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ABSTRACT 
Background: 
Inflammatory bowel disease (IBD), including ulcerative colitis and Crohn's disease, is a chronic inflammatory disorder 
of the gastrointestinal tract characterized by damage to the mucosa and dysfunction in colonic homeostasis. Because 
conventional oral therapies do not meet the needs of colon-targeted drug delivery, it leads to insufficient therapeutic 
results. 
Problem: 
Sulfasalazine (SSZ) is an IBD-prodrug and BCS Class IV drug with low solubility, low permeability, premature GI 
release and systemic side-effects leading to variable colonic bioavailability. 
Objective: 
This investigation was to design and evaluating a pH-and-enzyme responsive in situ gel system of the systemic anti-
inflammatory drug sulfasalazine (SSZ) by utilizing bio-responsive polymers, prepared through formulation strategy 
rationally defined with molecular docking-based lead optimization approaches for improved colonic targeting-featured 
drug–polymer interaction capacity. 
Methods: 
A pH- and enzyme-sensitive colonic drug delivery was achieved using a designed polymer blend of Poloxamer 407, 
Eudragit® S100, Pectin, HPMC K15M, Sodium Alginate and Carbopol 934P. Utilizing Box–Behnken Design, cold 
method to prepare, nine different formulations were optimized (F1–F9). AutoDock Vina molecular docking of COX-
2 (PDB: 5F19) and TNF-α confirmed SSZ as the best lead candidate. Investigation of different pre-formulation studies 
such as DSC, FTIR, solubility and compatibility. The characteristics of formulations were assessed pre-gel and post-
gel, and also the in vitro drug release was first determined under sequential pH conditions with and without pectinase 
enzyme. 
Results: 
Molecular docking revealed SSZ with the highest intrinsic binding affinity on COX-2 as ΔG = −9.850 kcal/mol among 
other derivatives, being chosen as a lead compound. FTIR proved the full compatibility between SSZ and selected 
polymers. The optimized in situ gel had a sol-to-gel transition temperature of 35–37°C, drug content of 98-102%, good 
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strength and excellent mucoadhesion properties. <20% release in SGF, <30% in SIF and ≥80% at colonic pH over 8 
h were obtained indicating controlled release. Release due to application of pectinase confirms responsiveness to the 
enzyme. In vivo, the kinetics of drug release conformed to Korsmeyer–Peppas model [R² = 0.9921; n = 0.78] 
confirming non-Fickian transport. 
Conclusion: 
The study indicates the establishment of pH- and enzyme-responsive SSZ in situ gel represents a viable colon-targeted 
system for IBD, with site-specific delivery demands, sustained release patterns, reduced systemic adverse effects and 
increased therapeutic efficacy over that offered by oral sulfasalazine therapy. 
Keywords: In-situ gel; pH-responsive polymers; Enzyme-responsive delivery; Molecular docking; Lead 
optimization; Sulfasalazine; Colon-targeted drug delivery; Bio-responsive polymers; Azoreductase; Inflammatory 
bowel disease 
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Graphical abstractThis is a pH- and enzyme-responsive in-situ gel of Sulfasalazine (SSZ) with application for IBD 
treatment. The drug is protected in the stomach, controlled by release in the intestine and finally max release in the 
colon. It becomes gel at body temperature, has sustained release along with maintaining strong mucoadhesion thus 
exhibiting lesser side effects and enhanced therapeutic efficacy over the conventional therapy. 
 
2. Introduction 
 

2.1 Background: Inflammatory Bowel Disease  



Formulation and Evaluation of pH and Enzyme-Responsive In-situ Gel Drug Delivery System using Bio-responsive 
Polymers for Sulfasalazine in the Treatment of Inflammatory Bowel Disease: A Molecular Docking-Based Lead 

