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a b s t r a c t

This study aimed to design a hyaluronic acid-based targeted, mucoadhesive and mucopenetrating drug
delivery system encapsulating clarithromycin that would improve the drug residence time at H. pylori
infection site. Clarithromycin-loaded thiolated hyaluronic acid-co-oleic acid (CLR-thHA-co-OA),
clarithromycin-loaded ureido-conjugated thiolated hyaluronic acid-co-oleic acid (CLR-Ur-thHA-co-OA),
and clarithromycin-loaded papain-modified ureido-conjugated thiolated hyaluronic acid-co- oleic acid
(CLR-PAP-Ur-thHA-co-OA) nanomicelles were prepared by an ultra-sonication method. FTIR data con-
firmed the successful grafting of the different ligands to polymer backbone. XRD analysis revealed the
amorphous nature of the polymer conjugate and drug inside nanomicelles. The critical micelle concentra-
tion of PAP-Ur-thHA-co-OA nanomicelles was found to be 15.85 lg/ml. Also, the sizes of nanomicelles
were in the range of 210–258 nm. TEM analysis of CLR-PAP-Ur-thHA-co-OA nanomicelles confirmed their
small size and spherical shape. Zeta potential and entrapment efficiency of CLR-PAP-Ur-thHA-co-OA
nanomicelles were –24 mV and 80 ± 7.2% respectively. A sustained drug release pattern was observed
for all types of prepared nanomicelles, whereas CLR-PAP-Ur-thHA-co-OA ones also displayed improved
stability at acidic pH. Due to the presence of thiol groups in the polymer backbone, thiolated nanomi-
celles displayed important mucoadhesive properties. In this regard, FDA loaded PAP-Ur-thHA-co-OA
nanomicelles showed the deepest penetration distance into the mucus by cleavage of mucoglycoproteins
when compared to papain-unmodified nanomicelles. Fluorescent images of gastric tissues revealed the
greater gastric retention time of nanomicelles compared to the free drug. As consequence, an enhanced
in vitro efficacy against H. pylori was observed by nanomicelles. The in vivo clearance study showed an
improved eradication of H. pylori by CLR-PAP-Ur-thHA-co-OA nanomicelles in comparison to other
nanoformulations. Thus, the newly synthesized CLR-PAP-Ur-thHA-co-OA nanomicelles have the potential
to be used as an efficient nanocarrier for H. pylori infection treatment due to their enhanced mucopene-
tration and mucoadhesion properties, as well as their improved stability and extended drug release.
� 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license.

(http://creativecommons.org/licenses/by-nc/4.0/).
1. Introduction

Helicobacter pylori (H. pylori), a gram-negative, non-invasive,
microaerophilic, a spiral bacterium is known as a major patho-
gen associated with peptic ulcer [1], duodenal ulcer [2], gastritis
[3], mucosa-associated lymphoid tissue (MALT) lymphoma [4]
and gastric carcinoma [2,5], and has been classified as class I
carcinogen by the World Health Organization (WHO). According
to estimations, H. pylori colonizes more than 50% of the world’s
inhabitants, infecting the majority in their childhood [6]. This
bacterium resides in the deeper layer of gastric mucosa or at
the surface of the epithelial cells throughout the life of an indi-
vidual. The presence of H. pylori is usually harmless, but it can
cause peptic ulcer disease or other chronic diseases in 5–10%
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population [7]. Various treatment strategies like standard triple
therapy including two antibiotics and a proton pump inhibitor
for 7–14 days or a quadruple therapy containing bismuth in
addition to the recommended triple therapy for 10 days have
been used in clinics [8,9]. However, these therapeutic options
are currently inefficacious to eradicate the microbe due to most
common antibiotic resistance, inability of antibiotics to cross
the mucosal barrier, antibiotic deterioration at acidic pH, thera-
peutic non-compliance, and inadequate residence time in the
gastric region [10,11].

To circumvent these hurdles, different strategies have been
investigated including mucoadhesive, and/or muco-penetrating
and/or pH-sensitive drug delivery nanocarriers [10,12]. Nanocar-
riers have gained much attention as promising oral drug deliv-
ery systems for the treatment of H. pylori infection due to their
several advantageous properties such as mucoadhesivity, bio-
compatibility and biodegradability. Hyaluronic acid has been
widely used in different pharmaceutical dosage forms i.e., ocular
inserts, buccal patches, tablets, hydrogels and scaffolds [13–15].
It is a biocompatible and biodegradable anionic polymer with
promising mucoadhesive properties [16]. Owing to such proper-
ties, it can be used in many oral liquid dosage forms to
improve their residence time and subsequent efficacy of phar-
maceutical products. Therefore, hyaluronic acid has been inves-
tigated for its use in drug delivery systems as a cornerstone for
effective drug delivery. Moreover, this biopolymer can be chem-
ically modified as it contains hydroxyl and carboxylic groups
that can react with a variety of molecules resulting in multi-
functional drug delivery system [17]. In particular, thiomers
have been considered to improve mucoadhesion properties as
well as imparting mucopenetrating properties of drug delivery
nanosystems; and their combination with mucolytic enzymes
like papain incorporated to a nanocarrier system should provide
new ways to reach the pathogen infection site in deep mucus
layer. This nanocarrier system may be generated by further
modifying the hyaluronic acid backbone with oleic acid to cre-
ate a block copolymer able to self-assemble into polymeric
nanomicelles. Polymeric nanomicelles are self-assembling
nano-constructs of amphiphilic copolymers having a core–shell
shape. The hydrophobic core encapsulates hydrophobic compo-
nents that are protected from the external physiological envi-
ronment by a hydrophilic corona [18]. However, there has not
been much research about using hyaluronic acid-based poly-
meric nanomicelles in drug delivery for the eradication of H.
pylori infection.

Therefore, our study aimed at developing of papain-modified
ureido-conjugated thiolated hyaluronic acid-co-oleic acid (PAP-
Ur-thHA-co-OA) nanomicelles for the effective eradication of
H. pylori. Initially, hyaluronic acid was thiolated by carbodiimide
chemistry to improve its mucoadhesive characteristics. Thio-
lated hyaluronic acid was then hydrophobically modified by
oleic acid to prepare polymeric nanomicelles by ultra-
sonication. Oleic acid, an unsaturated fatty acid, has been sug-
gested to possess bacteriostatic and bactericidal properties
against a wide range of bacteria [19]. Urea, specifically recog-
nized by Urel protein on H. pylori membrane, was then grafted
to the polymer backbone being used as a targeting moiety to
the infection site [20]. Mucopenetrating properties were
imparted to the nanocarrier system through the attachment of
the mucolytic enzyme, papain. The designed PAP-Ur-thHA-co-
OA nanomicelles incorporating clarithromycin as a model drug
were evaluated for their mucoadhesive, mucopenetrating,
release characteristics and in vitro efficacy against H. pylori.
The developed nanomicelles are proposed to have improved
mucoadhesion, mucopenetration and efficacy against the patho-
gen residing in the deep mucus layer.
2

