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ARTICLE INFO ABSTRACT

In the present study, a slow-release system of mesoporous silica
Article History: nanoparticles (Msn) loaded with curcumin (cur) is intended as an implant
Received 02 June 2025

that can have a more significant effect on preventing intra-abdominal
adhesion after surgery due to its longer shelf life and extended release of
the drug in the intra-abdominal area. Msn were prepared and examined
for physicochemical properties. Then, these prepared nanoparticles were
loaded with cur. The implant was made from loaded nanoparticles and
hydroxypropyl methylcellulose (HPMC) polymer by molding method.
After the implant was made, its properties, such as disintegration time,
Implant thickness and swelling, surface pH, adhesion strength, and in vitro release,
Msn were evaluated. The implants (imp) were evaluated for the effect on intra-
abdominal adhesion after laparotomy in the future paper. The results
showed that the fabricated nanoparticles had acceptable morphological
properties. Also, the fabricated implants had pH within the limits of
normal tissue and suitable adhesion, swelling, and disintegration time.
The highest adhesion strength was associated with imp, and the highest
swelling was associated with imp/cur.
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INTRODUCTION

Peritoneal adhesions are unusual connections adhesions, which form after abdominal surgeries,
between tissues and organs that result from are also one of the biggest unresolved problems in
damage to the peritoneal surfaces [1]. These  today’s world of medicine and impose significant
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In a study of 298 corpses that underwent
laparotomy at least once in their lifetime, it was
found that 67% had intraperitoneal adhesions, up
from 93% in those who underwent laparotomy
more than once [3]. According to the available
evidence, adhesive bands are formed in 67% of
cases of intra-abdominal surgery and 28% of cases
of intra-abdominal infections [4]. These adhesions
are the adverse outcome of incomplete fibrin lysis
and cellular exudate after peritoneal injury. Other
complications associated with adhesions include
chronic pelvic pain, ureteral obstruction, and
urinary incontinence [5]. Fibrosis-like adhesions
develop at the site of surgical trauma a few
days after surgery on the abdomen or pelvis.
These fibrinous materials will either be removed
entirely from the abdominal cavity or organized
by macrophages and fibroblasts to form a fixed
fibrotic adhesion.

Any mechanical trauma such as rough
manipulation during surgery, use of retractors,
surgical forceps and bandages during surgery,
heat damage, contamination and infection,
tissue ischemia, and external objects that cause
damage to peritoneal endothelium will cause
fibrotic adhesions [6, 7]. The severity of adhesion
formation depends on the surgery’s type and
size. Other factors involved in adhesions include
the intra-abdominal external object (mesh, glove
powder, sutures) and the spread of gallstones
during cholecystectomy [8]. Adhesions are the
most common cause of bowel obstruction in the
Western world [9].

Data analysis from several studies in this
regard has shown that adhesive bands cause
about 1.3 cases of intestinal obstruction, and
60% of obstruction cases are small intestines [6].
Approximately 64-79% of patients with bowel
obstruction have abdominal or pelvis surgery [10].

The leading cause of more than 10% of infertility
in women is the formation of these adhesions
[9]. Abdominal adhesions make it impossible
to perform peritoneal dialysis in patients with
chronic renal failure (CRF) and also make it
difficult for general surgeons to perform surgery,
increasing postoperative complications [11].
However, the advanced technique of laparoscopic
surgery is complex due to abdominal adhesions
and even impossible in some cases [12]. Intra-
peritoneal adhesions can also limit the effect of
intra-peritoneal therapeutic agents used to treat
cancer [5].
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Abdominal adhesions also increase the surgery
time, blood loss, and other complications in
reoperation [11]. Due to the importance of this
subject, many drugs and methods have been
evaluated and tested to reduce these adhesions,
and 440,000 new ideas are evaluated annually by
scientists to solve this problem [13]. However, a
completely effective solution to this problem has
yet to be found [14]. Studies have shown that
compounds with anti-inflammatory, antioxidant,
anticoagulant, immunomodulatory, and
antifibrotic properties can effectively reduce the
formation of peritoneal adhesions [14, 15].