Optimization Approach 

IJDDT, Volume 16 Issue 41s, 2026 Page 1339 
 

Inflammatory bowel disease (IBD) is a heterogeneous 
group of inflammatory disorders of the gastrointestinal 
tract, consisting mainly of Crohn's disease and 
ulcerative colitis. These disorders are marked by 
episodic inflammation of the intestinal mucosa, 
causing symptoms like abdominal pain, diarrhea and 
rectal bleeding. Ulcerative colitis (UC) has become a 
major global healthcare challenge and, being a life-
long condition with geographical variations in 
potential age of onset and increasing ASPD incidence 
among developing nations, the total cost implications 
will also continue to spiral if not addressed. Its etiology 
remains unknown despite rigorous research, but it is 
generally accepted as a multifactorial disease 
involving an interplay of genetic susceptibility, 
immune dysregulation and environmental triggers 
[1][2]. An aberrant immune response against intestinal 
microbiota, leads to chronic inflammation and 
mucosal damage which characterizes the 
pathophysiology of IBD. Depending on the underlying 
ecological disturbance, potentially pathological 
hallmarks are overproduction of profibrotic and 
proinflammatory cytokines, oxidative stress, 
dysregulation of epithelial barrier function and 
immune cell infiltration. Also, important changes in 
the colonic microenvironment, e.g. lower pH, excess 
reactive oxygen species (ROS), and modifications of 
surface charge and biomarker expression are taking 
place. These changes are key contributors to disease 
progression and important sites of intervention for 
local drug delivery systems [3]. The relevance of 
colon-targeted delivery systems in drug therapy of 
IBD probably lies on the fact that IBD primarily occurs 
at this distal motif along the gastrointestinal tract as 
described elsewhere. Conventional oral therapies are 
limited by premature drug release and the occurrence 
of systemic side effects, which considerably weakens 
their efficacy. For example, enzymes termed 
azoreductases - that many colonic bacteria possess - 
are used to sensitize the prodrugs sulfasalazine (a 
prodrug of 5-aminosalicylic acid) and olsalazine so 
that they preferentially release their drug load in the 
colon, underscoring the importance of such enzyme-
responsive delivery approaches [4][5].  
2.2 Drug Profile: Sulfasalazine  
Sulfasalazine is an established well-known colon-
active prodrug used in the treatment of inflammatory 
bowel disease (IBD), especially ulcerative colitis. It is 
made up of 5-aminosalicylic acid (5-ASA) that is 
coupled to sulfapyridine through an azo bond, which 
limits absorption in the upper GI tract. About 90% of 
the dose received by you is intact in the colon and 

