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Abstract
Inflammatory bowel disease (IBD) is characterized by chronic inflammation along the gastrointestinal tract. For IBD effec-
tive treatment, developing an orally administered stable drug delivery system capable of targeting inflammation sites is a key 
challenge. Herein, we report pH responsive hyaluronic (HA) coated Eudragit S100 (ES) nanoparticles (NPs) for the targeted 
delivery of budesonide (BUD) (HA-BUD-ES-NPs). HA-BUD-ES-NPs showed good colloidal properties (274.8 ± 2.9 nm 
and − 24.6 ± 2.8 mV) with high entrapment efficiency (98.3 ± 3.41%) and pH-dependent release profile. The negative poten-
tial following incubation in simulated gastrointestinal fluids reflected the stability of HA coat. In vitro studies on Caco-2 
cells showed HA-BUD-ES-NPs biocompatibility and enhanced cellular uptake and anti-inflammatory effects as shown by 
the significant reduction in IL-8 and TNF-α. The oral administration of HA-BUD-ES-NPs in an acetic acid induced colitis 
rat model significantly mitigated the symptoms of IBD, and improved BUD therapeutic efficacy compared to drug suspen-
sion. This was proved via the improvement in disease activity index and ulcer score in addition to refined histopathological 
findings. Also, the assessment of inflammatory markers, epithelial cadherin, and mi-R21 all reflected the higher efficiency 
of HA-BUD-ES-NPs compared to free drug and uncoated formulation. We thus suggest that HA-BUD-ES-NPs provide a 
promising drug delivery platform for the management and site specific treatment of IBD.

Keywords pH-responsive · Nanoparticles · Hyaluronic acid · Inflammatory bowel disease · Caco-2 cells · Inflammatory markers

Introduction

Inflammatory bowel disease (IBD) is one of the debilitating 
autoimmune diseases. It is characterized by chronic inflam-
mation along the gastrointestinal tract (GIT) tract. IBD 
patients suffer from recurrent attacks of intestinal inflam-
mation manifested by attacks of abdominal pain, diarrhea, 
weight loss, rectal bleeding, and anemia [1]. IBD is clinically 
classified into two main types: Crohn’s disease (CD) and 

ulcerative colitis (UC) [2]. CD or UC incidence can contrib-
ute to the risk of other diseases such as colorectal cancer [3].

IBD etiology includes many factors, such as genetics, 
food and pharmaceutical consumption, and GIT microbiota 
makeup [4]. One of the main important theories for IBD 
pathogenesis is the increased gut epithelium permeability 
[5], due to the disrupted gut epithelial barrier. This results 
in increased exposure to the gut luminal microbiota anti-
gens resulting in activation of the mucosal immune system, 
recruiting many inflammatory cells to the GIT wall lamina 
propria with the release of many inflammatory mediators, 
along with damaging compounds such as reactive oxygen 
species (ROS) [6].

IBD treatment includes pharmaceuticals, antibody therapy, 
and even full surgical procedures. Others include corticoster-
oids, though their prolonged use needs close monitoring of 
their side effects such as osteoporosis, diabetes, and hyper-
tension. Sometimes, immunosuppressants are prescribed for 
IBD patients; however, this increases the risk of drug-induced 
hepatotoxicity, neutropenia, and opportunistic infections [7].
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The European Crohn’s and Colitis Organization (ECCO) 
stated that oral budesonide (BUD) is the first drug of choice 
in IBD treatment [8]. Budesonide is a glucocorticoid that 
acts locally and can be administered orally or via the rectal 
route using enema or suppositories [9]. After oral adminis-
tration, it is subjected to 90% first-pass hepatic metabolism 
so only 10% of the absorbed amount reaches the systemic 
circulation resulting in lower systemic adverse effects com-
pared to conventional corticosteroids [9]. Unfortunately, it 
is difficult to enable sufficient cellular uptake of budesonide 
at inflammation sites which can be due to drug degradation 
by gastric pH and intestinal enzymes, in addition to systemic 
drug absorption.

Therefore, the development of a drug delivery system 
(DDS) for specific targeted delivery of BUD to the inflamed 
area has the benefit of enhanced therapeutic efficacy while 
maintaining a good safety profile [10, 11]. Colloidal drug 
carrier systems for the targeted drug delivery to inflamma-
tory sites for IBD therapy have recently been the focus of 
several studies such as micro- or nanoparticles [12–14].

Reducing nanoparticle diameter is said to increase the 
residence duration in the digestive tract. In addition to size, 
the carriers’ surface charge can have an impact on how well 
they target. It was established that particles with negative 
charges may potentially accumulate more heavily in areas 
where cationic proteins are overexpressed, such as on the 
surface and in the surrounding environment of inflammatory 
cells. As a result, negatively charged nanoparticles accumu-
late preferentially near the site of inflammation and adhere 
to it more firmly [15, 16]. Since passive targeting using size 
and charge is insufficient to enable 100% medication absorp-
tion at inflammatory locations, active targeting employing 
ligands for specified cells like hyaluronic acid can overcome 
this drawback [17, 18]. For colon-specific drug delivery, 
Eudragit S100 (ES100) is the most used biocompatible 
polymer. It has been approved for oral administration in the 
USA, Europe, and Japan. The polymer dissolves selectively 
in pH 6–7 aqueous media releasing encapsulated drug in the 
colon. Due to the change in intestinal pH, a large amount of 
encapsulated drugs is immediately released from ES100-
loaded preparations [19]. Several studies have investigated 
the use of nanotechnology based ES100 formulations for 
colon specific drug delivery. To achieve this goal, ES100 
was either used as a coat for various types of nanoparticles 
such as PLGA [20] and pectin [21] or as a polymer forming 
pH sensitive nanoparticles [22, 23].

Hyaluronic acid (HA) is a naturally occurring high 
molecular weight anionic polysaccharide. Its advantages 
include biocompatibility, mucoadhesion, and biodegradabil-
ity [24]. It actively targets CD44 receptors, which endothe-
lial cells overexpress at inflammatory sites in IBD as a result 

of enhanced cell proliferation. These benefits make hyalu-
ronic acid an excellent choice for coating nanoparticles to 
selectively target inflammatory areas in IBD [25].