2. Experimental

2.1. Materials

Clarithromycin was obtained from Global Pharmaceuticals
(Pakistan). Hyaluronic acid (HA), N-hydroxysuccimide (NHS), urea,
oleic acid were from Sigma Aldrich, Germany. Cystamine
hydrochloride was purchased from Daejung China. Ellman’s
reagent (Di thio-bis nitro benzoic acid was from Alfa Aesar (Ger-
many), whereas papain was obtained from Merck (Germany).
EDAC (Ethyl dimethyl aminopropyl carbodiimide, Penicon), casein
powder (Science Home, Pakistan), Fluorescein diacetate (FDA) was
from Avonchem (United Kingdom). Hydrochloric acid was bought
at Riedel-De-haen, RDH, Labor chemikalein, GmBh & Co (Ger-
many). Potassium dihydrogen phosphate, sodium dihydrogen
phosphate, dipotassium hydrogen phosphate, sodium hydroxide,
acetone, and sodium chloride were from Scharlau (Germany. Dis-
tilled water was from MilliQ grade (Department of Pharmacy,
QAU, Islamabad).

Bacterial strain of Helicobacter pylori was obtained from Micro-
biology Department of Quaid-i-Azam University, Islamabad. Swiss
albino mice were purchased from National Institute of Health
(NIH), Islamabad.

2.2. Methodology

2.2.1. Synthesis of thiolated hyaluronic acid (thHA)
Thiolated hyaluronic acid was synthesized through an EDAC

coupling reaction [21]. In brief, sodium hyaluronate (0.2 g) was dis-
solved in 50 mL distilled water. The pH was then adjusted to 5.5
using 0.1 N HCl. Then, 50 mM N-hydroxy succinimide and 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
were added to the above solution and stirred for 15 min. The pH
of the mixture was adjusted to 5.5. Cystamine hydrochloride
(0.25 g) was added to the mixture followed by pH adjustment to
6.0. Stirring was done for 4 h at 25 �C in dark. Dialysis against 1%
NaCl three times and one time against distilled water were carried
out in dialysis tubes to get rid of unreacted material. The polymer
was lyophilized at �50 �C after dialysis and kept at 4 �C.

2.2.2. Synthesis of thiolated hyaluronic acid-co-oleic acid (thHA-co-
OA) conjugate

Hyaluronic acid-co-oleic acid (thHA-co-OA) conjugate was also
synthesized through an EDAC coupling reaction [22]. Briefly, a
solution of thiolated hyaluronic acid was made by adding 1 g of
thiolated hyaluronic acid in 60 mL of water and 5 M HCl
(pH < 5). Next, 0.57 g of oleic acid was dissolved in 40 mL ethanol
followed by the addition of 100 mM EDAC and stirred at 60 �C for
30 min. The activated OA solution was poured into the hyaluronic
acid one under vigorous stirring and the reaction was carried out at
80 �C for 24 h. The resulting mixture was then dialyzed (dialysis
membrane Mw cut off 3.5 kDa) for 3 days against deionized water
in the absence of light at 10 �C and freeze dried at �45 �C. The
resulting conjugate was stored at 4 �C until further use.

2.2.3. Synthesis of ureido modified thHA-co-OA conjugate
Ureido-modified hyaluronic acid-co-oleic acid (Ur-thHA-co-OA)

conjugate was synthesized by carbodiimide reaction [23] with few
modifications. In short, 1 g of thHA-co-OA conjugate was dissolved
in 500 mL of water following the addition of 20 mL of EDAC/NHS
solution (502 mg EDAC and 302 mg NHS). The mixture was
allowed to react for 5 min. Then, urea solution was made by dis-
solving 72 mg of urea in 1 mL DMSO. This solution was poured into
the polymeric one and left to react for 12 h at 25 �C. The final solu-
tion was dialyzed (dialysis membrane Mw cut off 3.5 KDa) for
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4 days against excess of water and 0.3 M NaCl solution. The dia-
lyzed sample was lyophilized and stored at 4 �C until further use.

2.2.4. Synthesis of papain modified ureido conjugated hyaluronic acid-
co-oleic acid conjugate (Pap-Ur-thHA-co-OA)

Papain-modified ureido-conjugated thiolated hyaluronic acid-
co-oleic acid (Pap-Ur-thHA-co-OA) conjugate was synthesized also
by carbodiimide reaction [21]. Briefly, 1% (w/v) solution of Ur-
thHA-co-OA conjugate was prepared by solubilizing 1 g of conju-
gate in 100 mL of water. pH of the solution was adjusted to 6 with
5 M NaOH solution. 500 mg of EDAC and 300 mg of NHS were then
added to the polymer solution and the mixture was stirred for 2 h.
Thereafter, papain solution was prepared by solubilizing 100 mg of
papain in 50 mL of water and added to the polymer solution slowly
while stirring. This mixture was stirred at 10 �C for 12 h. Dialysis
was carried out for 48 h in dark at 10 �C against deionized water.
The dialyzed mixture was then freeze dried and stored at 4 �C.

2.3. Characterization of the polymer

2.3.1. Degree of conjugation
The number of thiol groups attached to the polymeric backbone

was determined spectrophotometrically by using the Ellmańs reac-
tion as previously described [24]. Briefly, 0.5 mg of hyaluronic acid-
cystamine (thHA) conjugate was dissolved in 250 lL of deionized
water followed by the addition of 250 lL of phosphate buffer
(5 M, pH 8.0). Then, 0.5 mL of Ellman’s reagent prepared by dissolv-
ing 3 mg of Ellman’s reagent in 10 mL of phosphate buffer 5 M, pH
8.0, was added. The sample was incubated for 2 h in dark and cen-
trifuged. The supernatant was separated and added into a 96 well
plate to measure its absorbance at 450 nm using a microplate
reader (Perkin Elmer, USA). The thiol groups grafted to the polymer
chain were quantified using the standard curve of L-cysteine
hydrochloride.

2.3.2. Disulfide bond formation
The degree of disulfide bond formation was determined by

means of the Ellman’s test [25,26]. Briefly, 0.5 mg of polymer
was dissolved in 350 lL of deionized water. 650 lL of phosphate
buffer (0.5 M, pH 6.8) was added to this mixture under continuous
stirring for 30 min at 37 �C. Then, 1 mL of a 4% (w/v) solution of
sodium borohydride was added to this mixture and incubated for
1 h at 37 �C. Thereafter, 5 M HCl (200 lL) solution was added to
the former solution mixture to remove unreacted KH2PO4, and
then reacted with 0.2 mL of Ellman’s reagent (15 mg solubilized
in 5 mL of phosphate buffer, pH 6.8) and stirred. Aliquots of
300 lL were added to a 96-well plate microplate after 1 h and eval-
uated at 450 nm using a microtiter plate reader (Perkin Elmer,
USA). The concentration of attached cysteine was determined by
previously established calibration curve. The degree of disulfide
bonds formation was measured by subtracting he absorbance of
free thiol groups from that of total thiol groups.