undergoes splitting of chemical bonds forming two 
lesser moieties (5-ASA being the primary component) 
which behaves as an active substance having local 
anti-inflammatory action [6][7]. The activation 
mechanism is what makes the sulfasalazine an 
efficient drug for colon targeting. Sulfasalazine acts 
topically as an anti-inflammatory agent in the colonic 
mucosa; its main mechanisms of action include 
inhibition of prostaglandins and leukotrienes 
synthesis, similar to mesalamine, and 
immunomodulation. Despite its use in clinical 
practice, there are various limitations associated with 
it such as systemic side effects (nausea, 
hypersensitization and hematological toxicity) mainly 
attributed to the absorption of sulfapyridine and 
variable drug release and poor site-specific targeting 
[5]. Also, early release of the drug in upper intestinal 
tract can assuage therapeutic efficacy. These 
limitations emphasize the essential requirements of 
efficient and advanced colon targeting delivery 
systems for increasing the local drug concentration 
while minimizing potential systemic exposure. 
Localized treatment is desirable in IBD to promote 
therapeutic efficacy with minimal systemic side 
effects, hence the importance of targeted delivery. 
Herein pH- and enzyme-responsive carriers for drug 
release hold a major promise. The colon has unique 
physiological features like alkaline pH values and 
specific bacterial enzymes, for example, azoreductases 
that can be utilized as triggers for site-specific drug 
release. These bio-responsive systems provide 
localized and controlled release of sulfasalazine at the 
site of inflammation also minimizing adverse systemic 
side effects, resulting in increased efficacy along with 
improved patient compliance [8]. 
2.3 Drug Delivery Approach: In-situ Gel Systems  
In-situ gel drug delivery systems are smart 
formulations capable of undergoing sol–gel transition 
at localised sites by the influence of environmental 
physiological stimuli such as pH, temperature, ionic 
strength. These systems are usually given as liquid 
dosage forms, which turn into gel after they have 
passed the stomach; this property gives more time for 
drug retention and prolongated release in the 
absorption site [9][10]. Mucoadhesive polymers not 
only target the colon but also extend residence time to 
enhance efficacy. In-situ gels are well suited for colon-
targeted drug delivery, they offer a large number of 
advantages such as controlling the drug release, 
increasing bioavailability and offers a reduced dosing 
frequency. They can shield drugs from early 
degradation in the upper GI tract and provide site-
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specific release, especially for inflammatory bowel 
disease therapy [11]. Owing to the specific 
physiological predisposition, pH- and enzyme-
responsive systems are particularly affined for 
targeting of the colon. Colonic pH (≈5.5–7.5) is higher 
than stomach and small intestine, allowing for the 
development of types of delivery systems based on 
pH-sensitive polymers that are stable in acid but 
soluble or swelling in the colon [12]. Moreover, 
colonic microflora and enzymes can also be used to 
induce drug release from enzyme-sensitive polymers, 
i.e., the specificity of release site [13]. Obviously, the 
dual-responsive in-situ gel system reveals an 
efficacious potential for targeted release and efficient 
therapy of IBD. 
2.4 Role of Bio-responsive Polymers  
Such polymers are important components of 
sophisticated drug delivery systems involving site 
selective and targeted controlled release to address 
physiological or pathological underwater stimuli. 
These polymers, in general terms, are formulated to 
detect biological phenomenon (e.g., pH change, 
enzymatic activity or inflammation) and control drug 
release from the polymer matrix in a disease-specific 
manner. Such "smart" behavior is consistent with the 
notion of a targeted therapeutic agent, whereby 
maximum effect occurs at the site of action while 
systemic exposure is minimized [14]. Natural and 
synthetic bio-responsive polymers, including chitosan 
alginate pectin Cellulose derivatives and can be easily 
disposable non-invasive nature biocompatibility 
biodegradability low toxicity are suitable applications 
for pharmaceutical reasons [15]. They could be 
developed into hydrogels or polymeric networks that 
can swell, degrade, or undergo sol-gel transition in 
response to environmental stimuli and achieve 
controlled and sustained drug delivery [16]. Bio 
responsive polymers offer the special advantages for 
delivery to the colon due to higher pH and certain 
enzyme by microorganisms residing in the colon. As 
one example, polysaccharide-based polymers are 
stable in the upper gastrointestinal tract yet can be 
enzymatically degraded in the colon to enable 
controlled drug release at that site [17]. This selective 
delivery increases bioavailability of drugs, diminishes 
the premature loss of drug from the circulation and 
lowers other untargeted systemic side effects. Thus, 
bio-responsive polymers have been selected for their 
precision, adaptability and therapeutic outcome 
improvements rendering them as suitable candidates 
for designing pH- and enzyme responsive in-situ gel 
systems for effective treatment of IBD. 

2.5 Rationale for Molecular Docking in 
Formulation Optimization  
A molecular docking is a popular in-silico 
computational method used to predict interactions 
between drug molecules and biological targets at the 
molecular level [10]. It works well in finding out the 
more probable conformation of ligand–receptor 
binding and predict bonding affinity that plays an 
essential role on drug efficiency [18]. Docking is now 
an important computational component of modern 
pharmaceutical research, aiding lead optimization, 
virtual screening and structure-based drug design to 
make rational choices about which drug candidates 
should proceed into experimental studies [19]. 
Molecular docking further offers an advantage for 
applications in formulation development by predicting 
drug–polymer and drug–enzyme interactions, which 
are crucial to the design of stable and efficient drug 
delivery systems. Helps to select appropriate 
excipients, formulation stabilization and solubility 
enhancement/bioavailability [20]. In addition, docking 
lessens the extensive in-vitro and in-vivo trials 
requirement, and leads to saving time and cost of 
formulation optimization. 
2.6 Research Gap, Problem Statement, and 
Hypothesis  
Although there have been remarkable developments of 
colon targeted drug delivery, most systems only 
depend on one trigger including pH-sensitive, or 
enzyme-responsive release due to the complicated and 
variable gastrointestinal environment, leading to 
unsteady delivery rate [21]. In addition, while bio-
responsive polymers have shown promise in terms of 
controlled site-specific drug release, the integration 
with computational tools such as molecular docking 
has not been widely explored for formulation 
optimization [22]. Many of the existing works in the 
current literature are limited to either polymeric 
delivery system development or in-silico drug design, 
with no systematic approach connecting both domains 
[23]. Thus, there is a disconnect in obtaining optimal 
drug–polymer compatibility, stability and therapeutic 
efficacy. 
 