Considering the previously mentioned considerations, 
the study’s major goal was to develop and evaluate colon 
specific oral BUD-loaded ES100-nanoparticles coated with 
hyaluronic acid that target inflammation sites in IBD. Scan-
ning electron microscopy (SEM), particle size (PS), drug 
loading (DL%), and encapsulation efficiency (EE%) were 
used to characterize the NP system. In addition, in vitro 
drug release characteristics were studied. In vitro studies on 
Caco-2 cell line were also conducted. Following optimiza-
tion, in vivo targeting potential of the selected formulation 
was evaluated. Acetic acid-induced colitis rat model was 
selected. It is worth mentioning that, as far as we know, this 
is the first research assessing the therapeutic effectiveness of 
hyaluronic-coated BUD-ES100 NPs against an acute experi-
mental rat model of IBD.

Materials and methods

Materials

Eudragit S100 (ES100) was from Evonik Industries AG 
(Essen, Germany). Budesonide (BUD), hexadecyltrime-
thyl ammonium bromide (CTAB), and poloxamer 188 were 
purchased from Sigma Aldrich (USA). Hyaluronic acid 
sodium salt (Mwt 1.4*106 Da) was provided by Euromedex 
(Strasbourg, France). HPLC grade solvents were from Fisher 
Scientific (UK). Pepsin and pancreatin were also purchased 
from Sigma Aldrich (USA). All other chemicals and organic 
solvents were of analytical grade.

Preparation of budesonide‑loaded Eudragit S100 
nanoparticles (BUD‑ES‑NP)

Budesonide (BUD)-loaded ES100 nanoparticles (ES-NP) 
were prepared as reported with some modifications [26]. 
ES100 and BUD in the ratio of 4:1 were dissolved in acetone 
and then injected into an aqueous solution of poloxamer 188 
(3 mg/ml) under magnetic stirring. The mixture was left 
to stir overnight at 400 rpm at room temperature. Disper-
sion centrifugation was then done at 12,000 rpm for 25 min 
at 4  °C to remove remaining traces of organic solvent. 
Nanoparticles were reconstituted in 3 ml deionized water 
and sonicated till complete dispersion. Positively charged 
nanoparticles were prepared by adding CTAB (5 mg) to the 
ES100/BUD solution (BUD-ES-NP +).
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Hyaluronic acid coating of ES100 nanoparticles 
(HA‑BUD‑ES‑NP)

Formerly prepared CTAB/ES100 nanoparticles were added 
dropwise to 1  ml aqueous solution of hyaluronic acid 
(0.5–1 mg/ml) and left to stir for 15 min. This was followed 
by bath sonication for 5 min.

In vitro characterization of Eudragit S100 
nanoparticles

Colloidal properties

The z-average particle size (PS) and polydispersity index 
(PDI) of ES-NP formulations were determined by dynamic 
light scattering (DLS) using  Zetasizer® Nano ZS series DTS 
1060, Malvern Instruments S.A, Worcestershire, UK. Zeta 
potential (ZP) was determined at 25 °C in water (dielectric 
constant 79, refractive index 1.32, viscosity 0.88 cP) using 
a cell voltage of 150 V and 5 mA current. ES-NP disper-
sions were appropriately diluted with filtered deionized 
water before measurement to assure conveniently scattered 
intensity on the detector. Analyses were repeated three times 
(n = 3) [27].

Morphological properties

Morphological evaluation of the prepared nanoparticles was 
done by scanning electron microscopy (SEM). BUD-ES-
NP + and HA-BUD-ES-NP were mounted on aluminum and 
sputter-coated with a thin layer of gold and shots were taken 
at × 15 K at 30 kV [28].

Determination of budesonide entrapment efficiency

BUD entrapment efficiency (EE) was determined by meas-
uring free BUD concentration in the supernatant following 
centrifugation of the NP dispersion at 12,000 rpm for 25 min 
at 4 °C. BUD concentration in the supernatant was quanti-
fied by a previously reported HPLC–UV assay [29]. Agi-
lent Technologies-1260 infinity; Santa Clara, CA, USA was 
used. Separation was carried out on reversed phase ZOR-
BAX Eclipse Plus C18 column (4.6 × 150 mm, 5 μm) at 
room temperature. An isocratic eluent consisting of acetoni-
trile and phosphate buffer pH 3.2 in the ratio 65:35 v/v was 
used. The injection volume was 20 μl and the flow rate was 
adjusted to 1.5 ml/min. Peaks were detected at 243 nm using 
a UV detector. The retention times of BUD isomers were 
12.1 and 13.2 min. BUD concentration was calculated using 
calibration standards based on the sum of the peak areas of 
the two isomers. Linearity was checked in the concentration 
range of 20–1000 µg/ml with a determination coefficient of 
0.999. Measurements were made in triplicate. The %EE of 

BUD in ES-NPs was calculated from the difference between 
the initial drug concentration added and the free drug con-
centration in the supernatant using the following equation:

In vitro drug release

The in vitro drug release profile of BUD from BUD-ES-
NP + and HA-BUD-ES-NP was evaluated by the dialy-
sis method using presoaked cellulose dialysis bags (MW 
cutoff 10–14 KDa). The experiment was carried out in a 
shaking water bath for 24 h at 100 rpm at 37 °C. Triplicate 
200 μl samples of tested formulations were introduced into 
the dialysis bag and immersed in a 20-ml release medium. 
For the first 2 h, the release medium consisted of 2 mg/ml 
sodium chloride in pH 1.2 adjusted using hydrochloric acid. 
The bag was then moved to a release medium consisting of 
6.8 mg/ml monobasic potassium phosphate and of pH 7.4 
adjusted using 1 N sodium hydroxide for the subsequent 
22 h. Sodium lauryl sulfate (SLS, 0.5% w/v) was added to 
both dissolution media to maintain sink conditions [30]. 
Samples (each of 0.5 ml) were withdrawn at predetermined 
time intervals and replaced with the same amount of fresh-
release medium. BUD concentration was determined by the 
mentioned HPLC–UV method.

Stability assessment

Storage stability

Colloidal stability of BUD-ES-NP + and HA-BUD-ES-NP 
at 4 °C was assessed at 2 weeks intervals over 2 months. 
Triplicate samples were stored in the refrigerator and tested 
by measuring particle size and zeta potential.

Stability in simulated gastrointestinal fluids

The gastrointestinal stability of nanoparticles was assessed 
by measuring particle size and zeta potential following incu-
bation in simulated gastric (SGF) and intestinal fluids (SIF) 
at 37 °C. Formulations were diluted to a final concentra-
tion, 10% v/v in simulated fluids and incubated at 37 °C. 
Samples were measured at times 0, 1, and 2 h for SGF. For 
SIF, a 6-h sample was also measured. SGF and SIF were pre-
pared according to the United States Pharmacopeia 33-28NF 
(2010). SGF consisted of 0.32% w/v pepsin, 2 mg/ml sodium 
chloride, and the pH was adjusted to 1.2 using hydrochlo-
ric acid, SIF consisted of 1% w/v pancreatin, 6.8 mg/ml 
monobasic potassium phosphate, and the pH was adjusted 
to 7.4 using 1 N sodium hydroxide. Samples in SGF were 

%EE =
Total drug (mg)-unentrapped drug (mg)

Total drug (mg)
x 100
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neutralized to pH 7 before the measurement of zeta potential 
to eliminate the effect of free protons in the medium.