2.3.3. Determination of Critical micelle concentration (CMC)
The Critical Micelle Concentration (CMC) of the resulting

copolymer was determined by a dye solubilization method. Pyrene
was used as the dye probe and the CMC determined by fluorescent
spectrophotometry (Perkin Elmer LS50, USA) [27]. A solution of
pyrene in methanol was prepared by solubilizing 3 mg pyrene in
50 mL methanol. A volume of this pyrene solution (50 lL) was
added to different polymer (PAP-Ur-thHA-co-OA) solutions with
changing concentrations from 0.001 to 1000 lg/mL and incubated
overnight to achieve equilibrium. The excitation spectra of pyrene
were scanned in the range of 250–360 nm at a constant emission
wavelength of 390 nm. At the CMC, a sharp rise in the intensity
ratio (I338/I333) of pyrene was observed. The ratio was calculated
3

and plotted against log values of nanomicelle concentration. CMC
value was obtained at the intersection point of two straight lines
at low and high polymer concentration regimes.

2.3.4. Evaluation of swelling behavior
The swelling behavior of polymeric conjugates/copolymers i.e.,

thHA-co-OA, Ur-thHA-co-OA and PAP-Ur-thHA-co-OA was evalu-
ated using a gravimetric method [28]. Polymeric discs/tablets of
the different conjugates were prepared by compression (single
punch machine, Emmy, Pakistan) of lyophilized powders of respec-
tive conjugates into 5.0 mm flat faced tablets of 30 mg each while
keeping a constant compaction pressure. Tablets were then
immersed in phosphate buffer (pH 6.8) at 37 �C after being
attached to a syringe needle. The discs were removed from the
medium and weighed accurately at specific time intervals. The
quantity of buffer absorbed was calculated as a function of time
by using the equation:

Swelling ratio ð%Þ ¼ Wt �W0

W0
� 100 ð1Þ

Here, W0 denotes the weight of the disc in the dry state and Wt the
weight of the wet swollen disc at time t, respectively.

2.3.5. Preparation of polymeric nanomicelles
Various process parameters for the synthesis of Pap-Ur-thHA-

co-OA nanomicelles were optimized by applying central composite
design (CCD) by using Design Expert software v7.0. Optimization of
the independent variables i.e., Pap-Ur-thHA-co-OA concentration,
and percentage of drug (w/w of polymer concentration) was done
by the response surface methodology (RSM). The percentage
entrapment efficiency (EE) and particle size of nanomicelles were
used as response parameters. Nanoformulations were formulated
as per the runs generated by the software. The results obtained
were entered the software and evaluated for statistical signifi-
cance. p value < 0.05 indicated a significant model. The appropriate
model for each response was chosen based on adequate precision,
noise ratio, probability, adjusted R2 value and predicted R2 value.
Polymer concentration was varied from 0.59 mg/mL to 3.14 mg/
mL and the weight percentage of drug added, (w/w) of polymer
concentration, was between 25.86% and 54.14%.

Briefly, clarithromycin was dissolved in acetone using different
percentages of drug according to the weight of the polymer conju-
gate. Different concentrations of Pap-Ur-thHA-co-OA polymer as
reported by design expert were hydrated in 5 mL water and clar-
ithromycin solutions were added to the polymer solutions fol-
lowed by stirring at 65 �C for 30 min to evaporate acetone [29].
The mixtures were then sonicated using a probe sonicator for
20 min at 25 �C (Fig. 1). Afterwards, the solutions were centrifuged
for 20 min at 10,000 rpm to get rid of unloaded drug.
Clarithromycin-loaded nanomicelles were washed with water
and freeze dried.

2.3.6. Fluorescein diacetate (FDA) labeling of polymeric nanomicelles
Fluorescein diacetate (FDA) was incorporated into thHA-co-OA,

Ur-thHA-co-OA and PAP-Ur-thHA-co-OA nanomicelles for penetra-
tion study [30]. Drug and polymer/polymer conjugates solutions
were made and added to 0.1% (w/v) solution of FDA in acetone.
The nano micelle suspensions were then stirred for 2 h in dark at
15 �C. The FDA-labeled nanomicelles were then centrifuged to
remove excess of FDA, re-dispersed in water and freeze-dried.

2.4. Characterization of nanomicelles

2.4.1. Physical characteristics of nanomicelles
Physico-chemical characteristics of nanomicelles including

particle size, zeta potential, and polydispersity index (PDI) were



Fig. 1. Preparation of drug-loaded polymeric nanomicelles.
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determined using dynamic light scattering and Doppler anemom-
etry using a Nanozeta sizer (Malvern, UK). Samples were diluted
with distilled water and stirred at room temperature before analy-
sis to avoid changes in electrophoretic mobility of nanomicelles
due to aggregation. The size and morphology of the formed
nanomicelles were also confirmed by transmission electron micro-
scopy (TEM). For that, a droplet of the tested formulation was
placed on a carbon coated copper grid and dried at room temper-
ature. Filter paper was used to eliminate the remaining traces of
liquid dispersion. A drop of 2% (v/v) phosphotungstic acid solution
was added, and the excess solution was discarded with filter paper
once again. The sample was air-dried before being examined using
a TEM microscope (LEO912-AB, Zeiss, Germany).

2.4.2. Fourier transform Infrared (FTIR) spectroscopy
Fourier Transform Infrared (FTIR) spectra of drug, enzyme, oleic

acid, polymer, and polymer conjugates, urea and nanomicelles
were acquired using a FTIR spectrophotometer (Bruker alph-P,
USA) equipped with an ATR (attenuated total reflectance) acces-
sory. Before acquiring spectra, a blank background scan was per-
formed keeping the cell plate empty. For tests, small amounts of
powdered sample were placed at the pike miracle of the ATR cell
completely covering the surface of the of ZnSe crystal to form a
compact mass. Samples were scanned over a range of 4000 cm�1

to 600 cm�1 with a resolution of 2 cm�1, collected, and peaks
assigned.

2.4.3. Powder X-ray diffraction analysis
Powder X-ray diffractometer (Bruker, D2 Phaser USA) was used

to determine the crystalline nature of pure drug-polymer conju-
gates and nanomicelles. The device was adjusted at an angle
between 20� and 70� and a step size of 0.5505 was used.

2.4.4. Entrapment efficiency (EE%)
The EE% was calculated by separating the nanomicelles from the

aqueous medium by ultracentrifugation [31]. The unbound drug in
the supernatant was assessed spectrophotometrically. The entrap-
ment efficiency was measured by the difference of current drug
amount added in nanocarrier and free drug in supernatant. Entrap-
ment efficiency was calculated using the equation:
4

Entrapment efficiency % ¼
Total amount of drug � Amount of unbound drug

Total Amount of drug
� 100

ð2Þ
2.4.5. In vitro drug release
A dialysis tube method was used to determine the in vitro

release of the drug (CLR) from free drug suspension, CLR-thHA-
co-OA, CLR-Ur-thHA-co-OA and CLR-PAP-Ur-thHA-co-OA and
CLR-PAP-Ur-thHA-co-OA nanomicelles at pH 6.8 for 48 h at
37 ± 0.5 �C. Drug release from CLR-PAP-Ur-thHA-co-OA nanomi-
celles was also assessed at pH 1.2 for 24 h at 37 ± 0.5 �C. 5 mL of
sample were taken inside dialysis tube in 1000 mL of deionized
water to maintain sink conditions. At predefined time points, sam-
ples were withdrawn, and drug content was measured by UV–Vis
spectroscopy (Shimadzu, UV-1800, Japan) at 210 nm. The mecha-
nism of drug release from nanomicelles was determined by apply-
ing different kinetic models (zero order, first order, Higuchi,
Korsmeyer Peppas and Hixon-Crowel).

