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Abstract

Oral drug delivery is regarded as the most favored method of
treatment due to its elevated patient compliance and reduced
invasiveness. The oral route of administration of therapeutic
proteins such as vaccines, antigens and hormones (insulin),
compared to other routes, requires delivery systems that can
overcome glitches in therapeutic proteins optimal utilization
such as extensive first-pass hepatic metabolism, destruction in
the gastrointestinal tract, large molecule size and poor
penetration. Therefore, pH-responsive carriers for the delivery
of insulin orally are regarded to be one of the most promising
options. Insulin is now available in parenteral dose form, which
can be administered mainly by subcutaneous injections.
Subcutaneous administration method is linked with a number
of complications that might impair patients' compliance. Oral
administration of insulin is not currently feasible due to a
number of problems that are associated with the structure of
insulin and the architecture of the gastrointestinal system.
Insulin is a peptide that, when oral administration occurs, has a
tendency to be rendered inactive through the process of
destruction that is accomplished by the enzymes and acids of
the stomach. Therefore, the pH-responsive carriers make an
effort to bypass the stomach. This allows for insulin release and
subsequent absorption in its unaltered form within the intestine
by aid of absorption enhancers. This review will discuss the
progress made in the field of pH-responsive systems, with a
particular focus on oral insulin delivery. It provides a
comprehensive comparison of pH-responsive systems with
other delivery systems from various aspects, such as
formulation, insulin loading, and large-scale manufacturing, as
well as the future prospects for oral insulin delivery. It also
discusses the challenges that may be faced in scaling up
production and offers our perspective on the clinical translation
of in vitro findings into commercial products.

Tikrit Journal of Pharmaceutical Sciences

Page | 60



mailto:husseinalkufi21@utq.edu.iq
https://creativecommons.org/licenses/by/4.0/
http://doi.org/10.25130/tjphs.2025.19.2.6.60.76
https://tjphs.tu.edu.iq/
mailto:tjops@tu.edu.iq
http://doi.org/10.25130/tjphs.2025.19.2.6.60.76

Tikrit J. Pharm. Sci. 2025; 19(2):60-76

rpdl) Baok (8 Gl gead¥) e s (A g gd) S Aplaial) dadi] ibaben g i) (o 4d M
b _palida 3..14\‘).4

Alhazza et.al.

(b3S ABIS (e (IlSe Jo A (ubie (g gl i Gpan”!

Bl 64001 B (53 dadas llaall LI dphll clill g jdliall ¢ 3!

dadal)
Gaohall Gl ol all Jasill A8y am jall el JESSU | Slai o Sall Abiadal) 45, plall adll (53 5k (e 40 52Y) Jpa 5 i)
Aadail s AV 5 kall 4 jlia o0l g1 e sedl s Apaatinall o gall g cHlalall) Jia ZaDlall cilisi g ) slacy (5 sadll
JsY) s el JOA Jalsll (2l @Y e daaDlall i g jll JiaY) aladin¥) 8 cKaal e sl LSy Jaa s
i 9l (O Al ATl 228 (GlAl 2 Canan g oy Jall pan €5 ol Sleadl 8 juenill 5 call
L sthe | (Sar 5 Sle s JSE & OV CulgeaiY) a5 sac 5l il Ll ST (e sasd s adll 5k e Gal suiY) Jaa sl
el a3l e i a8 ) clieliaall (e aaeg ddag e alall s ellac ) 45y yh alall cad Gal) 5k oo Wl
Airy Gl i) A A pal) COISEA) (g 220 s Ulla (Sen g il sk e el (s Oal suiY) sllae) 23l
il 3 L o8 Al Jaill Al ey allad 358 G ) aag il (53 ke (e 4ilae ) e 5 eaing 5 (ol V) canngl) Slead)
dnaliaiial g ol a1 0 5at ey 138 Baxall jslat] a5 sed) (U Apaisall Jal saldl (8 (@l 5axall Galeal g
Al Jlas 8 sl aaiill Gaa) jall o2 (8l | paliaieV] &) jrae 3ol elaa¥l Jala 5 piiall e dirpay GaY
Al G ALls A5 jlee g ) Guoh e (il i) Jrasi e pald JSG S ge o g ouell o dyaiuall
SEY) e Sl aul g S5 e aiaill 5 Gl suiV) 4aS Jea e LN 5 @l Sl 5 S Al Jie 3ac il s (e daliA)
@ e (M Ay il ol o il dyead Joa hi dga s pally 5 il dal 58 (Al Cbaall QLG LS Alil)

b

Sl e B il cilapnll | i s uell GaOU dpsioad) Jal sall (5 el cpl i) sdgalidal) cilalg)

Introduction

Diabetes mellitus (DM), is a chronic endocrine
disorder, is marked by high blood sugar levels
due to reduced insulin production from
impaired or failed pancreatic function and/or
decreased cellular response to insulin
[1][2][3]. According to the International
Diabetes Federation, the global prevalence of
diabetes is expected to become 643 million
adults by 2030, compared to 537 million in
2021[4]. According to the World Health
Organization, the serious complications and
prevalence associated with diabetes result in
more than three million deaths annually
worldwide [5]. DM is usually categorized into
the two types: type 1 mellitus (T1DM) and
type 2 diabetes mellitus (T2DM). T1DM
results from insufficient or absent insulin
production due to pancreatic beta cell
dysfunction, while T2DM is characterized by
reduced insulin sensitivity in cells. Both
conditions disrupt blood glucose balance,
leading to hyperglycemia [6]. Persistent high
blood sugar levels can cause long-term
complications such as cardiovascular issues,
stroke, kidney damage, vision loss, nerve
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damage, and lower limb amputations [6][7][8].
In contrast, T2DM develops gradually due to a
progressive decline in insulin production and
sensitivity, requiring insulin therapy over time.
Symptoms include dry skin, frequent urination,
light sensitivity, fatigue, blurred vision, and
excessive thirst [9]. The primary therapy
objectives for diabetes include eradicate
hyperglycemia and its related consequences.
Since its initial discovery in 1921, insulin has
served as the fundamental treatment for
diabetes, particularly for individuals with
T1DM [10]. Patients with TIDM experience
either an absence or a decrease in insulin
secretion from the pancreas, necessitating
numerous injections of both rapid acting and
long acting insulin to replicate postprandial
and baseline blood glucose levels [6]. In this
review, we critically evaluate the advantages
and disadvantages of pH-responsive systems in
the context of oral insulin delivery. We identify
the advantages of pH-responsive systems as
the next-generation delivery system compared
to standard delivery methods; we discuss the
current obstacles related to their clinical and
industrial translation. We also explain critical
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formulation, such as hydrogels, polymeric
nanoparticles, mesoporous silica nanoparticles
pH-responsive cationic polymeric micelles and
cellulose microspheres as well as the
possibility of enhancing pharmacokinetic
properties suitable for use as an oral insulin
delivery system. In addition, we explore the
uses and compare it with other delivery
systems. The essence of this discussion is to
attempt to develop a vision of how pH-
responsive systems, using only the essential
components, can provide better oral insulin
delivery. In addition to pH responsive carriers,
several approaches are available to address
problem of poor oral bioavailability of insulin
as shown in figure 1.