In vitro studies on Caco‑2 cell line

Cell culture

Caco-2 cells, a human epithelial colorectal cancer cell line, 
were purchased from ATCC (HTB-37™). The study was 
conducted at the Center of Excellence for Research in Regen-
erative Medicine and Applications (CERRMA) at Alexandria 
Faculty of Medicine. Cells were grown as monolayer cul-
tures in DMEM/high‐glucose (Dulbecco’s modified Eagle 
medium; Lonza; containing 0.2 mmol/ml L‐glutamine) sup-
plemented with 100 IU/ml penicillin, 100 μg/ml streptomycin 
Lonza, and 10% fetal bovine serum (FBS; Lonza). Cells were 
maintained in a humidified 37 °C, 5%  CO2 incubator. Cells 
were monitored daily for their growth and morphology using 
the phase‐contrast inverted microscope (CKX41SF; Olym-
pus). Media was changed every 2–3 days, and cells were pas-
saged on reaching 80–90% confluence by suspension with 
0.25% w/v trypsin‐EDTA (Lonza), then plated in T75‐cm2 
flasks for maintenance or in 6- or 96‐well plates according 
to the experiment conducted.

Cell viability study

Cells were seeded in 96-well flat-bottom plates at a density 
of 7 ×  103 cells per well and incubated for 24 h. The medium 
was replaced by fresh medium containing different concen-
trations (0.1–3.2 μg/ml) of the formulations and incubated for 
48 h. The concentration of dimethyl sulfoxide (DMSO) in the 
medium was kept at < 0.1%. The methylthiazolyldiphenyl-
tetrazolium bromide (MTT) was used to evaluate the in vitro 
cytotoxic effect of free BUD, BUD-loaded and unloaded ES-
NPs and HA-ES-NPs nanoparticles on Caco-2 cells. After 
48 h incubation at 37 °C and 5%  CO2, the culture media were 
aspirated, replaced by 100 μl of new media with (0.5 mg/ml) 
of MTT solution, and incubated for 4 h. After incubation, the 
media was removed and 100 μl DMSO/well was added and 
gently rocked in the dark by an ELISA shaker for 20 min. 
The absorbance was measured at 570 nm by ELISA well-
plate reader (Tecan, Infinite F50). The percentages of cell 
viability were calculated as the ratio of treated to untreated 
cell absorbances.

Determination of in vitro cellular uptake

Cellular uptake of coumarin-6 (C6)-loaded ES-NP + and 
HA-ES-NP compared to free C6 solution was investigated 
by confocal laser scanning microscopy [27]. C6-labeled 
formulations were prepared by the procedure mentioned 
in the “Preparation of budesonide-loaded Eudragit S100 

nanoparticles (BUD-ES-NP)” and “Hyaluronic acid coating 
of ES100 nanoparticles (HA-BUD-ES-NP)” sections replac-
ing BUD with C6 at a concentration of 200 μg/ml. C6-loaded 
nanoparticles and free solution were added to Caco-2 cells 
at a final concentration of 5 μg/ml and then incubated at 
37 °C for 4 h. Cells were washed with PBS, fixed with 4% 
paraformaldehyde for 10 min, and then washed twice with 
2 ml PBS. Cells were permeabilized with triton X (0.2%) 
for 10 min, then washed twice with 2 ml PBS and stained 
with 4′,6-diamidino-2-phenylindole (DAPI). Confocal laser 
scanning microscopy (LEICA, DMi8, Mannheim/Wetzlar, 
Germany) equipped with an argon laser was then used for 
imaging. C6 and DAPI-stained cell nuclei were observed 
through the blue and green channels at 405 and 485 nm exci-
tation, respectively. Cellular uptake was determined through 
the assessment of the fluorescence intensity of 15 cells from 
3 different images by ImageJ software (Version 1.52).

In vitro assessment of the anti‑inflammatory effect

Induction of inflammation was done by exposing cells to the 
pro-inflammatory lipopolysaccharide (LPS, Sigma Aldrich, 
USA) at 1 μg/ml for 48 h at 37 °C [31]. To investigate the 
presence of inflammation in the cell model, extracellular 
media were collected to analyze the secretion of IL-8 and 
TNF-α using enzyme-linked immunosorbent assay (ELISA) 
kits (Elabscience, USA, Cat. No: E-EL-H6008) and (Cusa-
bio, USA, Cat. No.CSB-E04740h) according to manufac-
turer’s instructions. The anti-inflammatory efficacy was 
assessed for BUD-ES-NP + and HA-BUD-ES-NP compared 
to free drug solution and cell controls (untreated control 
and LPS treated control). Measurements were performed 
in triplicate.

In vivo studies

Animals

Male Wistar rats (25 rats, weight 220 ± 20 g) were provided 
by the animal facility of the Faculty of Medicine, Alexan-
dria University. Rats were housed at room temperature with 
ad libitum access to food and water and were maintained at a 
regular 12/12-h light/dark cycle. Animals were acclimatized 
for 5 days before the experiment. The protocol was approved 
by the Institutional Animal Care and Use Committee, Fac-
ulty of Pharmacy, Alexandria University (Approval number: 
AU-06–2022/130).

Induction of colitis and experimental design

Prior to colitis induction, 20 rats were fasted for 24 h with 
free access to water. Colitis was then induced by rectal 
administration of 2 ml of 4% acetic acid solution using a 
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flexible plastic cannula inserted 4 cm into the colon under 
light anesthesia [23]. Ensuing acetic acid administration, rats 
were held upside down in a horizontal position for 1 min to 
prevent leakage. To allow the development of colitis, rats 
were left for 24 h with free access to food and water before 
treatment. Rats were then randomly divided into 4 groups 
of 5 rats each as follows: untreated control (positive con-
trol), BUD suspension, BUD-ES-NP + , and HA-BUD-ES-
NP. Treated groups received volumes equivalent to 500 µg/
ml BUD on an empty stomach once daily for 5 consecu-
tive days [23]. The fifth group received only a regular diet 
and water and was left without disease induction nor treat-
ment and served as a negative control. Rats were sacrificed 
24 h after administration of the last dose. The entire colon 
was immediately excised and washed with saline, and the 
colon length and weight were recorded. Then, the colon was 
opened longitudinally for digital imaging and subsequently 
divided into two parts, one was kept in 10% formalin for 
histopathological assessment while the other was homog-
enized in phosphate buffer saline (PBS) containing protease 
inhibitor, centrifuged at 3000 rpm at 4 °C for 15 min and the 
supernatant kept at − 80 °C for further biochemical analyses.