2.4.6. Evaluation of mucoadhesive properties through rheological
study

A cone-plate viscometer was used to determine the rheological
properties of nanomicelles [32]. Briefly, a dispersion of artificial
mucin was made by adding 5 g artificial mucin in 100 mL of 6.8
pH phosphate buffer. Then, each nanomicelle suspension (1 mL)
was mixed with the mucin dispersion (5 mL) and the mixtures
were then incubated at 37 ± 0.5 �C. The viscoelastic properties of
each nanomicelle suspension were determined at 1 h, 2 h, 4 h
and 6 h at 50 s�1 shear rate.

Dg ¼ gmix � gmuc ð3Þ
whereg mix is the apparent viscosity of the mixture of nanomicelles
and mucin (Pa.s) and g muc is the viscosity of the mucin dispersion
(standard).

2.4.7. In vitro penetration study
A silicon tube method with little modification was used to

determine the mucopenetrating properties of polymeric nanomi-
celles [32]. Mucus was separated and purified as described in a
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method reported previously [33]. Firstly, a small portion of goat
upper small intestine was excised and collected from slaughtered
house, and immediately transferred to an icebox. The intestine
was washed thoroughly with normal saline to remove the debris
material. Afterwards, the intestine was everted to open the muco-
sal side, and rinsed with normal saline. Mucus was collected in a
jar by scraping off with a sharp object. The collected mucus was
purified with NaCl (0.1 M) and stored at – 20 �C until further
use. 34 mm long silicon tubes of 0.2 mm internal diameter were
filled with purified mucus (400 lL) and were sealed at one end.
Then, each FDA-labelled micelle formulations (60 lL) dispersed
in 6.8 pH phosphate buffer was poured into the silicon tubes
through the other end and sealed. 400 lL of pure mucus served
as blank. All the silicon tubes were incubated for 4 h at 37 �C with
horizontal shaking and then kept at �25 �C for at least 12 h. The
frozen tubes were sliced into 16 pieces of 2 mm. To each slice,
500 lL of 5 M NaOH were added followed by incubation at 37 �C
to hydrolyze FDA to colored sodium fluorescein. The samples were
then sonicated for 30 min and analyzed spectrophotometrically at
490 nm to measure the soluble sodium fluorescein and calculate
hence the percent penetration of micelles into each slice.

2.4.8. Gastric retention of nanomicelles
Male albino mice of 25 g weight were divided into 3 groups ran-

domly (n = 6) to be treated with rhodamine labelled PAP-Ur-thHA-
OA nanomicelles for 4 and 24 h [34]. Control group was not treated
with dye labelled nanomicelles. 0.5 mL of rhodamine labelled PAP-
Ur-thHA-OA nanomicelles were administered orally to each mouse
through oral gavage in the remaining two groups. Mice were killed
at 4 h and 24 h after treatment and stomach tissues were excised.
Stomach tissues were washed with PBS to remove excess nanomi-
celles and tissue grafts were prepared for fluorescent imaging.

2.4.9. In vitro antibacterial assay
An in vitro antibacterial assay was carried out using an approach

previously outlined [35]. H. pylori clinical isolates were chosen for
this study, and biopsy samples were obtained. The biopsy material
was immediately homogenized in brucella broth. H. pylori strains
were grown in a microaerophilic environment (5% O2, 10% CO2,
and 85% nitrogen) at 37 ± 0.5 �C. H. pyloriwere cultivated on choco-
late agar medium for 5 days. The growth of H. pylori was measured
using optical density (OD) as a measuring parameter utilizing spec-
trophotometric analysis at a wavelength of 600 nm. In 1 mL of
broth, 1 OD is said to equal 108 colony forming units. Identification
procedures, including morphological evaluation, were performed
on the microorganisms. After that, test tubes comprising of 5 mL
of nutrient broth and a full loop of strain were prepared for the
in-vitro growth inhibition test. After that, nanomicelles and pure
free clarithromycin suspension at double the minimum inhibitory
concentration (MIC) value of antibiotic were added to the forego-
ing mixtures. As a control, a tube containing pure culture was used.
The tubes were incubated at 37 ± 0.5 �C with constant shaking and
a microaerophilic atmosphere. 50 lL sample obtained from these
tubes at various time points were put on Skirrow’s medium in Petri
dishes and incubated for 4 h at 37 ± 0.5 �C in microaerophilic con-
ditions. Thereafter, the colonies present on all agar plates were
quantified. The % inhibition was determined by the given equation:

Percent inhibitionð%Þ ¼ Number of colonies of given mixture
Number of colonies of pure strain

� 100 ð4Þ
2.4.10. In vivo clearance investigation of H. Pylori
In vivo clearance of H. pylori was investigated using the previ-

ously reported Qian’s method [36]. H. pylori was extracted from
5

gastritis patients. To do that, 0.3 mL broth comprising 109 colony
forming units (CFU) of H. pylori were inoculated in stomach of
6 weeks old male Wistar rats. After 4 weeks of injection the infec-
tion was confirmed through morphology and rapid urease test.
Free clarithromycin, clarithromycin-loaded thiolated hyaluronic
acid-co-oleic acid (CLR-thHA-co-OA), clarithromycin-loaded
ureido-conjugated thiolated hyaluronic acid-co-oleic acid (CLR-
Ur-thHA-co-OA) and clarithromycin-loaded papain-modified
ureido-conjugated thiolated hyaluronic acid-co- oleic acid (CLR-
PAP-Ur-thHA-co-OA) nanomicelles were administered orally at a
dose of 5, 7.5 and 10 mg/kg. Physiological saline was used as a con-
trol. After one day of administration, the rats were killed to remove
their stomach. Stomaches were sliced and tissues were smeared in
modified skirrow’s medium followed by incubation for 3 days at
37 �C in microaerophilic conditions. Viable bacterial cells were cal-
culated by counting the bacterial colonies that appeared on agar
plates. Colonies were also studied for morphology and rapid urease
test.
3. Results and discussion