Oral Insulin
Drug Delivery
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Figure 1: approaches of oral insulin delivery

systems.

Routes of Insulin Administrations

Insulin therapy could be administered to
patients by numerous routes, including
parenteral, pulmonary, and nasal. The primary
concern with these systemic ways is that only
a limited fraction of insulin can effectively
reach the liver for its physiological function.
The retention of insulin in peripheral
circulation may result in peripheral resistance
to insulin and immunogenicity.
Hyperinsulinemia may arise when
administered insulin acts on inappropriate
targets, resulting in hypertension, heart
disease, weight gain, and peripheral oedema
[11], [12]. Subcutaneous injections remain the
predominant method for the routine
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administration of insulin. This approach
presents multiple drawbacks, such as poor
patient adherence due to discomfort, needle
aversion, hypoglycemia incidents, and allergic
responses [13].In comparison to alternative
routes, the oral administration of insulin
presents multiple advantages over other
systemic delivery methods. For instance, the
local pain, discomfort, irritation, needle stick
injuries, and the danger of skin infections like
Staphylococcus aureus and Mycobacteria
chelonae associated with injections are
nonexistent [14]. The oral administration of
insulin enhances portal drug levels and reduces
periphery hyperinsulinemia, which has been
linked with neuropathy and retinopathy in
alternative routes of delivery [15]. The oral
administration can enhance health outcomes
for diabetes management by enhancing
patients' living conditions.

Oral Insulin Therapy

Researchers have exerted significant efforts to
create oral insulin preparations since the initial
finding of insulin by Best and Banting in
1921[16]. The initial attempt to develop oral
insulin occurred in the year that followed.
Throughout a week of repeated oral
administration of progressively dosed insulin
formulations, the patient exhibited no
improvement in metabolic function [17].
Numerous clinical studies of oral insulin
occurred from 2001 to 2019. Despite many
businesses discontinuing the development of
oral insulin due to clinical trial challenges,
others, including Emisphere in the US,
Diabetology in the UK, and Oramed in
Palestine [18]. In 2001, Emisphere obtained
FDA approval to conduct a Phase I clinical trial
for its initial oral insulin formulation. An
alternative insulin oral formulation from
Emisphere completed phase II clinical trials
five years later. Nevertheless, the outcomes
were insufficient, as substantial differences
were noted among the control and intervention
groups. This was primarily attributable to the
restricted sample size of simply eight patients.
In 2014, Oramed's ORMD-0801 obtained FDA
approval to Phase III clinical studies. The
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sample size comprised 710 diabetic patients.
Nonetheless, the outcomes remained
unsatisfactory. No significant improvement in
glycemic control was noted in participants
administered oral insulin compared to those
receiving placebo following 26 weeks of
treatment [17], [18]. The major issue for oral
product development is the GI barriers
according to many researches [7], [19]. Due to
the significant need for oral administration in
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clinical applications, numerous studies have
concentrated on  creating  innovative
technologies that overcome gastrointestinal
barriers of insulin, including enteric coating,
inhibitors of enzymes, permeability enhancers,
nanoparticles, and intestinal micro devices.
Several novel technologies have been invented
during clinical trials and are currently available
on the market as shown in Table 1 [20], [21].

Table 2: Oral Insulin Delivery Systems Undergoing Clinical Trials

Product Manufacturer Technology Status
Name
IN-105 Biocon Insulin conjucated with PEG Phase II
ORA2 | BOWS Pharmaceuticals | ~ CaPsule containing insulin in dextran Phase I1 in T2DM
. Axcess, enteric coated capsule filled Phase Il  in TI.DM and
. Diabetology . . . . . phase Il in
Capsulin with mixture of insulin and absorption
T2DM
enhancer.
NN1953; Novo Nordisk Tablet of 1 ting insuli Phase I in TIDM and
NN1954 ablet of long-acting insulin TODM
ORMD- Enterlg coa.ted capsqle containing Phase 111
0801 Oramed insulin and adjuvants

The Barriers to The Oral Absorption of
Insulin

Numerous issues limit the advancement of oral
insulin development, including instability in
the  gastrointestinal  tract,  inadequate
permeability across intestinal epithelia, and
challenges in formulation development
(Figure 2). The physiological obstacles are
significant impediments to the oral absorption
of insulin, due to the inherent characteristics of
the gastrointestinal tract, which primarily
facilitates food digestion and nutrient
absorption. Following oral delivery, medicines
are initially exposed to gastric juices in the
stomach before progressing to the small
intestine, where the majority of drug
absorption  occurs.  Nonetheless,  the
environments of the stomach and intestines
differ  significantly, encompassing pH,
enzymes, mucus, and epithelial permeability,
all of which affect the stability and absorption
of insulin.
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The pH varies from the stomach to the
intestine, transitioning from the acidic range of
1.2-3.0 in the stomach to a slightly alkaline
range of 6.5-8.0 within the intestinal wall. The
alteration of acid levels may lead to pH-
induced combustion and dehydrogenation to
insulin similar ~ to  transcription  factor
compounds [20]. Insulin is highly vulnerable
to numerous proteolytic enzymes, involving
luminal enzymes from intestinal and
pancreatic secretions, bacterial enzymes in the
colon, and mucosal enzymes, all of which
affect its stability [21]. Another physiological
factor is mucus, a sticky and viscoelastic gel
layer that covers the entire gastrointestinal
tract. The mucus presents several obstacles to
the passage of insulin throughout the
submucosal tissue [20]. In addition to
physiological barriers, formulation presents a
significant challenge in the development of
commercial oral insulin products. The stability
of insulin, both chemically and physically, is
paramount in formulation development, which
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seeks to ensure its stability during
manufacturing, transportation, storage, and
administration [22].

Salivary glands

A Biochemical barrier

B Mucus barrier

°, ¢ .~ Antimicrobial
o
o o Peptides

Figure 2: Oral insulin development challenges
(A) Biochemical barrier: The interplay of
acidic and alkaline environments, along with
diverse enzymes in the gastrointestinal tract.
(B) The mucus barrier. (C) The epithelial
barrier regulates nutrient transfer between the
intestinal lumen and the lymphatic system or
bloodstream.

