen peroxide (0.1 mM) dissolved in phosphate buffer
(50 mM, pH 6.0). Samples were analyzed spectrophotometrically
at 460 nm for 2 min in a spectrophotometer. MPO activity was
explained as amount of enzyme degrading 1 umol of peroxide
per minute at 37 °C and illustrated in units per milligram of wet
tissue.

3.5.4 Determination of nitric oxide (NO) level in paw
tissues as oxidative stress parameter. Paw tissues collected after
10 h of carrageenan challenge were immediately homogenized
in phosphate buffer saline (pH 7.4) at 4 °C and centrifuged.
Supernatants collected and stored at —20 °C prior to assessment
of NO level as oxidative stress parameter. NO level in paw tissues
was measured by estimating stable end products of nitric oxide
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oxidation i.e. total nitrite/nitrates stated by Sastry et al.,
2002.%” Briefly, tissue homogenate (100 pl, 10%) was mixed
with carbonate buffer (400 ul, 50 mM, pH 9.0) followed by
inclusion of little amount of cadmium filing. Test samples
were incubated for 1 h with uniform shaking. The reaction
was ceased by addition of sodium hydroxide (100 pl, 0.35 M)
and zinc sulphate (400 pl, 130 mM) with uniform stirring.
Supernatant was collected by centrifuging at 15 000 rpm for
15 min. Aliquots (1 ml) withdrawn from supernatants were
gently mixed with Griess reagent (1 ml) and incubated for
10 min at 25 °C. Samples were analyzed spectrophotometri-
cally at 545 nm against blank.

3.5.5 Measurement of TNFa and IL1-B level in paw tissues.
TNFa and IL1-B level in supernatant of paw tissue homogenates
of normal saline, bromelain, optimized formulation treated
groups was determined by commercially available rat cytokines
ELISA KITS for TNFa and IL1-B according to standard protocols
as per manufacturer's recommendation. Tissue protein content
was estimated by Bradford dye-binding assay.*® Cytokine levels
of tissue samples were expressed as pg/mg of total protein of
respected sample.

4. Conclusion

A variety of factors like stress, trauma, infection, obesity,
insect stings, excessive exercise efc. triggers inflammation
associated with pain in human beings on a daily basis.
NSAIDS commonly utilized to relieve inflammation are often
associated with side effects. Thus, investigating new drugs
with prospective benefits in inflammation along with shuf-
fling through already known drugs is the demand of the hour.
Bromelain, a natural source derived bioactive cysteine
protease could be put to good use by delivering it as enteric
formulation. The results of present study endorsed the
hypothesis that enteric formulation could improve the GIT
stability and functional outcomes of bromelain in inflam-
mation. Thus, it can be concluded that bromelain loaded
enteric nanoparticles can be considered as promising drug
delivery system for improving therapeutic efficacy of brome-
lain via oral route. However, scalability, safety and efficacy of
formulation needs to be studied in clinics before its thera-
peutic use.

Ethical statement

Animal studies were performed in strict accordance with
guidelines established for the care and use of laboratory
animals by CPCSEA, Ministry of Social Justice and Empower-
ment, Government of India. The protocol was approved by the
Institutional Animal Ethical Committee of Banasthali Vidya-
pith, Rajasthan, India.

Conflicts of interest

The authors report no conflicts of interest in this work.

2550 | RSC Adv., 2018, 8, 2541-2551

View Article Online

Paper

Acknowledgements

The authors are grateful to Banasthali Vidyapith (Rajasthan,
India) for providing facilities to undertake this research.
Authors are also thankful to Jubilant Organosys (Noida, India)
for gifting Eudragit L100 polymer.

References

1 M. W. Kemp, M. Saito, J. P. Newnham, I. Nitsos, K. Okamura
and S. G. Kallapur, Reprod. Sci., 2010, 17, 619-628.

2 L. C. Davies, S. J. Jenkins, J. E. Allen and P. R. Taylor, Nat.
Immunol., 2013, 14, 986-995.

3 E. Z. da Silva, M. C. Jamur and C. Oliver, J. Histochem.
Cytochem., 2014, 62, 698-738.

4 C. Berasain, M. J. Perugorria, M. U. Latasa, J. Castillo,
S. Goni, M. Santamaria, J. Prieto and M. A. Avila, Exp. Biol.
Med., 2009, 234, 713-725.