3.1. Synthesis and characterization of polymer

Helicobacter pylori (H. pylori) is the most prevailing and ubiqui-
tous pathogen, inhabiting half of the world’s population. Poor sta-
bility of conventional treatment regimens, their short retention
time and bacterial resistance have led to treatment failures. The
development of nanoscale drug delivery systems is becoming very
attractive to address different shortcomings and issues related to
conventional therapies for H. pylori. Gastrointestinal mucosa is a
thick viscous layer composed of glycoproteins offering a biological
barrier [37]. The properties of this barrier and high mucus turnover
rate clear out nanocargoes from mucosa prior to penetration of the
nanocarrier to the deep mucosal layer colonized with H. pylori [38].
Thiolated nanocarriers have been developed as a promising strat-
egy to increase the residence time of nanoformulations in the gas-
trointestinal tract (GIT), resulting in improved bioavailability and
therapeutic efficacy since they exhibit strong mucoadhesive char-
acteristics by means of disulfide bond formation with cysteine
regions of GI mucosa. Along with mucoadhesive characteristics,
thiolated nanocarriers should also hold mucopenetrating proper-
ties to facilitate the access to pathogen hiding in the deep mucosal
layer [39]. In addition, the specific active targeting of nanocarriers
to H. pylori infection sites can be achieved by means of the
nanosystem surface modification with different ligands or mole-
cules. H. pylori contains Urel protein for the transport of urea into
the cell in order to produce an alkaline environment for bacteria
survival; for this reason, an ureido modification of the developed
nanocarriers may be a good strategy to achieve a site-specific tar-
geting and therapeutic action [20].

In this study, hyaluronic acid was used owing to its mucoadhe-
sive and antibacterial properties [40]. Thiolated hyaluronic acid
(thHA) was synthesized by carbodiimide reaction, see Fig. 2(a).
The thiol groups attached to the polymer backbone tend to
improve the mucopenetration and mucoadhesive characteristics
of hyaluronic acid [25]. Unsaturated fatty acids have been reported
to have antibacterial activity [41]. Thus, conjugation of oleic acid to
hyaluronic acid imparts improved antibacterial activity to the
resulting conjugated polymer. Oleic acid was conjugated to thio-
lated hyaluronic acid via carbodiimide reaction (Fig. 2(b)) forming
a thHA-co-OA conjugate that imparted hydrophobic characteristics
to the polymer conjugate, resulting in an amphiphilic polymer that
can self-assemble into nanomicelles in aqueous solutions [42].
Conjugation of urea to the thHA-co-OA polymer conjugate was
done by a coupling reaction through amide bond formation, see



Fig. 2. Scheme of polymer conjugates preparation. Step (a) synthesis of thiolated hyaluronic acid (thHA) conjugate, (b) formation of thiolated hyaluronic acid and oleic acid
(thHA-co-OA) conjugate, (c) synthesis of ureido-conjugated thiolated hyaluronic acid - oleic acid (Ur-thHA-co-OA) conjugate, and (d) synthesis of papain-modified ureido-
conjugated oleic acid grafted thiolated hyaluronic acid conjugate (PAP-Ur-thHA-co-OA).
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Fig. 2(c). Conjugation of urea imparted site-specific characteristics
to polymer conjugate directing the nanocarrier system to Urel pro-
tein located on the membrane of H. pylori [43], as mentioned
before. In addition, a papain-modified ureido-conjugated thiolated
hyaluronic acid-co-oleic acid (PAP-Ur-thHA-co-OA) conjugate was
also synthesized through the formation of amide bond between the
carboxylic acid groups of hyaluronic acid and amino groups of
papain, see Fig. 2(d). Papain then was covalently attached to poly-
mer backbone. The conjugated enzyme has manifested an
improved stability and less susceptibility to denaturation than
the free enzyme [44].

The attachment of cystamine, oleic acid, urea and papain on
hyaluronic acid was confirmed by FTIR analysis, see Fig. 3. Pure
hyaluronic acid showed the common carbonyl stretching peak at
1720 cm�1 and a stretching band at 3443 cm�1 confirming
6

carboxylic and hydroxyl groups within the polymer structure,
respectively [45]. The stretching peak at 2366 cm�1 in the thHA
conjugate confirms the presence of cystamine SH groups onto the
polymer chains [46]. Amide bond formation in thHA was con-
firmed by the presence of amide band at 1557 cm�1. Oleic acid
spectrum showed the C@O stretching band at 1710 cm�1 and
C@C stretching at 1500 cm�1 [47]. In the case of pure urea, stretch-
ing peaks at 1457 cm�1, 1673 cm�1 and 3425 cm�1 corresponding
to CAN, C@O and NH stretchs, respectively, were observed [48].
The peak at 1631 cm�1 in thHA-co-OA conjugate confirmed the
presence of amide bond in the polymer structure. In the case of
Ur- thHA-co-OA conjugate, the presence of amide bond is con-
firmed by the presence of stretching peaks at 1645 cm�1 and
1554 cm�1. The FTIR spectrum of free papain showed peaks at
1632 cm�1 and 3276 cm�1 indicating C@O and NH stretchs of



Fig. 3. FTIR spectra of clarithromycin (A), hyaluronic acid (B), thiolated hyaluronic
acid (C), oleic acid (D), urea (E), thHA-co-OA conjugate (F), Ur-thHA-co-OA
conjugate, (G), papain (H), PAP- Ur-thHA-co-OA conjugate (I) and CLR-Ur-thHA-
co-OA nanomicelles.
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papain. Papain-modified polymer conjugate showed additional
peaks at 1637 cm�1 and 1570 cm�1 indicating the formation of
amide bond and, thus, the successful conjugation of papain to poly-
mer conjugate.

In addition, the swelling behavior of thHA-co-OA, Ur-thHA-
co-OA and PAP-Ur-thHA-co-OA polymers was evaluated by
immersion of thin flat discs made of such polymeric conjugates
in phosphate buffer (pH 6.8). Swelling analysis was performed to
illustrate the impact of thiolation and papain modification on the
swelling properties of the polymer, see Fig. 4a. This is important
since swelling influences mucoadhesion, drug release profile and
stability [49]. The diffusion between polymer and mucus layer is
favored by enhanced water absorption, which results in strong
mucoadhesion [50]; hence, a moderate swelling of the polymer is
7

beneficial for an effective mucoadhesion process [51]. The disc
made of PAP-Ur-thHA-co-OA displayed an abrupt water uptake
and swelling during the first 15 min of incubation, and then the
increase is more gradual and the water uptake was retained con-
stant for ca. 90 min, which is necessary for suitable mucoadhesion.
At this respect, it is worth mentioning that the pH of thiolated hya-
luronic acid plays a major role in the improvement of swelling
behavior [52]. The pH of thHA-co-OA conjugate was <5. By increas-
ing the pH above 3, H+ ion concentration decreases, and the
amount of cysteine groups immobilize on the polymer increases
resulting in improved mucoadhesive properties of the polymer.
Papain-modified polymer showed an increased swelling as com-
pared to bare thiolated polymer due to the presence of hydrophilic
groups in addition to thiol moieties [53], thus, expecting to favor
mucoadhesion, and thus, prolonged drug release, retention and
stability.