Many studies have already shown that
compounds with antioxidant properties have a
significant effect on reducing intra-abdominal
adhesions [16]. Cur is a natural low molecular
weight polyphenol found in the turmeric
rhizome, which has anti-tumour, anti-oxidant,
and anti-inflammatory effects [17]. It is helpful
in the wound-healing process and prevents the
formation of intra-abdominal adhesions. Also, this
substance, along with its many properties, has
weak side effects, so the use of this compound as a
drug supplementin treatment regimens for various
diseases has been considered [18-20]. One of the
drug delivery systems is the implant system. The
primary purpose of supplying these forms is the
drug’s local release to increase the drug’s presence
and absorption in the desired location, which can
be designed for slow release. Slow-release dosage
forms, while reducing the frequency of drug
administration and its side effects, create a certain
blood level in the body during the treatment to
provide more effective treatment for the patient
[21]. Since these compounds must enter the target
site continuously and repetitively during the repair
period. Therefore, in this study, a controlled drug
delivery implant system is designed to significantly
prevent intra-abdominal adhesions after surgery
due to its extended stay in the position and
prolonged drug release in the intraperitoneal area.

MATERIALS AND METHODS
Materials

Rats were obtained from the Pasteur Institute
of Iran (Tehran, Iran). Hydroxy propyl methyl
cellulose (HPMC) K100 and cur were obtained
from Merck (Darmstadt, Hesse, Germany). Cetyl
trimethyl ammonium Bromide (CTAB, 98 %)
and Tetraethyl orthosilicate (TEOS, 99 %) were
purchased from Sigma Aldrich (Seelze, Germany).
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Other reagents and solvents were purchased from
Merck (Darmstadt, Hesse, Germany).

Mesoporous silica nanoparticle preparation

One gram of CTAB is dissolved in 480 ml of
distilled water and 3.5 ml of 2 M NaOH is added
to the solution, and it is stirred at 1000 rpm and
heated, and after the temperature of the solution
reaches 80 °C, the amount of 5 ml of TEOS is added
drop by drop and kept at 80°C for 2 hours. The
obtained nanoparticles are washed several times
with distilled water and ethanol and then calcined
in an oven at 540 °C [22, 23].

Mesoporous silica nanoparticles characterization
To assess the form and surface morphology
of nanoparticles, Msn were examined using
the transmission electron microscope (TEM,
Zeiss EM10C, 80 KV, Germany) and scanning
electron microscope (SEM, FE-SEM, Tescan/
Mira, Brno, Czech Republic). Additionally,
dynamic light scattering was used to evaluate the
nanoparticles’ size distribution and particle size
(DLS, Mastersizer 2000; Malvern Instruments,
Malvern, Worcestershire, UK). X-ray diffraction
(XRD, STOE & Cie GmbH, Germany) analyses
was used to investigate the crystal structure of
Msn. To investigate the nanoparticle’s pore size
and surface area, the Brunauer—-Emmett—The N2
adsorption-desorption device used teller (BET)
method. The chemical structure of nanoparticles
was studied by infrared (IR) spectroscopy recorded
on a Nicolet Magna IR-550, America North (USA-
Canada-Mexico), using KBr pellets.

Cur loaded Msn (Msn@cur) preparation

500 mg of Msn powder was poured into a 10
cc ethanol solution, added 500 mg of cur, and let
rotate for 24 hours, then placed it in a 40 °C oven
until the solvent evaporated [24].

Implant preparation

150 mg of HPMC K100 dissolve in 2 ml of 95%
ethanol and disperse the obtained Msn@cur in
the previous step in 5 ml of ethanol, add it to the
HPMC K100 solution and place it on the magnetic
stirrer. After one hour, it becomes a homogeneous
and uniform solution. Sonic the resulting solution
for 15 minutes and let it stir for another 30
minutes. The obtained solution was added to a
plate with a diameter of 3 cm and allowed to dry
at room temperature overnight. Place an inverted
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funnel on the plate to evaporate the solvent in a
controlled manner. Finally, the dried films were
removed and checked for defects or bubbles.
They were wrapped in aluminium foil and stored
in a glass container at room temperature for later
steps. At that stage, the imp/Msn@cur was made.

To obtain imp/cur and imp/Msn, 500 mg of cur
or 500 mg of Msn were added to ethanol solvent
and HPMC K100 solution, respectively. Also, only
free ethanol solvent was added to HPMC K100
solution to make the imp.

Implant characterization
Examination of the appearance

The prepared implant was visually inspected to
confirm if it had a uniform, smooth and bubble-
free surface, so other pharmacotherapeutic
analyses should be performed on them.

Disintegration time

To determine the disintegration time of
prepared implants, 1x2 cm? pieces of the implant
were placed in a petri dish containing phosphate
buffer with a pH of 7.4, 50 rpm and 37 °C. The
disintegration time was detected visually when
the implant was completely disintegrated.