Approaches for Oral Insulin Delivery

Over the previous decades, scientists try to
overcome the limitations of oral delivery of
insulin by using different technique, methods,
carrier  systems,  excipients, chemical
modification, coatings and the pH responsive
oral insulin delivery system.

pH-Responsive Approaches for Oral Insulin
Delivery

The hostile stomach environment is the first
biological barrier that oral insulin delivery
(ODS) encounter when they target the small
intestine. Stomach acid (pH 1.0-2.5) can
denature chemicals that are susceptible to acid,
and the digestive enzymes break down the
payload fast. Therefore, when targeting the
small intestine, it is vital so that drugs remain
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stable when passed through the stomach. A
crucial method for intestinal targeting is pH
dependency, which is necessary due to the
large pH gradient along the gastro-intestinal
tract. ODS are said to be pH-responsive if they
modify their interaction with their environment
in response to variations in pH [23]. It is
common practice to formulate these pH-
responsive polymer systems using a mix of
polycations and polyanions. Solubility and
subsequent expansion at a targeted pH
determine the release mechanism. One typical
component for the release of medications that
target the intestines is calcium alginate. It can
withstand the acidic conditions of the stomach
but breaks down in the neutral intestine [24].
These carriers including hydrogel, polymeric
nanoparticles, micelles, Mesoporous silica
nanoparticles and microspheres.

A- Hydrogels

With the ability to expand under physiological
enviroment and retain water multiple times
their dry weight, hydrogels are a type of
hydrophilic polymer composed of three-
dimensional viscoelastic networks. Hydrogels
have the potential to be utilized as biomaterials
due to their unique properties, including their
high water content, supple and elastic texture,
and minimal adhesion force with biological
fluids or water. The controlled dissolution,
preservation of labile drugs, and regulation of
molecular release are all made possible by
hydrogels' distinctive physical characteristics
[25]. With a size range of 10-1000 nm,
hydrogel is a nanomaterial. Hydrogel carriers
for the oral administration of insulin have been
developed using naturally occurring polymers
such as chitosan, cellulose, starch, pectin, and
psyllium. Because of their mucoadhesive
qualities, hydrogels are considered safe oral
medication delivery vehicles. Medications
may take longer to be absorbed if this happens.
Hydrogels have the ability to shield the
injected  medications from  enzymatic
breakdown, which is an additional perk of
employing them as oral drug delivery vehicles.
Oral insulin is delivered by means of PH-
responsive polymeric hydrogels composed of
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cross-linked poly (ethylene glycol) and poly
(methacrylic acid) [26]. The rapid secretion of
insulin in the intestines is a result of the cross-
linking properties of these hydrogels, which
are dependent on the pH. They are highly
effective at loading insulin and exhibit
mucoadhesive properties; nevertheless, they
do not compromise the integrity of the
intestinal epithelial barrier as shown in Figure
3. When it comes to crosslinking agents, those
with hydrophobic groups tend to collapse in
water, reducing hydrogel swelling, whereas
those with hydrophilic groups can generate a

(¥) Chelation of calcium ions by PMAA

disrupts cadherin-mediated
intercellular adhesion
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higher degree of swelling. When the materials
swell at a certain pH, the drugs are released
from pH-responsive hydrogels [27]. Hydrogels
can be tuned for prolonged macromolecule
release by altering their hydrodynamic radius,
which is usually 5 to 100 nm with inflation.
Figure 4 shows acid-sensitive bonds that break
to release molecules attached to the backbone
and ionizable groups that change solubility and
shape in response to ambient pH. The main
pH-responsive hydrogels are anionic and
cationic.

2 Indirect inhibition of protein
~ tyrosine phosphatase (PTP) leads
to more phosphorylated occludin

%> [ PP

Occludin

Figure 3: Opening of tight junction through thiolization of polymethacrylic acid (PMAA

-chitosan-PEG (PCP) hydrogel.

Stable hydrogel ApH

matrix

Swollen hydrogel

Figure 4: Swelling/ de-swelling of hydrogel matrix loaded with drug with response to pH change.

At pH levels higher than the polymer network's
pKa, anionic hydrogels become ionized and
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swell [30]. Intragastric drug delivery systems
shield medications from stomach acid and
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denaturation at low pH while releasing them
into designated areas, like the colon and upper
small intestine. Solution ionic strength impacts
hydrogel swelling. Since the hydrogel is
deflated, ionic strength does not affect swelling
below pKa. At pH values above the polymer
network's pKa, anionic hydrogels swell less
with ionic strength. Ion shielding minimizes
negative carboxylic acid group electrostatic
repulsion as ionic strength increases. Cationic
hydrogels ionize when their pH drops below
the polymer network's pKa, unlike anionic

Alhazza et.al.

ones. Cationic hydrogels help stomach or cell-
released drugs [31]. Because of the amino acid
groups, cationic polymers have a high water
solubility at acidic pH and a low one at neutral
pH. To ensure that medications remain stable
in the mouth (pH 5.8-7.4) before being
released into the stomach (pH 1-3.5), oral
delivery devices make wuse of cationic
polymers. Because of their low solubility at
neutral pH, cationic polymers are frequently
employed in taste-masking formulations to
prevent the release of medicines [32].

Table 2 summarizes the systems used as examples.

Polymer Ta.rget Test References
site drug
poly(methacrylic
acid-g-ethylene
Anionic Small ) tin | [33]
glycol) intestine
[P(MAA-g-EG)]
Cationic Chitosan ) Sma}l Insulin [34]
intestine