5 F. Pérez-Cerda, M. V. Sanchez-Gomez and C. Matute,
Multiple Sclerosis and Demyelinating Disorders, 2016, 1, 9.

6 H. Teague and N. N. Mehta, Curr. Atheroscler. Rep., 2016, 18, 3.

7 S. V. Eeden, ]. Leipsic, S. F. Paul Man and D. D. Sin, Am. J.
Respir. Crit. Care Med., 2012, 186, 11-16.

8 G. S. Hotamisligil, Nature, 2017, 542, 177-185.

9 S. Trelle, S. Reichenbach, S. Wandel, P. Hildebrand,
B. Tschannen, P. M. Villiger, M. Egger and P. Jini, BMJ,
2011, 342, c7086.

10 Coxib and traditional NSAID Trialists' (CNT) Collaboration.
N. Bhala, J. Emberson, A. Merhi, S. Abramson, N. Arber,
J. A. Baron, C. Bombardier, C. Cannon, M. E. Farkouh,
et al., Lancet, 2013, 382, 769-779.

11 L. Akhund, R. J. Quinet and S. Ishaq, Arch. Intern. Med., 2003,
163, 114-115.

12 L. ]J. Crofford, Arthritis Res. Ther., 2013, 15, S2.

13 X. Zhang, WHO Traditional Medicine Strategy 2002-2005,
WHO, Geneva, Switzerland, 2002.

14 J. Yu, X. Bi, B. Yu and D. Chen, Nutrients, 2016, 8, E361.

15 H. R. Maurer, Cell. Mol. Life Sci., 2001, 58, 1234-1245.

16 J. V. Castell, G. Friedrich, C. S. Kuhn and G. E. Poppe, Am. J.
Physiol., 1997, 273, G139-G146.

17 J. R. Huang, C. C. Wu, R. C. Hou and K. C. Jeng, Immunol.
Invest., 2008, 37, 263-277.

18 S. Brien, G. Lewith, A. Walker, S. M. Hicks and D. Middleton,
Evid. base Compl. Alternative Med., 2004, 1, 251-257.

19 J. E. Onken, P. K. Greer, B. Calingaert and L. P. Hale, Clin.
Immunol., 2008, 126, 345-352.

20 L. P. Hale, P. K. Greer, C. T. Trinh and M. R. Gottfried, Clin.
Immunol., 2005, 116, 135-142.

21 K. Bhui, S. Prasad, J. George and Y. Shukla, Cancer Lett.,
2009, 282, 167-176.

22 K. Chobotova, A. B. Vernallis and F. A. Majid, Cancer Lett.,
2010, 290, 148-156.

23 L. P. Hale, P. K. Greer, C. T. Trinh and C. L. James, Int.
Immunopharmacol., 2005, 5, 783-793.

24 D.]. Fitzhugh, S. Shan, M. W. Dewhirst and L. P. Hale, Clin.
Immunol., 2008, 128, 66-74.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra13555f

Open Access Article. Published on 11 January 2018. Downloaded on 3/10/2026 4:42:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

25 L. P. Hale, P. K. Greer and G. D. Sempowski, Clin. Immunol.,
2002, 104, 183-190.

26 T. L. Mynott, A. Ladhams, P. Scarmato and C. R. Engwerda, J.
Immunol., 1999, 163, 2568-2575.

27 T. L. Mynott, B. Crossett and S. R. Pathalingam, Infect.
Immun., 2002, 70, 86-95.

28 P. Streichhan, W. Schaik and G. Stauder, Bioavailability of
therapeutically used hydrolytic enzymes, in Absorption of
orally administered enzymes, ed. M. L. C. Gardner and K. J.
Steffens, Springer, Berlin, 1995, pp. 83-94.

29 V. R. Sinha and A. Trehan, J. Controlled Release, 2003, 90,
261-280.

30 E. Allemann, J. Leroux and R. Gurny, Adv. Drug Delivery Rev.,
1998, 34, 171-189.

31 J. W. Yoo, N. Doshi and S. Mitragotri, Adv. Drug Delivery Rev.,
2011, 63, 1247-1256.

32 S.S.Vasudev, S. Ahmad, R. Parveen, F. ]J. Ahmad, C. K. Anish,
M. Ali and A. K. Panda, Pharmazie, 2011, 66, 956-960.

33 M. Sharma, V. Sharma, A. K. Panda and D. K. Majumdar,
Pharm. Dev. Technol., 2013, 18, 560-5609.

34 J. A. Seitz, S. P. Mehta and J. L. Yeager, Tablet coating, in The
Theory and Practice of Industrial Pharmacy, ed. L. Lachman,
H. A. Lieberman and J. L. Kanig, Lea and Febiger,
Philadelphia, PA, 1986.