Swelling index

Calliper measured implant thickness at 5
points, and their mean was recorded. To measure
the weighted swelling index of the implant, the
weighted implant specimen was placed on the
surface of the plate and incubated at 37 °C. The
swollen implant was weighed regularly to reach
its maximum and stable weight. Implant weighted
swelling index was calculated with the following
formula:

% weighted swelling index - [(W,- W) / W ] x 100
W_: final implant weight
W,: first implant weight

On the other hand, the implant thickness
was measured by a calliper at 5 different points,
and their mean was recorded. After the swollen
process, the implants were measured again, and
this formula calculated the volumetric swelling
index:

% volumetric swelling index - [(V,- V) / V] x 100
V.: final implant weight
V,: first implant weight
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Surface pH

The surface pH of the implant was determined
to evaluate the possibility of mucosal stimulation
by the implant. Thus, the implant sample was
placed in 5 ml of phosphate buffer with pH 7.4,
and the pH was measured at intervals of 2, 4 and 6
hours by placing a pH meter on the surface of the
swollen implant.

In vitro adhesion strength

There are several in vitro methods for measuring
the adhesion strength of an implant, often based
on measuring the force required to separate the
implant from a smooth surface. For this purpose,
to calculate the minimum adhesion force created
between the implant and the mucosa, a piece of
cellulose membrane cut in the dimensions of 2x1
cm? was first glued to the base glass surface. In this
test, we used a double bottom scale.

After the membrane was hydrated with distilled
water, the implant, which was attached to the
scale plate, was pressed against the surface of
the membrane and remained in contact with it
for one minute. Water was then added dropwise
to the collector, which was in another scale plate
at a 3 ml/min rate. Adding water was stopped
immediately after removing the implant from the
membrane surface, and the adhesion strength
was calculated. This experiment was repeated
three times, and its mean number was recorded.

In vitro release

Pieces of 2x1 cm? from the prepared implant
are poured into a 12,000 Dalton dialysis bag, add
5 ml of phosphate buffer with pH 7.4, and place
it in a container with 50 ml phosphate buffer:
ethanol (60:40) and %0.5 tween 80 with pH 7.4,

37 °C and 100 RPM. At intervals such as 0.5, 1, 2,
3,4,5,6,12, 24, 48, 72, 96 and 120 hours, 1 ml
of sample was taken and 1 ml of fresh buffer was
added. The collected samples were measured by
UV spectrophotometer at 422 nm and repeated
thrice.

Methods of data analysis

The experimental data that underwent
statistical analysis were expressed as mean *
standard deviation (SD). A statistically significant
difference was deemed to exist when the p-value
was less than 0.05.

RESULTS AND DISCUSSION
TEM, SEM, DLS, XRD, BET and FTIR results of Msn

Msn’s surface and morphological properties
were examined with TEM and SEM methods. As
Figs. 1A and 1B, the particle size was about 50-
100 nm. The TEM image showed the porosity and
channel arrangement. Moreover, the SEM image
confirmed the particles’ spherical shape and
uniform distribution. However, equal dispersity of
Msn was seen in prepared imp/Msn@cur as Fig.
1C.

DLS analysis graphs obtained from Msn showed
satisfactory dispersion (PDI = 0.285). Also, the
hydrodynamic diameter reported by DLS was
287 nm, the size for water-coated nanoparticles
(Fig. 2A). XRD results show Msn index peaks at
2.25, 4.1, and 5.1, confirming the nanoparticles’
hexagonal and honeycomb states and crystallinity
(Fig. 2B).

The mesoporous structure of Msn was
confirmed by obtained isotherms of BET and
BJH analysis (Fig. 2C). Isotherm diagrams in
mesoporous nanoparticles have four properties:
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Fig. 1. A: TEM image of calcined Msn, B: SEM image of calcined Msn, C: SEM image of imp/Msn@cur. D: Image of different prepared

RuRC FESEM

implants.
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1- Existence of distance between adsorption and
desorption branch, 2- Higher desorption branch
than adsorption branch, 3- Sigmoid shape and
4- high surface area. The results of BET analysis
show the surface area as 778.73 m?/g (Fig. 2D),
and the effects of BJH analysis confirmed the
presence of mesoporous particles with the pore
radius as 1.64 nm, which is consistent with MCM-
41 nanoparticles (Fig. 2E).

FTIR confirmed the chemical structure of Msn.
The FTIR spectrum is shown in Fig. 3. It can be
attributed to O—H stretches from 3300-2500 cm™
belonging to the Msn surface OH groups. Also,
the small peak at 1630.64 cm™ was related to the
bending frequency of OH. Also, the functional
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indicator groups of Msn as Si—-O-Si and Si—OH
showed the absorption spectra of stretching
vibration at 968.99 and 810.16 cm™, respectively.
Moreover, the tensile frequency of the Si-O group
was seen at the peak of 810.16 cm™.