Poly(anhydride ester) and poly(acrylic acid)
hydrogels were created by Demirdirek and
Uhrich to regulate insulin and salicylic acid
release from the hydrogel matrix. Hydrogels
produced 90% insulin in a basic environment
and 4% in an acidic one. This research sheds
light on gastric pH-resistant pH-dependent oral
insulin administration [35]. Research in
Farya's lab centered on developing
nanocomposites and pH-responsive hydrogels
for the release of insulin. Acrylic acid and
methacrylic acid monomers exhibited different
pH-responsive behavior because to the
different amounts of crosslinkers. In order to
shield insulin from stomach acids and
maximize intestinal release, swelling studies
showed a small expansion at acidic pH and a
large expansion at physiological pH (7.4).
Variations in the concentrations of monomers
and crosslinkers had a significant impact on the
swelling. A higher concentration of the
crosslinker resulted in less edema because the
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crosslinking density was higher. Pepsin in
gastric juice was unable to breakdown insulin
in studies involving insulin release. [36].
Zhang et al. developed an insulin-encapsulated
nano hydrogel utilizing O-carboxymethyl
chitosan and sodium alginate in an
independent investigation. This nano-system
exhibited a bioavailability of 6.5%, ensuring
pH-specific intestinal release of insulin for
more than 12 hours in rats with type 1 diabetes
[37]. An oral insulin administration method
based on microalgae was created in the Ren
research by cross-linking an insulin delivery
system based on Chlorella vulgaris (CV) with
sodium alginate (ALG) [38]. Bypassing the GI
tract and protecting insulin from acidic
stomach environment is possible using CV-
Insulin-ALG, which also allows for pH-
responsive medication release in the intestines.
CV-Insulin-ALG may have a role in both
endocytosis by M cells and macrophages and
direct insulin release from the delivery system,
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the two pathways that are involved in insulin
absorption [39]. In a mouse model of type 1
diabetes generated by streptozotocin (STZ),
CV-Insulin-ALG  had a longer-lasting
hypoglycemic effect than direct insulin
administration while causing no harm to the
intestines. In addition, type 2 diabetic mice
showed an improvement in insulin sensitivity
after receiving long-term oral treatment of the
carrier CV-ALG, which improved gut
microbiota disorder and dramatically raised the
abundance of probiotic = Akkermansia.
Following oral administration, microalgal
insulin  delivery devices demonstrated
excellent biodegradability and biosafety by
degrading and being metabolized in the
intestines. An oral insulin delivery system that
uses microalgal biomaterials is an efficient,
natural, and multipurpose option [40].

B- Polymeric nanoparticles.

Taking into consideration the mucosal
adhesion characteristics of PDM and the pH
responsiveness of hyaluronic acid (HA), Wang
created three HA-PDM nano-delivery systems
for insulin. The HA molecules used in these
systems had different molecular weights. All
three varieties of nanoparticles have similarly
sized particles and negatively charged
surfaces. A medication loading of 11% (w/w)
was considered optimal. At a pH of 1.2, the
insulin release was 22%, and at a pH of 7.4, it
was 63.23%. Oral administration was followed
by pharmacodynamic and pharmacokinetic
investigations in diabetic rats. With a relative
bioavailability of 14.62%, all three
formulations = showed a  long-lasting
hypoglycemic impact. In conclusion, there is
great promise for industrial advancement with
these simple, environmentally benign, pH-
responsive, and mucoadhesive nanoparticles.
Insulin delivery via oral administration is
supported by initial findings offered by this
investigation [41]. Sung developed a method
for the enzymatic assembly of hydrophilic
chitosan (CS) and poly (y-glutamic acid) (y-
PGA) nanoparticles to facilitate the
paracellular route of oral delivery of
hydrophilic macromolecules. There have been
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studies in the literature about the preparation of
NPs using the ionic gelation of CS with
tripolyphosphate sodium (TPP) or poly
(acrylic acid) (PAA) to increase the intestinal
absorption of protein molecules. The research
details the pH-responsive characteristics of CS
nanoparticles and how they promote the
reversible opening of epithelial tight junctions
(TJs). Subsequently, as illustrated in Figure 5,
in vivo findings suggest that NPs containing a
high concentration of CS may adhere to the
intestinal mucosa, remain there for an extended
period, and subsequently open epithelial
transepithelial junctions if administered orally.
Furthermore, @ we  discuss the  oral
biodistribution, function, and efficacy of the
insulin-loaded NPs. The blood glucose levels
of diabetic rats were found to decline
significantly and remain rather stable for an
extra six hours following the oral

administration of insulin-loaded NP, which
took four hours. Everything said before
demonstrates that our insulin-loaded NPs
effectively reduce blood sugar levels [42].

Figure 5: (A) Photomicrographs and (B) TEM
micrographs of silver-enhanced intestinal
sections showing the mucoadhesion and
infiltration of quantum-dot-labeled CS NPs
(black dots) and (C) permeation of lanthanum
through the opened paracellular space.

C- Mesoporous silica nanoparticles (MSNs).
MSNs have a lot of great physical and
chemical qualities that make them a potential
drug release mechanism. These include highly
modifiable surface properties, a large specific
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surface area, variable pore size, good
biocompatibility, and degradability as shown
in Figure 6 [43]. Furthermore, polymers that
can adjust their size and structure in response
to variations in pH have garnered a lot of
interest for use in smart drug release systems.
A pH-responsive drug carrier for drug release
is unique in that it may be used to provide
intelligent drug release by adjusting the
medium's pH value. The hydrothermal
synthesis of pH-responsive cylindrical MSN
has demonstrated the promise of this new
formulation for insulin orally delivered. A pH-
responsive self-regulating release platform
was built for insulin administration by the
coordination of metal ions. They developed a
method to create a controlled medication
release system by utilizing the copper metal
ion as an intermediary between the amino
group modified mesoporous silica and insulin
[44]. An MSN that is organized in response to
stimuli is the subject of the present study
because of its potential to improve drug
loading and surface modification of stimuli-
responsive polymers on mesoporous silica. In
addition to preventing the medication from
being released too early during delivery, these
stimuli-responsive "on-offs" can start the
drug's release by stimulating its pH, which is
caused by changes in its physical and chemical
structure. pH-sensitive mesoporous silica
nanoparticles were synthesized by surface
modification of insulin-loaded mesoporous
silica with hydroxypropyl methylcellulose
phthalate. Insulin oral release and high-drug
loading were the goals of MSN's design. The
insulin-loading device that was created
included mesoporous silica (SBA-15) and pH-
sensitive enteric-coated material (HPS5S5).
Because SGF prevented the breakdown of
insulin by pepsin in gastric juice, the
cumulative release in SIF was double that of
SGF, according to the results of the insulin
release experiment. Fick diffusion was also
used in both the solid-state and liquid-phase
release of 15% HPS55@SBA-15/INS. The
MSN showed no cytotoxicity at concentrations
between 6.25 and 100 mg/mL, proving that
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they may be utilized as an insulin delivery
vehicle [45].

Figure 6: TEM images of mesoporous silica
SBA-15.