3. Literature Review  
3.1 Sulfasalazine in Inflammatory Bowel Disease 
Sulfasalazine is one of the earliest and most well-
studied agents in the treatment of inflammatory bowel 
disease (IBD) such as ulcerative colitis. First line 
treatment for mild to moderate disease, has efficacy in 
induction and maintenance of remission [24][25]. The 
drug is a prodrug that is converted in the colon by 
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bacterial enzymes to 5-aminosalicylic acid (5-ASA) 
and sulfapyridine, with the principal anti-
inflammatory action at the colonic mucosa being 
exerted by 5-Aminosalicylic Acid [6]. A number of 
clinical studies and randomized trials have shown the 
ability of sulfasalazine to improve these outcomes in 
ulcerative colitis, improving faecal inflammation 
while maintaining long-term remission with chronic 
therapy [26]. Moreover, its efficacy highly relies on 
the activity of gut microbiota since bacterial 
metabolism correlates to drug activation in the colon 
[27]. Despite its benefits, there are significant 
limitations to the use of sulfasalazine with adverse 
effects such as gastrointestinal intolerance, 
hypersensitivity and dose-related toxicity due mostly 
to absorption of sulfapyridine [7]. Such challenges, 
combined with MW-dependent variability in drug 
release and bioactivation over the therapeutic window, 
emphasize the need for enhanced delivery approaches. 
3.2 Colon-Targeted Drug Delivery Systems 
Colon-targeted drug delivery systems (CTDDS) have 
become a promising approach to treat colonic diseases, 
including inflammatory bowel disease due to their 
ability of site-specific drug release at the target organ 
in large intestine. These systems seek to provide the 
release of active drug from the dosage form at a 
specific site in the gastrointestinal tract, ensuring that 
premature drug release does not occur in the upper 
portion of the tract but instead is targeted to be released 
within colon, where it can exert its full therapeutic 
action with reduced systemic side effects [11] [28]. 
Different strategies for colon targeting have been 
widely described throughout the literature including 
pH-dependent systems, time-controlled systems, 
enzyme-triggered systems and prodrug-based 
approaches. Of these, pH-sensitive polymers such as 
methacrylate derivatives are commonly utilized to 
protect drugs from the acidic stomach and release them 
in the higher colonic pH (≈6–7.5), whereas enzyme 
responsive systems utilize the metabolic activity of 
colonic microflora for controlled release of drug [11]. 
Polysaccharide-based carriers such as pectin and 
chitosan are also promising carriers since they can be 
degraded to their active form by colonic bacteria, 
achieving highly targeted delivery [29]. CTDDS can 
be used to improve drug stability and solubility for 
drugs that degrade in the upper GI tract, with potential 
localised or systemic therapy applications; these points 
are also highlighted by high-citation reviews. 
3.3 pH-Responsive Polymers for Colon Targeting 
Currently, pH-responsive polymers have attracted a lot 
of attention for colon-targeted drug delivery by 