Disease activity index assessment (DAI)

Rats were observed for weight loss, stool consistency, and 
bleeding. Scores were determined as shown in Table 1 fol-
lowing a previously described protocol [32]. The sum of 
scores of the 3 parameters (0–4) represents the DAI which 
ranges from 0 (healthy) to 12 (maximal severity of colitis).

Assessment of macroscopic ulcer score

Excised colons were visually examined, and the gross mac-
roscopic injury was assessed using the modified ulcer scor-
ing system previously reported by El-Tanbouly et al. [32]. 
Colon mucosal damage index (CMDI) was assessed on a 
scale of 0–10 as shown in Table 2.

Histopathological examination of colon tissues

Colon specimens were collected, fixed in 10% formalin 
saline then embedded in paraffin wax. Tissue Sects. (5 μm) 
were cut and stained with hematoxylin and eosin (H&E). 
Histopathologic evaluation was done using a light micro-
scope (Olympus America Inc., USA) equipped with a Spot 
digital camera with a numerical aperture of a high reso-
lution (16-bit digital camera (1280 × 1024) pixels). Scor-
ing was conducted according to Wallace and Keenan [33]. 
Briefly, score 0 means intact tissue with no apparent colonic 
damage; score 1 means that damage is limited to surface 
epithelium; score 2 means the presence of focal ulceration 
limited to the mucosa; score 3 denotes the presence of focal, 
transmural inflammation and ulceration; score 4 denotes the 
presence of extensive transmural ulceration and inflamma-
tion bordered by moderate inflammation of the mucosa, and 
score 5 denotes the presence of extensive transmural ulcera-
tion and inflammation involving the entire section.

Assessment of inflammatory markers

The levels of tumor necrosis factor-alpha (TNF-α) 
(Cat#MBS175904, MyBiosource, USA) and interleukin 1ß 
(IL 1ß) (Cat#MBS702717, MyBiosource, USA) in colonic 
tissue homogenates were determined using ELISA method 
according to manufacturer’s instructions.

Assessment of epithelial cadherin

Rat epithelial cadherin (E-cad) was measured in colonic 
tissue homogenate using ELISA kit (cat# CSB-E07308r, 
CUSABIO) according to the manufacturer’s instructions.

Table 1  Disease activity index (DAI) assessment

Score Percentage 
weight loss

Consistency of stool Bleeding

0  < 1% Normal Normal
1 1–5% Normal Occult blood ( +)
2 5–10% Loose stool Occult blood (+ +)
3 10–15% Loose stool Occult blood (+ + +)
4  > 15% Diarrhea Gross bleeding

Table 2  Colon mucosal damage 
index (CMDI) for assessment of 
macroscopic injury

Score Description

0 Normal appearance
1 Focal hyperemia without ulceration
2 Ulcer but with no significant inflammation
3 Ulcer with one site of inflammation
4 Two or more ulcers with inflammation at two or more sites
5 Major sites of ulceration and inflammation extending more than 1 cm along colon length
6–10 Major sites of ulceration and inflammation extend more than 2 cm along the colon. The 

score was increased by 1 for each additional cm of involvement
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Assessment of miR‑21 using real‑time quantitative PCR 
(RT‑qPCR)

Total cellular RNA was extracted from frozen tissues using 
the TRIzol Reagent (Invitrogen, Carlsbad, CA) according 
to the manufacturer’s instructions. Total RNA was then 
reverse transcribed using the first-strand cDNA synthesis 
kit (ThermoScientific, USA). The resulting cDNA was 
amplified using Quant studio-1 real PCR system (Applied 
Biosystem, Thermofisher scientific, USA). Forward and 
reverse primers sequence for PCR amplification of miR-21 
are shown in Table 3. The RT-PCR reactions were run in 
triplicates with signal collection at the end of each cycle. 
Relative miRNA transcript levels were normalized against 
an internal housekeeping gene (U6 snRNA) and sample dif-
ferences were determined using the comparative threshold 
cycle (ΔΔCt) method [31].

Statistical analysis

The results are presented as mean ± SD of at least three inde-
pendent tests. All statistical analysis was performed using 
(GraphPad Prism version 7, CA, USA). Statistical signifi-
cance was determined using one-way analysis of variance 
(ANOVA) followed by Tukey’s test for post hoc pair-wise 
comparisons. Differences were considered significant when 
p ≤ 0.05.

Results and discussion

Characterization of ES100 nanoparticles

The colloidal properties of different ES100 nanoparticles 
are shown in Table 4. BUD-ES-NPs were prepared with 
a mean size of 144.7 ± 3.2 nm. NPs showed a negative ZP 
(− 22.6 mV) ascribed to the characteristic dissolution and 
ionization of ES100 at ⁓pH 7.0 [34]. The high ZP provides 

an electric repulsion thus preventing particle aggregation. 
Positively charged NPs were prepared by adding CTAB to 
the formulation. A significant increase in PS (p ≤ 0.05) was 
observed with a shift to a positive ZP of 33.3 mV. The posi-
tive charge induced allowed for HA coating. This was con-
firmed by the increase in PS (239.5 ± 9.2 and 274.8 ± 2.9 nm 
for BUD-ES-NP + and HA-BUD-ES-NP, respectively) (Fig. 1a 
and b) and the negative charge observed following coating 
(− 24.6 ± 2.8 mV). For all formulations, the PDI was inferior 
to 0.3 which demonstrated formulation monodispersity.

Efficient encapsulation of BUD was attained with %EE 
exceeding 98% (Table 1) and an average drug payload of 
⁓17.6%. The high %EE is attributed to the lipophilic nature 
of BUD (Log p value 1.9) and hence low affinity to water [35].

Morphological examination of BUD-ES-NP + and HA-
BUD-ES-NP using SEM (Fig. 1c and d, respectively) showed 
smooth spherical nanoparticles. The size was uniform with no 
aggregates. HA-BUD-ES-NPs have slightly higher PS com-
pared to the uncoated formulation. These results are compa-
rable to those determined by DLS.