3.2. Synthesis and characterization of nanomicelles

Critical Micelle Concentration (CMC) of polymer conjugates
(PAP-Ur-thHA-co-OA) determined by pyrene assay was found to
be 15.9 lg/ml, see Fig. 4b. The low CMC value indicated the great
amphiphilic character of the polymeric conjugates giving rise to
stable micelles able to be suitable for drug delivery [27].

Optimization of nanomicelle formulations was carried out by
employing Design Expert Software v7.0 to choose the most appro-
priate values of independent parameters by central composite
design (CCD). Based on the impact of response variables, a point
at optimal area was chosen where % entrapment efficiency was
maximum and particle size was minimum. Then optimized param-
eters were predicted on the basis of desirability factor (0.779).
These were A: 1.89 mg/ml (polymer concentration), B: 33.11% of
drug with predicted values of 260.338 nm and 79.49%, for particle
size and % entrapment efficiency respectively. Significant effects of
independent variables on response variables (particle size and
entrapment efficiency) were observed. An increase in entrapment
efficiency was observed as the polymer concentration and drug
percentage do probably as positive consequence of hydrophobic
interactions between the cargo and the polymer, creating a suit-
able environment inside the nanomicelle core [54]. A similar pos-
itive impact was found in determining particles size by
increasing the concentration of independent variables. A signifi-
cant increase in particle size with the polymer concentration was
observed [55]. The selected optimized formulation was again for-
mulated and contrasted with the predicted results shown in
Table 1. These data indicated that experimental analysis and antic-
ipated values were nearly similar supporting the probability of
CCD model at nano level.

Clarithromycin-loaded thHA-co-OA and Ur-thHA-co-OA
nanomicelles were prepared by using different initial drug per-
centages according to initial polymer weight by means of a sonica-
tion method. The nanoformulations with small size and PDI <0.5
were selected and further characterized. Similarly, CLR-loaded
PAP-Ur-thHA-co-OA nanomicelles were successfully prepared by
the same sonication method using the optimized values of inde-
pendent variables derived from Design Expert software. The
nanomicelles were formed at a polymer concentration of
1.89 mg/ml with 33.11% drug.

The IR spectrum of clarithromycin showed the C@O stretch of
lactone ring at 1728 cm�1 and the C@O stretch of ketone at
1689 cm�1 and the peak at 1167 cm�1 is related to the ether group
(not shown) [56]. The successful loading of the drug into the
nanomicelles was confirmed by the presence of specific peaks of
clarithromycin and papain in the FTIR spectrum of the final
nanoformulation (CLR-PAP-Ur-thHA-co-OA, Fig. 3), not observing
interaction between the polymer conjugate and drug.



Fig. 4. (a) Swelling of thHA-co-OA, Ur-thHA-co-OA and PAP-Ur-thHA-co-OA conjugates in phosphate buffer (pH 6.8, 0.1 M): (b) Critical Micelle Concentration of PAP-Ur-
thHA-co-OA polymer conjugate.

Table 1
Observed and anticipated response values for optimized nanomicelles formulation.

Response Anticipated values Observed values

EE (%) 79.5 80.1
Particle size (nm) 260 258

EE: Entrapment efficiency.

Fig. 5. (a) X-ray diffraction spectra of pure drug, polymer conjugates and nanomicelles
hyaluronic acid-co-oleic acid conjugate, (e) urea, (f) ureido-conjugated thiolated hyalur
hyaluronic acid-co-oleic acid conjugate, and (h) clarithromycin-loaded papain-modified
image of PAP-Ur-thHA-co-OA nanomicelles.
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Characteristic peaks of clarithromycin were observed in the
XRD pattern of the free drug form that were screened in the XRD
data of the final nanoformulation, i.e., CLR-PAP-Ur-thHA-co-OA,
see Fig. 5a. These data demonstrated that during formulation
design, the crystalline nature of the drug may be lost and transform
into a more amorphous form. Likewise, the XRD of nanomicelles
also showed a decrease in the height of the characteristic peaks
. (a) Hyaluronic acid, (b) thiolated hyaluronic acid, (c) clarithromycin, (d) thiolated
onic acid-co-oleic acid conjugate, (g) Papain-modified ureido-conjugated thiolated
ureido-conjugated thiolated hyaluronic acid-co-oleic acid nanomicelles. (b) TEM
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of polymer, urea and polymer conjugates providing evidence that
the crystalline structure of the polymer may also transform into
a more amorphous state during the development of
nanoformulation.

Particle size, entrapment efficiency, polydispersity index and
zeta potential of allnano formulations are shown in Table 2. Parti-
cle size of these nanomicelles was in the range of 210–258 nm hav-
ing a negative zeta potential which accounts with the presence of
carboxylic groups of hyaluronic acid. The shape and size of final
nano formulation was analyzed by TEM analysis. As shown in
Fig. 5b the nanomicelles displayed spherical shape and particle size
<300 nm. Zeta potential values greater than +25 mV or less than
�25 mV of nano formulations represent highly stable nanosuspen-
sions thanks to inter-particle repulsive forces [57]; alternatively,
low zeta potential values can lead to particle aggregation due to
Wan der Waals attractive interactions between particles resulting
in physical instability of nanosuspensions [58]. In this regard, thi-
olated hyaluronic acid-co-oleic acid nanomicelles showed a smal-
ler particle size with highly negative zeta potential; conversely,
urea and papain modifications of nanomicelles caused an increase
in the particle size. Highly negative zeta potentials of ca. –33.0 mV
were observed for 210 nm-sized nanomicelles of CLR-thHA-co-OA,
while CLR-PAP-Ur-thHA-co-OA nanomicelles with particle size of
258 nm exhibited a zeta potential of �24.4 mV indicating stable
nanoformulation; that is, the negative values of zeta potential
decreased with urea and papain conjugation, and smaller particles
have high zeta potential values for improved stability as compared
to large sized particles [59]. In addition, all the nanomicelles had
PDI value<0.45 confirming uniform size population distribution,
Table 2
Physicochemical characterization of Clarithromycin loaded of thHA-co-OA, Ur-thHA-co-OA

Nano formulations Particle size (nm)

thHA-co-OA 195
CLR-thHA-co-OA 210
CLR-Ur-thHA-co-OA 226
CLR-PAP-Ur-thHA-co-OA 258

Fig. 6. Size distribution analysis of (A) thHA-co-OA, (B) CLR-thHA-co-OA, (C) C
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whereas the entrapment efficiency (EE%) of nanomicelles was not
affected with urea and papain modifications. The size distribution
analysis of various nanomicelles has been presented in Fig. 6.

3.3. In vitro release profile

The in vitro clarithromycin release profile from free CLR suspen-
sion, CLR-thHA-co-OA, CLR-Ur-thHA-co-OA and CLR-PAP-Ur-thHA-
co-OA nanomicelles was assessed for a period of 48 h at pH 6.8
(Fig. 7a), and CLR release from CLR-PAP-Ur-thHA-co-OA nanomi-
celles was assessed at 1.2 pH (Fig. 7b) for 24 h under sink condi-
tions by dialysis. The percentage of clarithromycin released from
the different formulations was time-dependent, with a biphasic
drug release pattern composed of an initial burst release phase of
the drug followed by a more sustained and prolonged release
behavior. The initial burst release that occurred within the first
few hours of incubation may be due to a relatively small amount
of drug present at the interface between the micelle hydrophobic
core and hydrophilic corona [60].