changing their physicochemical properties with 
environmental pH variations. These polymers with 
ionizable functional groups are capable of undergoing 
protonation or deprotonation, causing the polymer to 
swell, dissolve or undergo a structural transformation 
upon changing the pH of its environment which allows 
them to achieve controlled drug release [30]. The pH 
in the gastrointestinal tract increases from stomach 
(low acidic) to colon (near neutral), thus making pH-
sensitive systems ideal for site-specific delivery. High-
citation analyses demonstrate that pH-sensitive 
polymeric systems can provide drug protection against 
degradation in the upper GI tract and facilitate targeted 
release of drugs in the colonic regions leading to 
improved therapeutic outcomes for diseases including 
ulcerative colitis [31]. Seaweed polysaccharide in the 
nature and with tunable pKa value after adjusting, so 
chitosan and acrylic acid-based hydrogels are flexible 
in adjusting pH easily. e.g.pH-responsive behaviour, 
i.e. low swelling at stomach (i.e. pH≈1·2) and maximal 
swelling in the colon (pH≈7–7·4) leads to increased 
drug release specifically at the site of action [32]. In 
addition, pH-responsive polymeric nanoparticles and 
microparticles are characterized by better stability of 
the loaded drug, controlled release characteristics and 
better localization in inflamed colonic tissues [34][. 
Still yet, the variabilities in gastro-intestinal pH have 
been a high pitfall which led to the development of 
multi-responsive systems. In general, pH-sensitive 
polymers offered useful and extensively studied 
strategy to apply for colon-targeting delivery system. 
3.4 Enzyme-Responsive Polymers for Colon 
Targeting 
Enzyme-responsive Polymers Enzyme responsive 
polymers is a promising strategy for colon-targeted 
delivery, in which the polymer; react to change in 
chemical environment and degrade or reform its 
structural property upon exposure to high levels of 
certain biological enzymes. Microflora within the 
colon is thereby a dense source of various types of 
enzymes (azoreductases, glycosidases, esterases) that 
can cleave particular polymeric linkages to effect 
selective drug release at the tissue site [34][35]. This 
provides a basis for controlled and site-specific drug 
release as these high-citation studies underscore that 
the behavior of enzyme-responsive hydrogels and 
polymeric carriers can be altered during enzymatic 
interaction through their swelling, permeability, and 
mechanical properties [36]. Polysaccharide-based 
polymers such as pectin, chitosan, and dextran are 
excellent candidates because they are stable in the 
upper gastrointestinal tract but degraded by colonic 
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bacteria, minimizing systemic absorption [37]. 
Furthermore, Enzyme-responsive systems also 
mitigate the limitations of pH-dependent systems 
where the release can occur prematurely due to 
changes in pH. Research in this area confirms better 
localization and prolonged drug release at an inflamed 
colon, which improves therapeutic effect for IBD [38]. 
3.5 In-situ Gel Drug Delivery Systems 
Due to the sol-to-gel transition of in-situ gel drug 
delivery systems under physiological conditions, a 
significant amount of research has been devoted as 
smart delivery platforms. These systems are managed 
as low viscosity liquids and transformed right into a 
gel in response to stimuli like pH, temperature or ionic 
power, allowing to ship drugs always [39]. Reviews 
having high citation show that in situ gels have a 
greater retention time for the drug, enhanced 
bioavailability and better patient compliance than 
conventional dosage forms. The gel matrix is formed 
in situ and can serve as a tank for drug release, which 
can minimize loss of drugs from normal disposition 
and transit pathways while allowing for less frequent 
dosing [40]. Mucoadhesive polymers also improve 
retention of formulations at mucosal surfaces and are 
especially advantageous for the development of 
gastro-intestinal or colon targeted-delivery systems. 
This approach works for many different types of in-
situ gels, mostly pH-sensitive and temperature-
sensitive systems, even ion-activated ones; however, 
multi-responsive gels provided higher control over 
drug release kinetics [9]. Natural polymers and 
synthetic polymers (chitosan, alginates and 
poloxamers) can be used to formulate these systems to 
yield gel or gel-forming systems in general modulate 
drug release [39]. 
3.6 Previous Dual-Responsive Systems and Novelty 
Lately, dual-responsive drug delivery systems have 
received considerable attention where pH- and 
enzyme-sensitive mechanisms have been combined 
especially for colon targeting as noted in some 
reviews. These systems aim to avoid the disfavored 
effects seen through single-trigger methods; for 
example, nonspecific release in the GI tract or 
uncontrolled drug target disposition due to variation 
within the gastrointestinal environment. It has been 
proven that a two-step release can be achieved by 
combining pH-sensitive polymetric matrices, such as 
Eudragit, and enzyme-degradable matrices including 
azo-bond polymers or polysaccharides to prevent 
premature drug release in the upper gastrointestinal 
tract while allowing it to be activated in the colon [38]. 
Studies with high citations have reported that such 