In vitro drug release

The pH-dependent release profile of BUD from ES100 nano-
particles under sink conditions was studied and compared to 
BUD suspension (Fig. 2). At pH 1.2, BUD showed a high 
rate of drug release; 70% during the first hour and exceeded 
90% at 2-h intervals. On the other hand, BUD release from 
BUD-ES-NP + was highly sustained with a release of ⁓29% 
at 1 h probably corresponding to the surface-entrapped drug 
and ⁓30% after 2 h. At pH 6.8, a spurt in drug release was 
observed (⁓60% at 4 h). This reflects the pH-responsive dis-
solution of the polymer allowing for drug release at the site 
of inflammation. HA coating of ES-NPs resulted in a statis-
tically insignificant (p > 0.5) reduction in BUD release rate 
compared with BUD-ES-NP + .

Storage stability of ES100 nanoparticles

BUD-ES-NP + and HA-BUD-ES-NP formulations were 
stored at 4 °C. At 2-week intervals, PS and ZP were meas-
ured and compared to zero time (Fig. 3). Both formulations 
showed a slight progressive increase in size over time. In 
the case of BUD-ES-NP + , the increase was significant 

Table 3  Primers used for quantitative real-time PCR (RT-qPCR)

Gene Forward Reverse

miR-21 GTA CCA CCT TGT CGG 
GTA GC

Universal primer

U6 snRNA CTC GCT TCG GCA 
GCACA 

Universal primer

Table 4  Physicochemical 
properties of ES100 
nanoparticles (n = 3)

Formulation Particle size (PS), nm PDI Zeta potential (ZP), mV %EE

BUD-ES-NP 144.7 ± 3.2 0.213  − 22.6 ± 1.3 99.3 ± 4.21
BUD-ES-NP + 239.5 ± 9.2 0.232 33.3 ± 1.7 98.1 ± 1.65
HA-BUD-ES-NP 274.8 ± 2.9 0.278  − 24.6 ± 2.8 98.3 ± 3.41
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(p ≤ 0.05) reaching a maximum of 25% after 8 weeks. On 
the other hand, the HA-coated formulation increase in 
size was statistically insignificant (p > 0.05) with a maxi-
mum increase of 18%. Regarding PDI, both BUD-ES-
NP + and HA-BUD-ES-NP showed an increase in PDI 
which remained below 0.4 indicating that the formulations 

relatively retained their mono-dispersity upon storage. 
Whereas storage affected PS, no change in ZP was observed 
for both formulations. Stable ZP, especially for the HA-
coated formulation, reflects the stability of the coat over 
time which is important for targeting inflammation.

Stability in simulated gastrointestinal fluids

In view of the planned oral administration of ES100 
nanoparticle formulations, in vitro stability in simulated 
gastrointestinal fluids was performed (Table 5). In SGF, 
both formulations showed a significant increase in size 
(p ≤ 0.05). The increase was more pronounced for the 
HA-coated formulation (21% and 70% increase in PS for 
BUD-ES-NP + and HA-BUD-ES-NP after 2 h incuba-
tion, respectively). Also, a change in ZP was observed 
following incubation in SGF (28% and 40% decrease in 
ZP for BUD-ES-NP + and HA-BUD-ES-NP after 2 h incu-
bation, respectively). A reverse pattern was observed in 
SIF where the change in PS and ZP was higher for BUD-
ES-NP + than HA-BUD-ES-NP (109% and 37% increase 
in size with 56% and 49% decrease in ZP for BUD-ES-
NP + and HA-BUD-ES-NP, respectively). The change in 
colloidal properties of ES-NPs could be explained by the 
formation of protein corona around the particles which is 
accompanied by alteration in size and surface charge [36]. 

Fig. 1  Particle size distribution by intensity curve of a BUD-ES-NP + and b HA-BUD-ES-NP and SEM images of c BUD-ES-NP + and d HA-
BUD-ES-NP. Magnification × 15 K, scale bar represents 1 µm

Fig. 2  Release profile of budesonide from BUD-ES-NP + and HA-BUD-
ES-NP formulations in pH 1.2 and 6.8 at 37 °C over 24 h (n = 3)
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This interaction is mainly driven by hydrogen bonds and 
van der Waals forces as previously described by Wang 
et al. [36]. The composition of protein corona is influ-
enced by particle size, shape, and surface properties such 
as zeta potential, hydrophobicity, and functional groups 
[37] thus explaining the difference in behavior observed 
between BUD-ES-NP + and HA-BUD-ES-NP. One of the 
main aims of the experiment was to investigate the stabil-
ity of the HA coat in gastrointestinal fluids. Retention of 
negative surface charge following incubation in simulated 
gastrointestinal fluids reflects the stability of the HA coat 
on the surface of positively charged BUD-ES-NP + .

In vitro cell culture studies

Caco‑2 cell viability assay

Caco-2 cells were exposed to blank formulations and to 
ES100 formulations standardized at increasing BUD con-
centrations. Cell viability was calculated relative to control 
(Fig. 4). The drug solution showed dose-dependent toxicity 
on Caco-2 cells. As the concentration of the drug solution 
increased from 0.1 to 3.2 µg/ml, the cell viability decreased 
from 99 to 30%. On the other hand, in the drug concentration 
range tested (0.1–3.2 µg/ml), BUD-ES-NP + and HA-BUD-
ES-NP showed cell viability exceeding 90% as obtained for 
blank formulation. The results reflect that loading of BUD 
into ES-NPs reduced drug cellular toxicity and enhanced 
safety on intestinal cells.

Cellular uptake

Confocal laser microscopy scan was used to study cellu-
lar uptake of C6-loaded formulations in Caco-2 cells com-
pared to free dye solution (Fig. 5A). Green fluorescence 
corresponds to C6 whereas the cell nuclei marker, DAPI, is 
observed as blue fluorescence signals. A quantitative assay 
of cellular uptake was done by calculating cellular fluo-
rescence intensity via ImageJ software (Fig. 5B). C6 solu-
tion showed sparse fluorescence signals. Reduced Caco-2 
uptake of C6-free solution has been previously reported and 
attributed to the inability of raw C6 to be directly internal-
ized by the cells [38]. Loading of C6 into ES-NPs resulted 
in significantly higher fluorescence intensity (p ≤ 0.05). 
Moreover, the HA coating of the nanoparticles showed a 
further increase in fluorescence intensity in the cytoplasmic 
and nuclear areas. The results support the assumption that 
nanoparticle physicochemical properties and surface nature 
in contact with cells or cellular components affect cellular 
uptake [38, 39]. This is ascribed to the difference in cell 
penetration mechanisms [40]. Hence, surface modification 
of nanoparticles could successfully provide enhanced cel-
lular interaction [41]. C6-ES-NP + are mostly internalized 
by endocytosis and passive targeting [40]. Also, the positive 