CLR-PAP-Ur-thHA-co-OA, CLR-thHA-co-OA and CLR-Ur-thHA-
co-OA nanomicelles exhibited a cumulative release of 85%, 76%
and 79% after 48 h at 6.8 pH, respectively. For thiolated nanomi-
celles, drug release is controlled by gradual swelling and breakage
of disulfide linkages within polymer matrix. In the case of CLR-
PAP-Ur-thHA-co-OA nanomicelles, these include a mucolytic
enzyme in addition to thiol groups that involves a reduction in
disulfide bonding within polymer structure, thus, increasing the
swelling properties and favoring an enhanced cumulative drug
release after 48 h. Conversely, only 11% of drug was released at
and PAP-Ur-thHA-co-OA nanomicelles.

EE (%) PDI Zeta potential (mV)

– 0.17 �28.1
83 ± 12 0.19 �33.0
81.2 ± 6 0.25 �32.2
80 ± 9 0.25 �24.4

LR-Ur-thHA-co-OA and (D) CLR-PAP-Ur-thHA-co-OA polymeric micelles.



Fig. 7. (a) In-vitro CLR release from free CLR suspension, CLR-thHA-co-OA, CLR-Ur-thHA-co-OA and CLR-PAP-Ur-thHA-co-OA nanomicelles in phosphate buffer (pH 6.8) by
dialysis for 48 h. (b) Comparison of clarithromycin release from CLR-PAP-Ur-thHA-co-OA nanomicelles in buffer of pH 1.2 and pH 6.8 by dialysis for 24 h. The values are noted
as ± SD of means (n = 3).

Table 3
Drug release kinetics based on in vitro clarithromycin release from nanomicelles.

Formulation Zero order First order Higuchi model Korsmeyer-Peppas
model

Hixon Crowell model

Qt = Q0 + K0t Qt = Q0e-Kt Q = KH t1/2 F = (Mt /M) = Km tn Wt
1/3 = W0 – k1/3 t

pH 6.8
R2 R2 R2 n R2 R2

CLR-thHA-co-OA �0.1665 0.6858 0.7574 0.290 0.9479 0.5637
CLR-Ur-thHA-co-OA 0.0369 0.7554 0.8337 0.316 0.9639 0.6550
CLR-PAP-Ur-thHA-co-OA 0.4407 0.8380 0.9481 0.392 0.9810 0.7641

pH 1.2
CLR-PAP-Ur-thHA-co-OA 0.1762 0.2330 0.8696 0.377 0.9214 0.2140
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Fig. 8. Rheology analysis of thHA-co-OA, Ur-thHA-co-OA and PAP-Ur-thHA-co-OA
nanomicelles.
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1.2 pH after 24 h from CLR-PAP-Ur-thHA-co-OA nanomicelles com-
pared to ca. 65% at 6.8 pH, confirming the stability of nanomicelles
at acidic pH. The thiol groups in the polymer structure are stable at
pH < 5 [50]; thus, the polymeric structural composition protects
the nanomicelles from degradation and prevent the release of drug
at acidic pH.

Differentkineticmodels of drug release i.e. First order, Zeroorder,
Higuchi, KorsmeyerPeppas andHixson-Crowell,wereused tomodel
thedrug releasedata obtained fromCLR-thHA-co-OA, CLR-Ur-thHA-
co-OA and CLR-PAP-Ur-thHA-co-OA nanomicelles. Table 3 shows
the results of the kinetic analysis. Drug release data from all the
nanomicelles i.e., CLR-thHA-co-OA, CLR-Ur-thHA-co-OA and CLR-
PAP-Ur-thHA-co-OA ones seemed to follow the Korsmeyer-Peppas
model, with n values < 0.45 in agreement with a Fickian diffusion
controlled mechanism and prolonged drug release.

The stability of nanocarriers for oral drug delivery is influenced
by the GIT environment and transit time. Nanomicelles prepared
for oral drug delivery will first encounter the buccal cavity, in
which they should experience a minimum degradation since the
short residence time. In stomach drug loaded nanomicelles are
exposed to an acidic environment. The polymeric coating of
nanomicelles should protect the drug from degradation at gastric
milieu and minimize drug release at acidic pH. These nanomicelles
should then be directed towards the mucosal layer near the epithe-
lial cells (pH 6–7) where H. pylori resides [20]. The residence time
in stomach is large as compared to the buccal cavity, so that
nanomicelles may penetrate in deep mucosal layer thanks to the
mucolytic properties of the papain moiety grafted in the nanocar-
rier. In addition, nanomicelles owing to the presence of urea will
target H. pylori residing in deep mucosal layer and release the drug
causing bacterial eradication. The release analysis indicated the
10
stability of the nanoformulation in in vitro environment mimicking
the gastric milieu allowing the potential release of the drug at the
infection site.
3.4. Rheology analysis

A cone-plate viscometer was used to determine the rheological
characteristics of formednanomicelles to assess theirmucoadhesive
behavior using artificial mucin. The obtained results are shown in
Fig. 8. Interaction betweenmucin and nanomicelles causes a change
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in viscosity of both molecules that influences the mucoadhesion
strength. Mucoadhesion is directly proportional to the changes in
dynamicviscosity (Dg); the stronger the interactionbetweenmucin
or mucus, the higher will be the viscosity [61]. Thiolated polymers
form disulfide linkages with cysteine rich regions of mucus and
improved mucoadhesion, which may also be facilitated by some
covalent or van der Waals interactions along with disulfide inter-
change reactions [62]. Thus, thiol groups present in thiolated
nanomicelles form covalent bonds via disulfide linkages with the
mucus layer, thus, enhancing the viscosity of the nanoformulation,
improving the adhesion of nanocarriers to the mucus layer and,
hence, exhibiting strongmucoadhesive characteristics. In this man-
ner, CLR-thHA-co-OA nanomicelles showed ca. 1.56 times enhanced
viscosity as compared to enzyme-modified nanocarriers. CLR-Ur-
thHA-co-OA nanomicelles also showed an increase in viscosity after
6 h. CLR-PAP-Ur-thHA-co-OA nanomicelles displayed a reduced vis-
cosity as compared to papain-unmodified nanocarriers in agree-
ment with the incorporation of papain in addition to thiol
moieties, that breaks linkages inmucoglycoproteins and accounting
for the observed reduced viscoelastic properties. Hence, CLR-PAP-
Ur-thHA-co-OA nanomicelles demonstrated both mucoadhesive
and mucopenetrating characteristics.