D- pH responsive cationic polymeric
micelles (PCPMs)

Because of insulin's great delivery efficacy and
PCPMs' appropriate pH-triggered release
feature, they are the most researched and used
insulin carriers for targeted delivery and
regulated release. By increasing intestinal
permeability and improving insulin delivery
efficiency, intelligent PCPMs shield insulin
from burst release and enzymatic destruction
in gastric juice. Insulin is then released at the
intestinal environment. As demonstrated in
Figure 7, the nanoparticles were able to load
and safeguard insulin within the micellar core
even when subjected to acidic conditions. The
drug loading capacity and pH-triggered release
feature are both optimized by this form of
random hydrophobic/pH-sensitive structure, in
comparison to the particular structure control.
Surrounding the surface of the self-assembled
micelles, the hydrophilic and pH-sensitive
poly[2-(diethylamino)ethyl methacrylate
(PAEMA) segments provide a steric protective
layer that enhances the stability of the micelles.
The amine residues of PAEMA can undergo
sharp protonation in an acidic environment,
such as the stomach, creating a positively
charged surface. This surface then serves the
mucoadhesion function, which improves
medication permeability by opening the tight
junction in the intestines. Micelles loaded with
insulin showed pH-dependent insulin release
patterns in vitro. The release rate of loaded
insulin rose as the ratio of MAA increased;
nevertheless, in simulated gastric fluid, less
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than 20% of the insulin content released over 2
hours, whereas in simulated intestinal fluid,
approximately 60% of the insulin content
released within 10 hours. The results showed
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that PCPMs made of co-polymer could be a
good vehicle for insulin delivery when taken
orally.

Figure 7: SEM images of Insulin-loaded PCPMs.

By increasing intestinal permeability and
insulin delivery efficiency, intelligent PCPMs
safeguard insulin against gastric juice burst
release and enzymatic destruction. The
pancreas secretes insulin. Despite the presence
of acid, the micellar core was protected when
insulin was injected into it by nanoparticles.
The drug loading and pH-triggered release are
both optimized by  this random
hydrophobic/pH-sensitive structure in
comparison to the structural control. PAEMA
segments provide a steric barrier and stabilize
micelles. The amine residues of PAEMA
undergo strong protonation in stomach acid,
resulting in a positively charged surface. The
mucoadhesion process improves medication
permeability by opening the tight junction in
the intestines. In vitro insulin release by
insulin-loaded micelles was pH-dependent.
Insulin content released in simulated gastric
fluid over 2 hours was less than 20%, whereas
in intestinal fluid over 10 hours it increased to
60%, with an increasing MAA ratio. The
results raised the possibility of using co-
polymer PCPMs  for oral insulin
administration[46].

E- Cellulose Microspheres (CMs).
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Due to its high porosity, hydrophilicity,
biocompatibility, and remarkable modifiability
potential, cellulose microspheres (CMs) have
been extensively studied. It is reasonable to
employ cellulose-based microspheres as a
medication carrier as shown in Figure 8. In
spite of its shortcomings compared to the
nanometer system, the microsphere method
has the benefit of regulating the quantity of
stomach-released insulin, which shields
insulin  from the stomach's hostile
environment. The sol-gel approach makes it
easier to manufacture CMs using a green
solvent, which is an aqueous solution of
sodium hydroxide and urea. Insulin loading
and regulated release are made possible by
cellulose-based microspheres, which have a
high porosity, an acceptable specific surface
area, and are hydrophilic. Furthermore, by
adjusting the interfacial microstructure of
cellulose-based microspheres—including pore
size and particle size—in line with the insulin's
structure and physicochemical properties,
high-performance oral insulin carriers can be
designed, resulting in improved insulin
bioavailability. The structure of the insulin
carrier can be maintained throughout
continuous in-body release of cellulose-based
microspheres loaded with insulin since
cellulose is neither digested nor biodegradable
in humans. Evidence from in vitro release tests
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shows that insulin released 48.87 % in artificial
gastric fluid and 85.12 % in artificial intestinal
fluid. Circular dichroism analysis shows that
the enzyme was able to load and release insulin
while maintaining its secondary structural
stability. Carboxylated cellulose microspheres
(CCMs) were shown to be non-cytotoxic,

- : e )
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according to cell viability testing. These
findings suggested that the proposed CCMs
may be used for oral insulin administration, as
the encapsulation of insulin into them
improved its oral bioactivity and absorption
[47].

Figure 8: Insulin -carboxylated cellulose microspheres (CCMs).

Combination strategies

A new study found that physical combinations
of cell-penetrating peptides (CPPs), like
oligoarginines, significantly improve insulin
absorption in the intestines. For the purpose of
increasing macromolecule oral absorption, the
noncovalent CPP method is employed. Using
P(MAA-g-EG) hydrogel to  protect
encapsulated insulin in the stomach and allow
for its broad release in the small intestine
improved the intestinal absorption of
therapeutic peptides and proteins. In addition
to exhibiting mucoadhesive properties in the
intestines, P(MAA-g-EG) hydrogel
microparticles inhibit proteolytic enzymes in
the gastrointestinal tract. Combining P(MAA-
g-EG) hydro-gel carriers, which help with drug
protection and controlled release, with CPP,
which has a permeation stimulatory effect,
could be a good strategy for insulin delivery by
mouth. [48].

Discussion

Research into pH-responsive oral drug
delivery systems has grown in stature in recent
decades, thanks to notable developments in the
field. Vast amounts of experimental data have
laid a solid groundwork, but there is still plenty
of room for improvement, particularly in terms
of improving delivery specificity and
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translating that into clinical use. If we want to
put this theory into practice, we need drug
delivery devices that can detect changes in pH,
release drugs selectively to specific sites, and
perform other desirable multifunctionalities. In
addition, there is still a long way to go until we
can easily, cheaply, and precisely synthesize
materials with precisely defined structure, size,
form, and chemical properties. Biocompatible
and biodegradable nanostructured materials
are crucial for practical applications, yet there
is a dearth of data on innovative oral drug
delivery systems that respond to pH.
Biomedical  researchers are  currently
examining the chemical and thermal stability
of inorganic materials such as carbon, rare
earth oxides and fluorides, metal oxides, silica,
and noble metals. These materials aren't very
useful in living organisms because they don't
break down easily. Oral administration of
novel pH-responsive, biodegradable
nanostructured inorganic materials showed
promise due to their great biocompatibility and
lack of toxicity. Progress is needed to control
size, structure, morphology, and drug loading.
Biodegradability, dispersion routes, and in
vivo biotoxicity require further investigation
for potential future uses. Further research is
needed to fully understand the processes inside
the physiological environment of pH-
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responsive carriers, with an emphasis on
conducting in vivo studies to improve their

therapeutic applications.

Investigating the

interactions between pH-responsive carriers
and drug molecules will hold substantial
theoretical and practical importance for the

Alhazza et.al.

development of innovative oral drug delivery
systems, enabling controlled drug release,
improved drug loading capacity, and further
examination of potential mechanisms. Table 3
summarize the main differences among the
most important strategies.