Appearance, disintegration time, swelling index,
surface pH, adhesion strength and in vitro release
characteristics of prepared implant

The prepared implant was examined visually.
The prepared film had a uniform, smooth,
bubble-free surface, opaque and yellow (Fig. 1D).
However, they were ready for other pharmaceutic
analyses to be performed on them.

The performance of a drug is primarily
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S
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Fig. 2. A: DLS, B: XRD, C: Isotherm, D: BET and E: BJH of Msn.

Table 1. Disintegration time, weighted and volumetric swelling index, surface pH and adhesion strength of different prepared

implants.
Dls_lntegra.tlon we.lght'ed V°'?‘"‘e_"'c 2 h surface 4 h surface 6 h surface adhesion strength
Implant type time (min) swelling index swelling index
%) %) pH (mv) pH (mv) pH (mv) (8)

imp/Msn@cur 60.66 +4.04 1529 164 7.20 7.29 7.27 162.66 +10.40

imp/cur 47.33+£1.53 2800 164 7.49 7.34 7.51 215.66 £ 17.24

imp/Msn 53+3 11016 524 6.91 7.02 7.04 244.66 + 49.66

imp 56.66 + 1.52 3312 164 7.11 7.11 7.05 185.66 + 46.33
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influenced by the disintegration and dissolution
behaviour of the dosage form. The disintegration
time of the implant was determined to evaluate
this dosage form disintegration in the scheduled
timetable when placed in the prescribed test
condition. As Table 1 shows, all types of implants
were disintegrated within an hour. This result
confirmed that the implants were distributed in
the abdominal area, and the surfaces of all intra-
abdominal organs were exposed to the cur inside
the implant.

The swelling index investigation of prepared
implants was done using the mentioned method.
The weighty and volumetric swelling indexes were
calculated using the following formula, and the
obtained results are reported in Table 1.

The surface pH of the implant was determined
to evaluate the possibility of mucosal stimulation
by the implant. Thus, the implant sample was
placed in 5 ml of phosphate buffer with pH = 7.4,
and the pH was measured at intervals of 2, 4 and 6
hours by placing a pH meter on the surface of the
swollen implant. The results in Table 1 show that
all types of implants have a pH within the range of
normal tissue, and the implant has no pH-induced
side effects.

The adhesion strength of the prepared implants
was performed according to the mentioned.
As Table 1, the obtained results show that the

prepared implant has adhesive strength and, after
intraperitoneal loading, can be attached to the
surrounding tissues and placed in the abdominal
cavity.

Fig. 4 shows the outcomes of drug release
from patches. In the first 4 hours, around 75.8%
and 49.5%, respectively, of the cur was released
from imp/cur and imp/Msn@cur. They both stand
explosive cur release. According to the imp/Msn@
cur release diagram, drug release was seen for
up to 5 days, which is much less time than imp/
cur. This difference may be attributable to Msn’s
controlled release profile instead of imp/burst
cur’s release from the HPMC matrix. Additionally,
the percentage of cur released on day five from
the two implants was roughly 91.3% and 81.3%,
respectively. This shows that the patch has
disintegrated, and the majority of the drug content
has been released.

One of the most critical complications of
intra-abdominal surgery is the formation of
adhesive bands. Adhesive bands are pathological
connections between the surface of the
peritoneum, the viscera, and the pelvic cavity,
depending on the location of the abdominal and
pelvic adhesions. These adhesions form during
the repair of peritoneal surface damage. However,
adhesions may develop after any abdominal
surgery, such as cholecystectomy, gastrectomy,
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and abdominal vascular surgery [25]. One of
the drug delivery systems is the implant system.
The primary purpose of these dosage forms is to
release the drug locally to increase the presence
and absorption of the drug at the site, which can
be designed to slow release [26].

Since it is necessary to deliver these compounds
continuously and repetitively to the target site
during the repair period, in this study, a controlled
drug delivery implant system is designed to
prevent intra-abdominal adhesions after surgery
significantly.

Therefore, the present study was designed
to implant slow-release systems of Msn loaded
with cur extract as an implant that can have a
more significant effect on the prevention of intra-
abdominal adhesion after surgery due to having
longer retention and long-term release of the drug
in the intra-abdominal area.