Fig. 3  Change in particle size (nm) and zeta potential (mV) of BUD-ES-
NP + and HA-BUD-ES-NP upon storage at 4 °C over 8 weeks (n = 3)

Table 5  Stability of ES100 
nanoparticles in simulated 
gastric (SGF) and simulated 
intestinal (SIF) fluids in terms 
of change in particle size (PS) 
and zeta potential (ZP) (n = 3)

Time (h) BUD-ES-NP + HA-BUD-ES-NP

SGF SIF SGF SIF

PS, nm ZP, mV PS, nm ZP, mV PS, nm ZP, mV PS, nm ZP, mV

0 240 ± 3.4 34 ± 1.6 240 ± 3.4 34 ± 1.6 277 ± 3.1  − 25 ± 3.7 277 ± 3.1  − 25 ± 3.7
1 263 ± 11.5 29 ± 0.7 328 ± 7.7 20 ± 0.7 365 ± 7.2  − 20 ± 2.3 269 ± 273  − 21 ± 7.1
2 292 ± 2.5 25 ± 3.3 448 ± 3.8 18 ± 1.1 470 ± 14.3  − 15 ± 0.2 317 ± 22.2  − 18 ± 6.2
3 503 ± 5.7 17 ± 0.8 378 ± 15.6  − 15 ± 2.8
6 ND 15 ± 1.3 ND  − 13 ± 2.3
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charge on their surface could benefit the interaction with the 
negatively charged cell membrane [42]. HA coating of the 
nanoparticles significantly improved cellular uptake which 
is mostly due to HA interaction with its major cell surface 
receptor CD44, consequently, resulting in nanoparticle inter-
nalization via receptor-mediated endocytosis. The specific 
affinity of HA to CD44 makes it an ideal targeting moiety 
for increasing cellular uptake and concentration of drugs at 
the surface of cancerous or inflamed colonic cells overex-
pressing this receptor [40, 43].

Inflammatory markers expression

Lipopolysaccharide (LPS) is considered one of the most 
potent inducers of gut inflammation [44]. It was shown that 
LPS can initiate a cascade of signal transduction through 
Toll-like receptor 4 extracellular domain binding, thus 
enhancing pro-inflammatory cytokine production [45] and 
hence is commonly used to induce cellular inflammation. 
Following induction of inflammation in Caco-2 cells, IL-8 
and TNF-α production in the culture medium were deter-
mined using ELISA kits. As shown in Fig. 6, LPS resulted 
in a marked increase in IL-8 and TNF-α levels (12 and 
20-fold increase, respectively, compared to LPS untreated 
cells). BUD treatment resulted in a significant decrease in 
cytokines levels (25% and 28% decrease in IL-8 and TNF-α, 
respectively, p ≤ 0.05) as it exerts a direct anti-inflammatory 
effect on intestinal epithelial cells [46]. Loading of BUD 
into ES-NPs + resulted in a further decrease in IL-8 and 
TNF-α levels (46% and 50%, respectively, p ≤ 0.05). Maxi-
mum reversal of LPS inflammatory effect was observed fol-
lowing treatment with HA-BUD-ES-NP (63% decrease in 
both IL-8 and TNF-α compared to LPS-treated cells). This 
could be explained by the enhanced cellular uptake achieved 
by the HA-coated NPs. Similarly, HA-functionalized poly-
meric nanoparticles [47] and BUD-loaded self-assembled 

HA-NPs [48] demonstrated higher anti-inflammatory effect 
as was shown by the reduced IL-8 and TNF-α secretion in 
inflamed cell models.

In vivo efficacy

Acetic acid-induced colitis shares several clinical features of 
human IBD. It mimics human pathophysiology in cytokine 
profile and histopathological attributes and is characterized 
by infiltration of neutrophils and subsequent colon tissue 
damage via reactive species formation [49, 50]. Also, its 
simplicity, reproducibility, and the rapid appearance of 
inflammation and clinical parameters make it a popular 
experimental model for IBD [51].

Effect on colon length, DAI, and macroscopic ulcer score

IBD induction by acetic acid led to a significant decrease 
in colon length (10 ± 1.5 cm) associated with a significant 
increase in DAI (5.4 ± 0.5) and macroscopic ulcer score 
(4.6 ± 0.5) in the positive control group versus the nega-
tive control (14.8 ± 0.2 cm, 0, 0, respectively; p ≤ 0.001 
for the three parameters) (Fig. 7A–D). All these changes 
were significantly improved following treatment with 
either BUD, BUD-ES-NP + , or HA-BUD-ES-NP versus 
the positive control with p ≤ 0.001 regarding both DAI and 
ulcer score when comparing the three treated groups to 
the positive control one. However, when comparing the 
colon length in BUD, BUD-ES-NP + , and HA-BUD-ES-
NP-treated groups versus the positive control one, p values 
were ≤ 0.05, ≤ 0.01, and ≤ 0.001, respectively. The highly 
significant changes observed indicated mucosal healing 
and alleviation of inflammation [52]. It is worth mention-
ing that HA-BUD-ES-NP presented the best recovery with 
p ˃ 0.05 regarding colon length and ulcer score when com-
pared to the negative control group.

Fig. 4  Percent Caco-2 cell 
viability after exposure to BUD-
ES-NP + and HA-BUD-ES-NP 
compared to blank formula-
tions and BUD solution. Data 
expressed as mean ± SD (n = 3)
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Histopathological changes assessment by H&E staining

Histopathological examination of H&E-stained colon tissue 
sections was done (Fig. 8A). In comparison to the normal 
histological appearance shown in the negative control group, 
the examination of positive control group sections revealed a 

complete loss of normal structure of colonic mucosa. Sections 
showed extensive necrotic destruction of the epithelium with 
hemorrhage, edema, crypt damage, ulceration, and vacuola-
tion at mucosal and sub-mucosal layers. In addition, severe 
inflammatory cellular infiltration was also noted. The loss of 
normal colonic mucosal structure is still seen in sections from 
BUD-treated group. Areas of epithelial necrotic destruction, 
some scattered hemorrhage, edema, crypt damage, and small 
mucosal ulcers were still present. Moreover, cellular inflam-
matory infiltration was evident. On the other hand, BUD-ES-
NP + and HA-BUD-ES-NP-treated groups showed substantial 
inflammation subsidence with the almost normal structure of 
colonic mucosa and mild inflammatory cellular infiltration. 
Small areas of ulceration, vacuolation, and edema were still 
seen. However, almost normal crypts and submucosa were 
seen in the HA-BUD-ES-NP-treated group.