Table 3: Comparison of the pH Responsive carriers

pH Hydrogel Polymeric Mesoporous pH- Cellulose

Responsive nanoparticles | silica responsive microspheres

system nanoparticles cationic

polymeric
micelles

Advantages The controlled | High stability, | High  loading | Enhanced Biocompatible,
dissolution, targeted capacity, absorption, porous structure,
preservation of | delivery excellent protection of | and green
labile  drugs, | potential, protection for | insulin  and | synthesis.
and regulation | tunable insulin, tunable | good
of molecular | properties and | pore size, | solubility.
release, increased biocompatibility
effective at | bioavailability. | and easy to
loading functionalize.
insulin,
biocompatible,
biodegradable,
controlled
release  and
high water
content.

Disadvantages | Mechanical Low loading | Concerns about | Lower Larger size may
stability capacity, long-term stability, lead to lower
issues, potential  for | toxicity and | potential for | bioavailability
difficult to | toxicity  and | challenging to | strong and uncontrolled
scale up and | lack of | achieve interaction release.
potential ~ for | stability in | controlled with  mucus
burst release. | some cases release without | and potential

extensive cytotoxicity
modification.

Clinical stage | Still in the | The majority | Are a newer | Research is | Most research is
preclinical or | are in the | class of | largely in the | in the preclinical
early-stage preclinical materials. The | preclinical stage. While
clinical trial | stage. Some | vast majority of | stage. The | cellulose-based
(Phase I) | may be | research for oral | focus is on | materials are
stage. entering Phase | insulin delivery | optimizing the | widely used in

I or Phase II | is in the | balance pharmaceuticals,

trials, but they | preclinical between the specific

are not yet in | stage. There are | stability, application of

widespread ongoing studies | charge, and | cellulose

clinical use for | to evaluate their | release to | microspheres for
safety and | achieve a | oral insulin
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this  specific
application.

efficacy in | therapeutically | delivery is a
animal models. | relevant effect. | newer field of
research.

Conclusion

The efficacy of oral insulin in transporting
through the challenging gastrointestinal
environment,  gastrointestinal ~ membrane
permeability, and hypoglycemic effects have
been tested in vitro and in vivo. A variety of
pH-responsive carriers are evaluated for their
efficacy in delivering insulin effectively into
the systemic circulation via the oral route. A
range of natural polymers, such as psyllium,
starch, pectin, cellulose, and chitosan, are
utilized to manufacture oral insulin hydrogels.
Hydrogel alters its properties in reaction to
variations in pH. In rats with type 1 diabetes,
an  insulin-containing  nano  hydrogel
demonstrated bioavailability of 6.5% and
sustained pH-specific insulin release in the
intestine for over 12 hours. The oral
administration of insulin-loaded nanoparticles
resulted in a significant reduction in blood
glucose levels in diabetic rats, which remained
very stable for an additional 6 hours. Based on
the information provided, it is evident that the
nanoparticles loaded with insulin efficiently
lower blood sugar levels. The release of insulin
from micelles loaded with insulin in vitro was
pH-dependent. Within two hours, the
simulated gastric fluid released less than 20%
of the loaded insulin, but the simulated
intestinal fluid released more than 60% within
ten hours. Microspheres made of cellulose that
contain insulin can be released constantly to
act as insulin carriers and the release rates of
48% and 85% from artificial stomach and
intestinal fluids, respectively, were
demonstrated in vitro. Efforts to improve
control over size, structure, morphology, and
drug loading are
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1.

necessary to create novel pH-responsive,
biodegradable nanostructured materials with
high biocompatibility and no toxicity that
could be wused for oral administration.
Additionally, before they may be used, studies
must be conducted to determine their
biodegradability, distribution mechanisms, and
in vivo biotoxicity. Improving current methods
and learning more about their biodegradability,
dispersion processes, and in vivo toxicity is

crucial for developing effective future
applications. In order to enhance their
therapeutic ~ applications,  pH-responsive

carriers will be the focus of future research that
will thoroughly investigate their physiological
environments in vitro and in vivo.
Theoretically and pragmatically, exploring the
interactions between drug molecules and pH-
responsive carriers is crucial for developing
new oral drug delivery systems that allow for
controlled drug release, increased drug loading
capacity, and additional investigation of
possible mechanisms. To address these issues
with oral insulin administration, researchers
are actively developing pH-responsive carriers
and investigating a wide variety of other
carriers. Hydrogels and nanoparticles, in
general, show promise as potential solutions;
however, their efficacy will require more study
and clinical trials.

Funding: There weren’t external funding.

Conflict of Interest: The authors declare no
conflict of interest.

References

M. S. Popoviciu et al., “Diabetes Mellitus
Secondary to Endocrine Diseases: An Update
of Diagnostic and Treatment Particularities,”

Page| 72



Tikrit J. Pharm. Sci. 2025; 19(2):60-76

Int J Mol Sci, vol. 24, no. 16, 2023, doi:
10.3390/ijms241612676.

. M. Egan and S. F. Dinneen, “What is
diabetes?,” Medicine (United Kingdom), vol.
47, mno. 1, pp. 14, 2019, doi:
10.1016/j.mpmed.2018.10.002.

. N. A. Elsayed et al., “2. Classification and
Diagnosis of Diabetes: Standards of Care in
Diabetes—2023,” Diabetes Care, vol. 46, no.
Supplement 1, pp. S19-S40, Jan. 2023, doi:
10.2337/DC23-S002.

. S. Scholtz, M. Becker, L. MacMorris, and A.
Langenbucher, “Diabetes. A New Life,”

Curiosities in Medicine, pp. 65-68, 2023, doi:

10.1007/978-3-031-14002-0 18.

. D. R. Whiting, L. Guariguata, C. Weil, and J.
Shaw, “IDF Diabetes Atlas: Global estimates
of the prevalence of diabetes for 2011 and
2030,” Diabetes Res Clin Pract, vol. 94, no.
3, pp. 311321, Dec. 2011, doi:
10.1016/J. DIABRES.2011.10.029.

. Abdelhalim Yameny and A. A. Yameny,
“Diabetes Mellitus Overview 2024,” Journal
of Bioscience and Applied Research, vol. 10,
no. 3, pp. 641-645, Sep. 2024, doi:
10.21608/JBAAR.2024.382794.

. C.Y. Wong, J. Martinez, and C. R. Dass, “Oral
delivery of insulin for treatment of diabetes:
status quo, challenges and opportunities,”
Journal of Pharmacy and Pharmacology, vol.
68,  pp. 1093-1108, 2016,  doi:
10.1111/jphp.12607.

. E. D. Abel et al., ‘“Diabetes mellitus—
Progress and opportunities in the evolving
epidemic,” Cell, vol. 187, no. 15, pp. 3789—
3820, Jul. 2024, doi:
10.1016/J.CELL.2024.06.029.