In this study, Msn was constructed and putin an
internal implant for controlled drug release of cur
for prevention of intra-abdominal adhesions after
surgery. Successfully synthesizing well-dispersed
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Msn with a particle size of around 100 nm and
pore radius of about 1.64 nm demonstrated their
ability to encapsulate cur in their mesopores. The
synthesis of Msn as the MCM41 structure was
confirmed by the spherical shape and properties
of the synthesized Msn, as illustrated in Figs. 1
and 2. It was discovered that imp/Msn@cur had
a lower burst release and release rate than imp/
cur. Therefore, the regulated release of Msn was
caused by hydrogen bond attraction between
silanol groups at the pores and surfaces of Msn.
As a result, the administration of MSN and the
resulting imp/Msn@cur have a long-term release
of cur.

Examination of the adhesive strength of the
prepared implants also showed that the ready
implant has adhesive strength; the highest
adhesive strength is related to imp/Msn (244.6 g),
imp/cur (215.6 g), imp (185.6 g), and finally imp/
Msn@cur (162.6 g).

Examination of the degree of implant swelling
showed that the highest swelling index is related
to implants containing nanoparticles and implants
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Fig. 4. In vitro cur release of imp/cur and imp/Msn@cur.
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without nanoparticles, followed by implants
containing cur.

Determination of the disintegration time
of implant prepared in vitro showed that
disintegration time was related to implant
containing cur and nanoparticles, implant without
nanoparticles, implant containing nanoparticles
and finally, implant having cur, respectively.

The results of the present study also showed
that the manufactured nanoparticles had a
size between 50-100 nm. Studies have shown
that nanoparticles smaller than 10 nm can be
rapidly excreted through the renal excretory
system or vascular leakage. In contrast, much
larger nanoparticles may more likely be detected
and passed by the single-nucleus phagocyte
system [27]. Therefore, to maximize the effect
of increasing permeability and maintenance and
effective escape from physiological barriers, many
studies consider the approximate size between 10
and 250 nm suitable for drug delivery purposes
[28].

Mesoporous nanoparticles have very suitable
dimensions for drug delivery purposes. In this
study, electron microscope images confirmed
the spherical shape and uniform distribution of
particles. The particle size was about 100-50 nm.
In this study, after loading the nanoparticles,
the properties of the created nano-system were
investigated.

The encapsulation efficiency of cur in
mesoporous nanoparticles was about 50%, which
shows a stable and excellent formulation and good
maintenance during this period. Also, the loading
capacity was about 50%, which indicates that the
nanoparticle loading was effective and had an
acceptable ratio. Also, regarding the surface pH of
the implant, the results showed that the surface
pH is in the range of normal tissue pH and has no
destructive or irritating effect on the tissue, just
as no tissue damage or stimulation was observed
during the experiment in rats.

Consistent with the results of the present study,
Tsai et al. Loaded 47% of cur in polylactic glycolic
acid nanoparticles and produced nanoparticles
with a size of 163 nm [29].

In another study by Akhtar et al., They could
load cur on chitosan nanoparticles. The size of
nanoparticles in their study was 218 nm, more
significant than the nanoparticles made in the
present study [30, 31].

Yallapu et al. Also, cur was loaded into
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polylactic nanoparticles of co-glycolic acid. They
made 76 nanometer nanoparticles. The charge
of these nanoparticles was positive 0.06 mV.
They could load 69% of cur into polylactic glycolic
acid nanoparticles. Their findings showed that
cur efficiently loaded into smaller polylactic
nanoparticles. The positive charge of nanoparticles
facilitates binding these nanoparticles to
negatively charged molecules at the cell surface
and accelerates the transfer of cur to the target
tissue [32].

Cur has many medicinal properties such
as antioxidant, anti-mutant, anti-tumor anti-
cancer, anti-angiogenic, anti-cholesterol and
anti-bacterial properties. Still, despite its potent
medicinal properties, it cannot be widely used
in treating diseases. It cannot dissolve in water
and, consequently, has poor bioavailability in the
body environment. Various reports state that
the solubility of cur increases when dissolved or
encapsulated in some drug carriers [33].

CONCLUSION

There has been considerable interest in
designing and developing novel intraperitoneal
adhesion formulations. Using implants,
mesoporous nanoparticles enhance the aqueous
solubility of hydrophobic drugs and improve the
drug loading capacity, therapeutic efficacy, and
sustained release. Herein, we loaded the Msns
with cur to prepare the slow-release implants.
The results of the present study showed that
the prepared implant properties, such as pH,
adhesion, swelling, disintegration time, and long
and controlled release of the cur. These findings
suggest imp/Msn@cur as a promising intra-
abdominal adhesion drug delivery candidate.
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