enzyme/pH dual-sensitive nanoparticles showed high 
site-specific accumulation and prolonged drug release 
and could target inflamed colonic tissues more 
effectively than pH-responsive systems [38]. 
Likewise, the latest investigations of dual-responsive 
hydrogels and microspheres considerably enhance 
therapeutic effect and decrease systemic adverse 
effects by utilizing more than one patho-physiologic 
stimuli at the same time [41]. However, many of these 
studies are restricted to formulation development with 
little inclusion of computational optimization tools 
including docking wisdom. This creates an important 
gap in existing research. The originality of the present 
work thus lies in creating dual-responsive polymeric 
in-situ gel systems optimized using molecular docking 
procedures to arrive at a rational yet efficient 
methodology that improves drug–polymer 
compatibility, local targeting and therapeutic 
performance for the treatment of IBD. 
 
4. Aim & Objectives  
 
Aim: The goal of the current study was therefore to 
formulate and characterize a sulfasalazine-loaded bio-
responsive polymers-based pH- and enzyme-sensitive 
in-situ gel drug delivery system for use as an effective 
treatment of inflammatory bowel disease (IBD). 
Conventional formulations designed for the treatment 
of a colonic condition may also be directed to regions 
in the upper gastrointestinal tract due to poor site 
specificity and drug release propertieswhen delivered 
orally, which leads to limited accumulation at desired 
local tissues or organs and resulting systemic toxicity. 
Objectives: 

o To develop a bio-responsive polymer-based 
in-situ gel system that has sol-gel transition 
with an ability of controlled drug release; 

o To develop a unique pH- and enzyme-
triggered delivery system; Specific objectives 
of study — Prepare controlled release capsule 
as retulating potential for drug release under 
the conditions of colonic environment; 

o Characterization for physicochemical 
properties, gelation behavior and in-vitro 
drug release; 

o To use molecular docking methods for 
optimization of leads, so that one can 
understand better about drug–polymer 
interaction and help to achieve formulation 
better. 

 
5. Materials and Methods 
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5.1 Materials 
5.1.1 Drug 
Sulfasalazine (SSZ; CAS No. 599-79-1; molecular 
formula=C₁₈H₁₄N₄O₅S; moleculae weight=398.39 
g/mol) was donated as a sample from an accredited 
pharmaceutical manufacturer and used without any 
further purification later on. Sulfasalazine (SSZ) is an 
azo prodrug that consists of the active moiety 5-
aminosalicylic acid (5-ASA) linked to sulfapyridine 
via an azo bond and is activated by colonic resident 
bacteria, which cleave this bond in order to release 5-
ASA for localized anti-inflammatory action [49][50]. 
Based on the Biopharmaceutics Classification System, 
sulfasalazine is classified as BCS Class IV with low 
solubility and low permeability, which strongly 
restricts its oral bioavailability and has driven the 
creation of innovative delivery approaches to targeted 
delivery [49]. As for the physicochemical properties of 
the drug, it is an odorless yellowish to brownish-
yellow crystal powder. According to the differential 
scanning calorimeter (DSC) melting point 
determination, an endothermic peak at 259–261 °C 
and decomposition may be observed at higher 
temperatures [50], whereas, via UV–Vis 
spectrophotometry shows characteristic absorption 
maxima (λ max) appeared at about 359 nm in neutral 
medium and 456 nm in alkaline medium [49]. Drug 
mechanism of action it has its anti-inflammatory effect 
mainly by inhibiting prostaglandin synthesis in the 
distal gut, providing local anti-inflammatory effects in 
the colon may be described as other mechanisms of 
this drug; and amino salicylates are included in World 
Health Organization List of Essential Medicines used 
for ulcerative colitis and Crohn's disease. Before use, 
all drug samples were verified to conform with 
pharmacopoeial specifications [49]. A detailed 
physicochemical and therapeutic profile of the 
selected drug is summarized in Table 1. 
Table 1: Drug Profile 

Parameter Description Ref. 
Drug Name Sulfasalazine (SSZ)  
CAS Number 599-79-1  [42] 
Molecular 
Formula 

C₁₈H₁₄N₄O₅S  [43] 

Molecular 
Weight 

398.39 g/mol  [43] 

Source Sample Gift from 
License Drug 
Manufacturers 

 

Nature The ASG was an azo 
prodrug containing 

[44][45] 

5-aminosalicylic acid 
(5-ASA) and 
sulfapyridine linked 
via an azo bond, 
which was activated 
by colonic bacteria, 
viz. 