. M. J. Hossain, M. Al-Mamun, and M. R.
Islam, “Diabetes mellitus, the fastest growing
global public health concern: Early detection
should be focused,” Health Sci Rep, vol. 7, no.
3, p- e2004, Mar. 2024, doi:
10.1002/HSR2.2004;PAGE:STRING:ARTIC
LE/CHAPTER.

Tikrit Journal of Pharmaceutical Sciences

10.

11.

12.

13.

14.

15.

16.

Alhazza et.al.

J. Rosenstock, R. Juneja, J. M. Beals, J. S.
Moyers, L. Ilag, and R. J. McCrimmon, “The
Basis for Weekly Insulin Therapy: Evolving
Evidence With Insulin Icodec and Insulin
Efsitora Alfa,” Endocr Rev, vol. 45, no. 3, pp.
379413, May 2024, doi:
10.1210/ENDREV/BNADO037.

W. Nuffer, J. M. Truyjillo, and S. L. Ellis,
“Technosphere Insulin (Afrezza): A New,
Inhaled Prandial Insulin,” Annals of
Pharmacotherapy, vol. 49, no. 1, pp. 99-106,
Jan. 2015, doi:
10.1177/1060028014554648;PAGE:STRING
:ARTICLE/CHAPTER.

H. N. Ginsberg, “Insulin resistance and
cardiovascular disease,” J Clin Invest, vol.
106, no. 4, pp. 453-458, Aug. 2000, doi:
10.1172/JC110762.

M. Alfatama, H. Choukaife, H. Alkhatib, O.
Al Rahal, and N. Z. M. Zin, “A
comprehensive review of oral chitosan drug
delivery systems: Applications for oral insulin

delivery,” Nanotechnol Rev, vol. 13, no. 1,
2024, doi: 10.1515/ntrev-2023-0205.

M. Alfatama, H. Choukaife, H. Alkhatib, O.
Al Rahal, and N. Z. M. Zin, “A
comprehensive review of oral chitosan drug
delivery systems: Applications for oral insulin
delivery,” Nanotechnol Rev, vol. 13, no. 1,
Jan. 2024, doi: 10.1515/NTREV-2023-
0205/ASSET/GRAPHIC/J_ NTREV-2023-
0205 _FIG_004.JPG.

E. S. Khafagy, M. Morishita, Y. Onuki, and K.
Takayama, “Current challenges in non-
invasive insulin delivery systems: A
comparative review,” Adv Drug Deliv Rev,
vol. 59, no. 15, pp. 1521-1546, Dec. 2007,
doi: 10.1016/J.ADDR.2007.08.019.

D. Mohajan and H. K. Mohajan, “Oral
Hypoglycaemic Agents: Non-Insulin
Medications for Type 2 Diabetes Patients,”
Innovation in Science and Technology, vol. 3,
no. 1, pp. 23-31, Jan. 2024, doi:
10.56397/1ST.2024.01.04.

Page| 73



17.

18.

19.

20.

21.

22.

23.

Tikrit J. Pharm. Sci. 2025; 19(2):60-76

D. Mohajan and H. K. Mohajan, “Discovery
of Insulin is a Great Achievement for the
Diabetes Patients,” Studies in Social Science
& Humanities, vol. 2, no. 8, pp. 8-16, Jul.
2023, doi: 10.56397/SSSH.2023.08.02.

Y. Han, J. Spicer, Y. Huang, C. Bunt, M. Liu,
and J. Wen, “Advancements in oral insulin: A
century of research and the emergence of
targeted nanoparticle strategies,” European
Journal of Lipid Science and Technology, vol.
126, no. 7, Jul. 2024, doi:
10.1002/EJLT.202300271.

J. Qian et al., “Non-Enzymatic and Site-
Specific Glycan Shedding: A Novel Protein
Degradation Pathway Observed in a
Stabilized Form of RSV Prefusion F Protein,”
Anal Chem, vol. 90, no. 18, pp. 10897-10902,
Sep. 2018, doi:
10.1021/ACS.ANALCHEM.8B02402/SUPP
L FILE/AC8B02402 SI 001.PDF.

S. Bachhav, T. Pawar, D. Deore, and P.
Bachhav, “A Review on Oral Insulin Drug
Delivery System,” Int J Res Appl Sci Eng
Technol, vol. 13, no. 1, pp. 1638-1641, 2025,
doi: 10.22214/ijraset.2025.66645.

Y. Zhang, M. J. Austin, and D. H. C. Chou,
“Insulin Stabilization Designs for Enhanced
Therapeutic Efficacy and Accessibility,” Acc
Chem Res, vol. 57, no. 22, pp. 3303-3315,
Novw. 2024, doi:
10.1021/ACS.ACCOUNTS.4C00500/ASSE

T/IMAGES/MEDIUM/AR4C00500_0005.G
IF.

K. Palanisamy and M. Prakash, “The
molecular mechanism behind the stabilization
of insulin by choline and geranate (CAGE)
ionic liquids — computational insights into
oral insulin drug formulation,” Physical
Chemistry Chemical Physics, vol. 23, no. 44,
pp. 25298-25307, Nov. 2021, doi:
10.1039/D1CP03349B.

G. Zheng et al., “Therapeutic applications and
potential biological barriers of nano-delivery
systems in common gastrointestinal disorders:
a comprehensive review,” Apr. 01, 2025,

Tikrit Journal of Pharmaceutical Sciences

24.

25.

26.

27.

28.

29.

30.

31.

Alhazza et.al.

Springer Science and Business Media B.V.
doi: 10.1007/s42114-025-01292-3.

Y. Zhang et al., “Advanced oral drug delivery
systems for gastrointestinal targeted delivery:
the design principles and foundations,” Dec.
01, 2025, BioMed Central Ltd. doi:
10.1186/s12951-025-03479-8.

E. J. Delgado-Pujol et al, “Hydrogels and
Nanogels: Pioneering the Future of Advanced
Drug Delivery Systems,” Pharmaceutics, vol.
17, no. 2, p. 215, Feb. 2025, doi:
10.3390/pharmaceutics17020215.

L. W. Limenh, “A review on oral novel
delivery systems of insulin through the novel
delivery system formulations: A review,” Jan.
01, 2024, SAGE Publications Ltd. doi:
10.1177/20503121231225319.

T. Mahmood et al., “Preparation, In Vitro
Characterization, and  Evaluation  of
Polymeric pH-Responsive Hydrogels for
Controlled Drug Release,” ACS Omega, vol.
9, no. 9, pp. 10498-10516, Mar. 2024, doi:
10.1021/acsomega.3c08107.

C. Y. Low et al., “Critical updates on oral
insulin drug delivery systems for type 2
diabetes mellitus,” Dec. 01, 2025, BioMed
Central Ltd. doi: 10.1186/s12951-024-03062-
7.