Based on the above findings, a histopathological score 
was calculated (Fig. 8B). This was significantly increased in 
the positive control group (4.83 ± 0.29) versus the negative 
control one (p ≤ 0.001). Yet, it was significantly improved 
following treatment with either BUD (4.26 ± 0.16), 

Fig. 5  Cellular uptake of C6-ES-NP + , HA-C6-ES-NP, and coumarin-6 
solution in Caco-2 cells: A confocal laser scan microscope images. 
Blue and green fluorescence signals represent the cell nuclei (DAPI)  
and coumarin-6, respectively, and B fluorescence intensity is calcu-
lated using ImageJ software. Data expressed as mean ± SD. ap ≤ 0.05 vs 
coumarin-6, bp ≤ 0.05 vs C6-ES-NP + , and cp ≤ 0.05 vs HA-C6-ES-NP

Fig. 6  Evaluation of inflammatory markers; A interleukin-1ß (IL-1ß) 
and B tumor necrosis factor-alpha (TNF-α) following inflammation 
induction in Caco-2 cells using LPS and treatment with BUD, BUD-
ES-NP + , and HA-BUD-ES-NP compared to suitable controls. Values 
were expressed as mean ± SD (n = 5). ap ≤ 0.05 vs control, bp ≤ 0.05 vs 
LPS, cp ≤ 0.05 vs BUD, dp ≤ 0.05 vs ES-NP + , ep ≤ 0.05 vs HA-ES-
NP, fp ≤ 0.05 vs BUD-ES-NP + , and gp ≤ 0.05 vs HA-BUD-ES-NP
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BUD-ES-NP + (3 ± 0.29), or HA-BUD-ES-NP (2.26 ± 0.47) 
with p ≤ 0.001 for both BUD-ES-NP + and HA-BUD-ES-
NP-treated groups versus the positive control.

Expression of inflammatory markers in colonic tissue 
homogenate

Since inflammation plays a major role in the pathogenesis 
of acetic acid-induced colitis, the expression of inflamma-
tory markers in colonic tissue homogenate was assessed. The 
selection of inflammatory biomarkers was based on previous 
studies, where TNF-α expression was found to accelerate 
the inflammatory cascade through nuclear factor (NF-κB) 

pathway activation and hence is directly involved in colon 
tissue destruction [53, 54]. Also, McAlindon et al. demon-
strated the evident role of IL-1β in IBD [55]. The role of the 
selected inflammatory biomarkers was confirmed by the sig-
nificant increase in IL-1β and TNF-α (p ≤ 0.05) in the posi-
tive control group versus the negative control one (2.6 and 
4.8 folds increase, respectively) (Fig. 9A). This significant 
elevation further explains the marked inflammatory cellu-
lar infiltration observed in the histopathological sections of 
the positive control group (Fig. 8A). Treatment with BUD, 
BUD-ES-NP + , and HA-BUD-ES-NP led to 37%, 56%, 
and 65% decrease in IL-1β respectively when compared to 
the positive control group (Fig. 9A). A similar pattern was 

Fig. 7  A Macroscopic evaluation of colitis, B colon length, cm, C 
disease activity index (DAI), and D ulcer score following treatment 
of acetic acid-induced colitis with BUD, BUD-ES-NP + , and HA-
BUD-ES-NP compared to suitable controls. Values were expressed as 

mean ± SD (n = 5). ap ≤ 0.05 vs negative control, bp ≤ 0.05 vs positive 
control, cp ≤ 0.05 vs BUD, dp ≤ 0.05 vs BUD-ES-NP + , and ep ≤ 0.05 
vs HA-BUD-ES-NP
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observed for TNF-α expression which also showed a sig-
nificant decrease of 38%, 52%, and 69% following treatment 
with BUD, BUD-ES-NP + , and HA-BUD-ES-NP, respec-
tively, compared to the positive control group (Fig. 9B).

Expression of colonic E‑cadherin

There is a clear link between IBD etiology and deficits in gas-
trointestinal epithelial barrier function. An intact gut barrier 
protects against leakage of antigens from the intestinal lumen 
into the interstitial space and the lamina propria. It also con-
trols polymorphonuclear leukocytes (PMN) migration across 
the epithelium into the lumen. A pivotal component of the 
epithelial adherens junction, E-cadherin, was shown to play 
a crucial role in cell–cell adhesions which are fundamental 
to intestinal epithelial barrier function [56]. Previous stud-
ies demonstrated mutations and changes in the E-cadherin 
gene in UC patients [57, 58]. Also, a dominant interfering 
E-cadherin mutant in the intestinal epithelium was shown in 
IBD-affected mice [59]. Moreover, the functional involvement 
of cytoplasmic E-cadherin-associated protein p120-catenin in 
IBD is well reported [60, 61]. In the current study, IBD induc-
tion by acetic acid resulted in a 45% decrease in E-cadherin in 
the positive control group versus the normal negative control 
one with p ≤ 0.001 (Fig. 9C). However, following treatment 
with BUD, BUD-ES-NP + , and HA-BUD-ES-NP, a respec-
tive increase of 16%, 41%, and 70% in E-cadherin level was 

observed compared to the positive control group (p ≤ 0.05 
for BUD-treated group, p ≤ 0.001 for BUD-ES-NP + and 
HA-BUD-ES-NP-treated groups). Moreover, restoration of 
E-cadherin expression was achieved by HA-BUD-ES-NP 
showing an insignificant difference compared to its level in 
the negative control group (p > 0.05).

Colonic miR‑21 expression

One of the most widely studied miRNAs regarding health 
and disease is miR-21. Regarding IBD, miR-21 level eleva-
tion is suggested to be a pathological finding [62, 63]. Our 
results showed that IBD induction by acetic acid led to a 
significant 2.4 folds increase in colonic miR-21 expression 
in the positive control group versus the normal negative 
control one with p ≤ 0.001 (Fig. 9D). This is in accordance 
with other studies showing that miR-21 ablation in mice 
is protective against DSS-induced colitis [64, 65]. Also, 
miR-21 downregulation was reported in UC patients in the 
remission phase [66]. However, treatment with BUD, BUD-
ES-NP + , and HA-BUD-ES-NP led to 19%, 44%, and 63% 
significant decrease in colonic miRNA-21 expression in 
the three treated groups, respectively, when compared with 
the positive control group (p ≤ 0.001 for the three groups). 
Furthermore, miRNA-21 expression in HA-BUD-ES-NP-
treated group was insignificantly different from its level in 
the negative control group with p > 0.05.