35 A.R. Neurath, N. Strick and Y. Y. Li, BMC Infect. Dis., 2003, 3,
27.

36 D. Jain, D. K. Majumdar and A. K. Panda, J. Biomater. Appl.,
2006, 21, 195-211.

37 M. Sharma, V. Sharma, A. K. Panda and D. K. Majumdar, Int.
J. Nanomed., 2011, 6, 2097-2111.

38 M. Rawat and S. Saraf, J. Microencapsulation, 2009, 26, 306-
314.

39 R. Katara and D. K. Majumdar, Colloids Surf., B, 2013, 103,
455-462.

40 R. P. Patel, G. Khan, S. Chaurasia, N. Kumar and B. Mishra,
RSC Adv., 2015, 5, 76491.

41 J. Rojas, H. Pinto-Alphandary, E. Leo, S. Pecquet,
P. Couvreur, A. Gulik and E. Fattal, Pharm. Res., 1999, 16,
255-260.

42 C. Bouissou, U. Potter, H. Altroff, H. Mardon and C. Van Der
Walle, J. Controlled Release, 2004, 95, 557-566.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

43 W. Chaisri, W. E. Hennink, C. Ampasavate and S. Okonogi,
AAPS PharmSciTech, 2010, 11, 945-951.

44 L. C. Li and T. Youqin, in Encyclopaedia of Pharmaceutical
Technology ed. J. Swarbrick and J. C. Boylan, Marcel Dekker
Inc, New York, 1992.

45 R. J. Murphy, D. Pristinski, K. Migler, J. F. Douglas and
V. M. Prabhu, J. Chem. Phys., 2010, 132, 194903-194906.

46 R. K. Chang, Y. Peng and A. J. Shukla, Polymethacrylates, in
Handbook of Pharmaceutical Excipients, ed. R. C. Rowe, P. J.
Shesky and S. C. Owen, American Pharmaceutical
Association and The Pharmaceutical Society of Great
Britain, London, UK, 5th edn, 1986.

47 M. Maghsoodi, AAPS PharmSciTech, 2009, 10, 120-128.

48 M. Eddouks, D. Chattopadhyay and N. A. Zeggwagh, Evid.
base Compl. Alternative Med., 2012, 14.

49 1. Posadas, M. Bucci, F. Roviezzo, A. Rossi, L. Parente,
L. Sautebin and G. Cirino, Br. J. Pharmacol., 2004, 142,
331-338.

50 K. Bhui, S. Tyagi, A. K. Srivastava, M. Singh, P. Roy, R. Singh
and Y. Shukla, Mol. Carcinog., 2012, 51, 231-243.

51 F. R. F. Silvay C. M. P. G. Dore, C. T. Marques,
M. S. Nascimento, N. M. B. Benevides, H. A. O. Roche,
S. F. Chavante and E. L. Leite, Carbohydr. Polym., 2010, 79,
26-33.

52 Y. Fie, W. Wang, J. Kwiecinski, E. Josefesson, R. Pullerits,
I. M. Jonsson, M. Magnusson and T. Jin, J. Infect. Dis.,
2011, 204, 348-357.

53 S. Abbasi Habashi, F. Sabouni, A. Moghimi and S. A. Majd,
Iran. Biomed. J., 2016, 20, 33-40.

54 R. C. Hou, Y. S. Chen, J. R. Huang and K. C. Jeng, J. Agric.
Food Chem., 2006, 54, 2193-2198.

55 C. R. Engwerda, D. Andrew, A. Ladhams and T. L. Mynott,
Cell. Immunol., 2001, 210, 66-75.

56 M. Comalada, D. Camuesco, S. Sierra, I. Ballester, J. Xaus,
J. Galvez and A. Zarzuelo, Eur. J. Immunol., 2005, 35, 584-592..

57 K. V. Sastry, R. P. Moudgal, J. Mohan, J. S. Tyagi and
G. S. Rao, Anal. Biochem., 2002, 306, 79-82.

58 J. M. Fagan, B. G. Sleczka and 1. Sohar, Int. J. Biochem. Cell
Biol., 1999, 31, 751-757.

RSC Adv., 2018, 8, 2541-2551 | 2551


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra13555f

	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration

	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration

	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration
	Implications of designing a bromelain loaded enteric nanoformulation on its stability and anti-inflammatory potential upon oral administration