J. Singh and P. Nayak, “pH-responsive
polymers for drug delivery: Trends and
opportunities,” Nov. 15, 2023, John Wiley and
Sons Inc. doi: 10.1002/pol.20230403.

R. De Piano, D. Caccavo, A. A. Barba, and G.
Lamberti, “Swelling Behavior of Anionic
Hydrogels: Experiments and Modeling,”
Gels, vol. 10, no. 12, p. 813, Dec. 2024, doi:
10.3390/gels10120813.

J. Yang et al.,, “Polyelectrolyte composite
hydrogels based on a derivative of functional
dietary fiber for long-term gastric retention
and drug delivery,” Compos B Eng, vol. 272,

p. 111194, Mar. 2024, doi:
10.1016/j.compositesb.2024.111194.
Page | 74



32.

33.

34.

35.

36.

37.

38.

39.

Tikrit J. Pharm. Sci. 2025; 19(2):60-76

L. R. Sanjay, M. K. Ashokbhai, S. Ghatole, S.
Roy, K. P. Kashinath, and S. Kaity, “Strategies
for beating the bitter taste of pharmaceutical
formulations towards Dbetter therapeutic

outcomes,” RSC Pharmaceutics, vol. 2, no. 1,
pp. 59-81, 2025, doi: 10.1039/D4PMO0191E.

Y. Fukuoka et al., “Combination Strategy with
Complexation  Hydrogels and  Cell-
Penetrating Peptides for Oral Delivery of
Insulin,” Biol Pharm Bull, vol. 41, no. 5, pp.
811-814, May 2018, doi: 10.1248/bpb.b17-
00951.

Y. Chen, H. Song, X. Wang, R. Huang, S. Li,
and X. Guan, “Propionate-functionalized
chitosan hydrogel nanoparticles for effective
oral delivery of insulin,” Int J Biol Macromol,
vol. 291, p. 139159, Feb. 2025, doi:
10.1016/j.ijbiomac.2024.139159.

B. Demirdirek and K. E. Uhrich, “Salicylic
acid-based pH-sensitive hydrogels as
potential oral insulin delivery systems,” J
Drug Target, vol. 23, no. 7-8, pp. 716-724,
Sep. 2015, doi:
10.3109/1061186X.2015.1073293.

F. Shabir et al., “Linseed-based hydrogel
nanocomposites for pH-responsive and
controlled  insulin  delivery:  design,
characterization, and in vitro kinetic
analysis,” Polymer Bulletin, Jul. 2025, doi:
10.1007/s00289-025-05917-x.

H. Zhang et al, “pH-sensitive O-
carboxymethyl chitosan/sodium alginate
nanohydrogel for enhanced oral delivery of
insulin,” Int J Biol Macromol, vol. 223, pp.
433445, Dec. 2022, doi:
10.1016/j.ijbiomac.2022.10.274.

C. Ren et al., “Bioinspired pH-Responsive
Microalgal Hydrogels for Oral Insulin
Delivery with Both Hypoglycemic and Insulin
Sensitizing Effects,” ACS Nano, vol. 17, no.
14, pp. 14161-14175, Jul. 2023, doi:
10.1021/acsnano.3c04897.

Y. Wang et al., “Intestinal nanoparticle
delivery and cellular response: a review of the
bidirectional nanoparticle-cell interplay in

Tikrit Journal of Pharmaceutical Sciences

40.

41.

42.

43.

44,

45.

46.

Alhazza et.al.

mucosa based on physiochemical properties,”
J Nanobiotechnology, vol. 22, no. 1, p. 669,
Nov. 2024, doi: 10.1186/s12951-024-02930-
6.

C. Li et al., “Microalgae in health care and
functional foods: f-glucan applications,
innovations in drug delivery and synthetic
biology,” Front Pharmacol, vol. 16, Mar.
2025, doi: 10.3389/fphar.2025.1557298.

S. Wang, S. Meng, X. Zhou, Z. Gao, and M.
G. Piao, “pH-Responsive and Mucoadhesive
Nanoparticles for Enhanced Oral Insulin
Delivery: The Effect of Hyaluronic Acid with
Different Molecular Weights,”
Pharmaceutics, vol. 15, no. 3, Mar. 2023, doi:
10.3390/pharmaceutics15030820.

H. W. Sung, K. Sonaje, Z. X. Liao, L. W. Hsu,
and E. Y. Chuang, ‘“PH-responsive
nanoparticles shelled with chitosan for oral
delivery of insulin: From mechanism to
therapeutic applications,” Acc Chem Res, vol.
45, no. 4, pp. 619-629, Apr. 2012, doi:
10.1021/ar200234q.

M. Vallet-Regi, F. Schiith, D. Lozano, M.
Colilla, and M. Manzano, “Engineering
mesoporous silica nanoparticles for drug
delivery: where are we after two decades?,”
Chem Soc Rev, vol. 51, no. 13, pp. 5365—
5451, 2022, doi: 10.1039/D1CS00659B.

E. Salarkia et al., “Exploring mesoporous
silica nanoparticles as oral insulin carriers: In-
silico and in vivo evaluation,” Heliyon, vol. 9,
no. 10, p. 20430, Oct. 2023, doi:
10.1016/j.heliyon.2023.20430.

D. Hu et al.,, “pH-responsive mesoporous
silica nanorod for high load and oral delivery
of insulin.” [Online]. Available:
https://ssrn.com/abstract=4528263

W.Y. Hu, Z. M. Wu, Q. Q. Yang, Y. J. Liu, J.
Li, and C. Y. Zhang, “Smart pH-responsive
polymeric micelles for programmed oral
delivery of insulin,” Colloids Surf B
Biointerfaces, vol. 183, Nov. 2019, doi:
10.1016/j.colsurfb.2019.110443.

Page| 75



47.

48.

Tikrit J. Pharm. Sci. 2025; 19(2):60-76

Y. Gong, S. Mohd, S. Wu, S. Liu, Y. Pei, and
X. Luo, “pH-Responsive Cellulose-Based
Microspheres Designed as an Effective Oral
Delivery System for Insulin,” ACS Omega,
vol. 6, no. 4, pp. 2734-2741, Feb. 2021, doi:
10.1021/acsomega.0c04946.

Y. Fukuoka et al., “Combination Strategy with
Complexation  Hydrogels and  Cell-
Penetrating Peptides for Oral Delivery of
Insulin,” Biol Pharm Bull, vol. 41, no. 5, pp.
811-814, May 2018, doi: 10.1248/bpb.b17-
00951.

Tikrit Journal of Pharmaceutical Sciences

Alhazza et.al.

Page |

76