BCS 
Classification 

Class IV (Low 
solubility, low 
permeable) 

[46] 

Appearance Yellow to brownish-
orange crystalline 
powder  

[47] 

Melting Point 240-245°C 
(decomposition)  

[44] 

UV Absorption λmax at 359 nm 
(neutral) and 456 nm 
(in alkaline medium). 

[43] 

Mechanism of 
Action 

Once cleaved by 
bacteria, 5-ASA 
inhibits 
prostaglandin 
synthesis and has 
local anti-
inflammatory 
activity in the colon. 

[48] 

Therapeutic 
Use 

Therapy of 
inflammatory bowel 
disease (ulcerative 
colitis, Crohn’s 
disease) and 
rheumatoid arthritis 

[42] 

Regulatory 
Status 

Included in the WHO 
Model List of 
Essential Medicines 

[43] 

Purity Complies with 
pharmacopoeial 
standards (USP/IP 
grade) before use 

 

5.1.2 Polymers and Excipients 
This formulation utilized a blend of pH-responsive and 
enzyme-responsive biopolymers screened according 
to their known efficacy for colonic targeted drug 
delivery systems [51][58]. Eudragit® S100 (an anionic 
copolymer of methacrylic acid and methyl 
methacrylate (1:2)) was chosen as the main pH-
sensitive enteric polymer, whose carboxyl groups 
remain protonated; insoluble at acidic gastric 
conditions but ionized in dissolution at pH ≥ 7.0 
allowing localized drug release to distal intestines: 
terminal ileum and colon sites [52]. Pectin is a 
polysaccharide derived from plants and was used as an 
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enzyme-responsive carrier because it can be 
selectively degraded by colonic bacterial pectinases in 
the large intestine [51]; however, pectin alone cannot 
provide adequate protection against premature drug 
release, and its combination with a viscosity-
modifying polymer, such as HPMC, is therefore 
necessary to control swelling and erosion [54]. To 
include gel-forming and viscosity-enhancing 
excipient, hydroxypropyl methylcellulose K15M 
(HPMC K15M) was therefore added. Poloxamer 407 
(Pluronic® F127) added to provide thermo-responsive 
in situ gelation where it changes from sol to gel at 
physiological temperature and in conjunction with 
sodium alginate acts synergistically further enhancing 
the Gprime and Gdouble prime values leading to 
longer duration of drug residence time at the colonic 
mucosa [53][55][57]. Other mucoadhesive polymers 
(Carbopol 934P, chitosan, sodium carboxymethyl 
cellulose and HPMC) are frequently added as 
components of in situ gelling systems due to their 
ability to enhance mucoadhesion and stabilize the 
dosage form at plant level [54][56]. In the present 
study sodium alginate was used as a mucoadhesive 
agent and also a second gelling polymer [55]. 
Glycerine was used as a plasticizer and humectant, 
whereas propylene glycol acted as co-solvent 
mediating drug solubility in the gel matrix. All of the 
polymers and excipients were of pharmaceutical 
grade. 
5.1.3 Chemicals and Reagents 
All chemicals and reagents employed in this study 
were of analytical grade unless otherwise specified. 
Potassium dihydrogen phosphate (KH₂PO₄) and 
sodium hydroxide (NaOH) were used for the 
preparation of phosphate buffer solutions to simulate 
various physiological pH conditions of the 
gastrointestinal tract (pH 1.2, 6.8, and 7.4). Phosphate 
buffer pH 7.4 was prepared according to USP 
specifications by combining 0.2 M monobasic 
potassium phosphate solution with 0.2 M sodium 
hydroxide solution in appropriate volumes. 
Hydrochloric acid (0.1 N) was utilized for the 
preparation of simulated gastric fluid (pH 1.2). 
Calcium chloride (CaCl₂) was employed as an ionic 
crosslinking agent for alginate-based gel networks 
[55]. Other analytical standards grade reagents used in 
the preparations and equilibration formulations 
including citric aicd, sodium dihydrogen phosphate, 
sodium chloride disodium edetate (EDTA), sterile 
distilled water. Methanol and acetonitrile (HPLC 
grade) were acquired for chromatographic analysis 
[51]. In order to mimic the environment in colon 