3.5. Quantification of FDA in nanomicelles

FDA was loaded in nanomicelles for penetration studies. After
incorporation, this molecule is retained in nanomicelles through
Fig. 9. (a) Penetration studies of FDA-labeled CLR-thHA-co-OA, CLR-Ur-thHA-co-OA and C
analysis of PAP-Ur-thHA-co-OA nanomicelles in gastric cells of mice. (b) fluorescent imag
gastric cells at (c) 4 h after and (d) 24 h of administration of rhodamine-labelled PAP-U
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lipophilic interaction. The FDA content was found to be 75% in
FDA-thHA-co-OA, 70% in FDA-Ur-thHA-co-OA, and 66% in FDA-
PAP-Ur-thHA-co-OA nanomicelles, respectively, confirming the
successful loading inside nanomicelles.

3.6. Penetration study via silicon tube method

A silicon tube method with slight modification was used to
make penetration studies on freshly separated mucus (see
Fig. 9a). Deep mucosal penetration was observed up to the last
16 segment i.e., 34 mm distance, with papain-modified nanomi-
celles (PAP-Ur-thHA-co-OA). This result is originated thanks to
the presence of the enzyme grafted within the nanocarrier system,
which causes the lysis of mucoglycoproteins and leading to deep
mucosal penetration. Ur-thHA-co-OA nanomicelles and thHA-co-
OA nanomicelles showed lower detection values in last segments
as compared to papain-modified ones. The PAP-Ur-thHA-co-OA
nanomicelles exhibited both mucoadhesive and mucopenetrating
characteristics as the hyaluronic acid based nanomicelles bear neg-
ative zeta potential due to the carboxylic acid groups in the poly-
mer backbone. Because of these negative charges, the
nanocarriers are repelled by sialic and sulfonic acid groups of
mucus membrane and facilitate their transportation to the deeper
parts. Furthermore, the human GIT mucus layer is composed of a
linear peptide called mucin. This peptide forms a glycosidic linkage
to different polysaccharides [63]. The mucus layer is highly pro-
tected from proteolytic activity and microbes because of these
LR-PAP-Ur-thHA-co-OA nanomicelles by a silicon tube approach at 37 �C. Retention
e of untreated control group mouse gastric cells at 0 h. Fluorescent image of mouse
r-thHA-co-OA nanomicelles.



Table 4
H. pylori clearance effect of various drug-loaded nanoformulations.

Colony counts Dose (mg/Kg)

5 7.5 10

Physiological saline 131 122 119
Clarithromycin powder 104 86 55
CLR-thHA-co-OA 65 47 31
CLR-Ur-thHA-co-OA 42 28 12
CLR-PAP-Ur-thHA-co-OA 18 10 4
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branched polysaccharides regions. In addition to polysaccharide
chains which are hydrophilic, the mucus layer also possesses
hydrophobic moieties. This region is uncovered and sensitive to
enzymatic lysis. Papain specifically cleaves these peptide domains
composed of 110 amino acids with several cysteine groups [37]. As
a result of mucolytic activity, the woven matrix of mucin breaks
down and penetration of nanomicelles is enhanced through the
mucus. The unchanged glycoproteins in mucus can interact with
nanomicelles through their cysteine rich regions; moreover, the
continuous secretion of mucus causes improved mucoadhesion
through disulfide exchange events. Improved penetration and
adhesion of nanomicelles to deep mucosa hence increases the
nanoformulation residence time in GIT that results prolonged
interaction of nanomicelles with epithelial cells and prevents
clearance of nanomicelles from mucosal layer by surrounding gas-
tric medium [50].

3.7. Gastric retention of nanomicelles

Retention of rhodamine-labelled PAP-Ur-thHA-OA nanomi-
celles in mice stomach was studied by oral administration of such
type of nanocarrier to mice. Next, stomachs of mice were removed
after 4 and 24 h of nanomicelles administration. The stomach tis-
sues were then subjected to fluorescence microscopy. The stomach
tissues obtained at 4 h showed a strong fluorescence, which was
longer than the reported gastric emptying time; meanwhile, those
stomachs obtained at 24 h showed less intense fluorescence pat-
terns (see Fig. 9b–d). As H. pylori resides in deep mucus layer on
the surface of epithelial cells, the intended nanoformulation should
be capable of reaching the deep mucosal layer and adhere to the
mucus for effective H. pylori infection treatment.

3.8. In vitro antibacterial activity

The in vitro antibactericidal potential of CLR-thHA-co-OA, CLR-
Ur-thHA-co-OA, CLR-PAP-Ur-thHA-co-OA nanomicelles and free
clarithromycin suspension against H. pylori was evaluated by the
colony count method. Free drug suspension and drug-loaded
nanoformulations doubled the MIC value of drug. Antibacterial
potential of drug suspension and nanoformulations increased with
time (see Fig. 10). Free clarithromycin suspension showed a max-
imum eradication of 43.5% in 24 h. A gradual increase in growth
inhibition was observed with nanomicelles: CLR-thHA-co-OA
and, CLR-Ur-thHA-co-OA and CLR-PAP-Ur-thHA-co-OA showed
Fig. 10. Growth inhibition of H. pylori induced by free CLR suspension, CLR-thHA-
co-OA, CLR-Ur-thHA-co-OA and CLR-PAP-Ur-thHA-co-OA nanomicelles at 48 h of
incubation. Mean values are presented as ± SD (n = 3).
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70%, 80% and almost 100% growth inhibition after 48 h, respec-
tively. The observed improved in vitro efficacy for nanomicelles
as compared to free drug suspension agrees with the role played
by the polymeric composition of nanomicelles, the prolonged
release profile of drug, and a high eradication rate.
3.9. In vivo H. Pylori clearance study

An in vivo H. pylori clearance study was conducted in order to
investigate the in vivo efficacy of various drug-loaded
nanomicelles in comparison to pure free clarithromycin powder.
Drug was administered in 3 different doses. The results shown in
Table 4 showed a significant increase in H. pylori clearance for
CLR-thHA-co-OA, CLR-Ur-thHA-co-OA and CLR-PAP-Ur-thHA-
co-OA nanomicelles in comparison to free clarithromycin. CLR-
PAP-Ur-thHA-co-OA nanocarrier showed the highest reduction
(ca. 30-fold) in bacterial burden in comparison to the other
nanoformulations and control at a dose of 10 mg/kg probably
thanks to a greater bioavailability of the nanocarrier system [34].
4. Conclusions

CLR-PAP-Ur-thHA-co-OA nanomicelles were successfully pre-
pared with improved mucoadhesive and mucus penetrating prop-
erties. CLR-PAP-Ur-thHA-co-OA nanomicelles, owing to the
presence of papain, were able to cleave mucoglycoproteins. A pro-
longed release drug pattern and stability at acidic pH was exhib-
ited by the selected nanoformulations. CLR-PAP-Ur-thHA-co-OA
nanomicelles showed an improved antibacterial effect against H.
pylori as compared to free administered clarithromycin. Overall,
the newly developed CLR-PAP-Ur-thHA-co-OA nanomicelles have
the potential to be an efficient nanocarrier for H. pylori infection
treatment thanks to their enhanced mucopenetration and mucoad-
hesion properties, as well as their improved stability and extended
drug release.
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