The role of miR-21 in IBD pathogenesis could be attrib-
uted to its effect on intestinal inflammation. Herein, we 
found a strong positive correlation (R2 > 0.9) between miR-
21 expression and inflammatory markers, TNF-α and IL-1β 
(Fig. 10A and B). In accordance with our results, the miR-21 
expression on immune cells with the promotion of inflamma-
tory cytokines production has been previously reported [67, 
68]. Another possible effect of miR-21 in IBD pathogenesis 
is its effect on gut permeability where a negative correla-
tion between E-cadherin and miR-21 levels was previously 
reported [69, 70]. Similarly, a strong negative correlation 
between colonic miR-21 expression and colonic E-cadherin 
level with a determination coefficient of 0.98 was observed 
in the current study (Fig. 10C). Recently, one study showed 
exacerbation of dextran sulfate sodium (DSS)-induced colitis 
in mice due to the uptake of exosome-derived miR-21a-5p 
from abnormally polarized macrophages by intestinal epithe-
lial cells and a decline in E-cadherin level [71].

The combined results of the in vivo tests performed on 
the acetic acid-induced IBD animal model all showed the 
enhanced efficacy of BUD upon loading into NPs. Indeed, 
the small size of nanocarriers was previously shown to 
allow for more efficient drug targeting to affected tissues 
through the eEPR effect which allows for accretion at the 
inflamed and disrupted epithelium [72]. Also, inflamed 
tissues show epithelial barrier disruption, in addition, to 

Fig. 8  A Histopathological examination of H&E-stained colon tissue 
sections of negative control showing normal colonic mucosa. Regu-
larly and parallelly arranged crypts (black arrows) perpendicular to 
the muscularis mucosae consisting of absorptive cells, goblet cells, 
and endocrine cells (red arrows). The lamina propria contains a vari-
able number of inflammatory cells and a rich network of capillaries, 
venules, and lymphatics (blue arrows), and normal submucosa (green 
arrows). Positive control showed complete loss of normal structure 
of colonic mucosa with extensive necrotic destruction of the epithe-
lium, hemorrhage, edema, crypt damage (red arrows), and ulceration 
and vacuolation at mucosal and sub-mucosal layers (green arrows), 
in addition to severe inflammatory cellular infiltration (black arrows). 
The BUD group showed loss of normal structure of colonic mucosa 
with necrotic destruction of the epithelium which is still seen. Also, 
some scattered hemorrhage, edema, crypt damage (red arrows), 
and small areas of ulceration and vacuolation at mucosal and sub-
mucosal layers (green arrows), in addition to severe inflammatory 
cellular infiltration (black arrows). The BUD-ES-NP + group showed 
an almost normal structure of colonic mucosa with mild inflamma-
tory cellular infiltration (black arrows) and a small area of ulceration 
and vacuolation (green arrows) and edema (red arrows) with almost 
normal crypts. HA-BUD-ES-NP showing normal colonic mucosa 
with a small area of ulceration and vacuolation (red arrows) and mild 
inflammatory cellular infiltration (black arrows) and normal sub-
mucosa (green arrows). The scale bar represents 50 µm. B The his-
topathological score of treated groups following administration of 
BUD, BUD-ES-NP + , and HA-BUD-ES-NP compared to control. 
Values were expressed as mean ± SD (n = 5). ap ≤ 0.05 vs negative 
control, bp ≤ 0.05 vs positive control, cp ≤ 0.05 vs BUD, dp ≤ 0.05 vs 
BUD-ES-NP + , and ep ≤ 0.05 vs HA-BUD-ES-NP

◂
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an increase in the production of mucus and immune cell 
infiltration [73]. These were asserted as factors affecting 
the preferential uptake of NPs by inflamed cells and hence 
enhanced drug accumulation in damaged tissues [74]. In 
addition to the small size of NPs, two different approaches 
were exploited in the current study to improve the speci-
ficity of drug delivery towards colon inflammation sites. 
First, ES100, a methacrylic acid copolymer that takes advan-
tage of pH changes along different regions of the GIT, was 
selected for the preparation of NPs. This probably allowed 
for pH-dependent release of BUD in the colon. Several stud-
ies demonstrated enhanced efficacy of NPs drug payload 
in various IBD animal models upon using ES100 either as 
a NP coat or in the matrix [14, 23, 75]. To further improve 
selectivity to inflammation, HA was used for NPs coating. 
HA-BUD-ES-NP showed superior efficacy compared to 
BUD and BUD-ES-NP + sometimes comparable to nega-
tive control as in colon length, ulcer score, histopathologi-
cal findings, and restoration of level of different biomarkers 
tested. This could be explained by the ability of the nega-
tively charged HA-coated NPs to preferentially adhere to 

inflamed colonic regions due to large amounts of positively 
charged proteins accumulated in inflamed mucosa [76]. 
Moreover, in inflamed IBD sites, endothelial cells express 
high levels of CD44 which is essential for inflamed tissues’ 
immune cell infiltration [77]. Hence, HA is considered an 
ideal moiety for targeted delivery to inflamed mucosa as it is 
well-reported to target colonic epithelial cells overexpress-
ing CD44 and macrophages at inflamed colonic sites [47].

In conclusion, the developed HA-coated pH-sensitive 
NPs for the targeted BUD delivery to inflammation in IBD 
showed good colloidal properties with high entrapment effi-
ciency and the ability to reduce early drug release in the 
stomach or small intestine. In vitro cell culture studies on 
Caco-2 cells and in vivo evaluation in an acetic acid-induced 
colitis model verified the augmented efficacy of HA-coated 
ES-NPs at both the cellular and molecular levels compared 
to BUD and the uncoated nanoparticles. Thus, our findings 
present HA-BUD-ES-NPs as a promising smart nanosystem 
with the capacity to promote mucosal healing and decrease 
inflammation for IBD treatment and a potential to be trans-
lated from bench to bedside.

Fig. 9  Evaluation of various biomarkers in colonic tissue; A inter-
leukin-1ß (IL-1ß, B tumor necrosis factor-alpha (TNF-α), C colonic 
E-cadherin (E-cad), and D colonic miR-21 expression in acetic acid-
induced colitis following administration of BUD, BUD-ES-NP + , 

and HA-BUD-ES-NP compared to control. Values were expressed as 
mean ± SD (n = 5). ap ≤ 0.05 vs negative control, bp ≤ 0.05 vs positive 
control, cp ≤ 0.05 vs BUD, dp ≤ 0.05 vs BUD-ES-NP + , and ep ≤ 0.05 
vs HA-BUD-ES-NP
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