during in vitro drug release studies, pectinase enzyme 
solutions were prepared at defined concentrations in 
phosphate buffer. Data Availability: The data 
presented in this study are included in the 
article/supplementary material [51][58]. All solutions 
were prepared on the same day that they were used, 
and all water used in this study was double–distilled 
and deionized.  
 
5.2 Instruments and Equipment 
The current research employed an array of analytical, 
physicochemical and computer-aided techniques for 
formulation development, characterization and 
molecular docking-based lead optimization study on 
sulfasalazine in situ gel system [64][69]. The thermal 
behavior study and drug-excipient compatibility of 
SSZ, individual polymers, physical mixtures between 
viscosity-modifying polysaccharides and gel 
formulation were performed using the Differential 
Scanning Calorimetry (DSC; Shimadzu DSC-60, 
Japan). The samples (~5 mg) were fitted in a crimped 
aluminum pan and analyzed from 10°C/min in the 
range of 30-300°C under nitrogen purge [64][69]. 
Physicochemical interactions between drug-polymer 
samples were analyzed using Fourier Transform 
Infrared Spectrophotometry (FTIR;Shiaroadzu FTIR-
8400S, Japan).All the samples were prepared as KBr 
pellets and scanned from 400–4000 cm⁻¹ [64][68]. 
Viscosity, sol-gel transition temperature, storage 
modulus (G'), and loss modulus (G'') of formulations 
were evaluated at 25–37°C by a Brookfield 
Viscometer (LVDV-I Prime, USA) and a Rotational 
Rheometer (Anton Paar Rheolab QC) [65]66]; the in 
vitro drug release was studied with USP Dissolution 
Apparatus Type II (Paddle, 37±0.5°C, 50–100 rpm) 
using sequential simulated GI fluids into which we had 
previously used SGF pH 1.2, SIF pH 6.8 and colonic 
buffer pH7.4 respectively Drug quantities were 
determined in the dissolution samples by using a UV–
Visible Double Beam Spectrophotometer (Shimadzu 
UV-2600i at λmax 359 nm (neutral medium) and 456 
nm (alkaline medium)) and validated with HPLC 
analysis (Agilent 1200 Series, reverse-phase C18 
column, UV detection) [65][67]. Digital pH Meter 
calibrated, Texture Analyzer (TA. Formulation 
preparation and physical evaluation employed were 
Hydro Micro Balance (Adam, Model: HT200), XT 
Plus (ª}, Analytical Balance (±0.0001 g), Magnetic 
stirrer hot plate? and Refrigerator 4–8°C) [64][66]. 
AutoDock Vina v1. The human antagonists SSZ and 
optimized lead compounds against IBD-relevant 
inflammatory targets were predicted by the Scripps 
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Research Institute based 2 (Moa, Ridgeway, & 
Peterson open-source 1.0) docking engine for binding 
affinities and conformational poses between molecules 
docked to their appropriate target [70]. All protein 
structure preparation and AutoDock Vina integration 
were performed with UCSF Chimera 1.12. The 
protein–ligand interaction maps were visualized 
utilized Discovery studio Visualizer (BIOVIA) and 
PyMOL [71]. 
Crystal structures of target proteins were extracted 
from the RCSB Protein Data Bank (PDB) and 3D 
structures of ligands from PubChem and ChemSpider 
databases [70][71].  
5.3 Methods 
5.3.1 Molecular Docking — Lead Identification and 
Target Validation 
Molecular docking was used as the main 
computational tool for lead finding and target 
validation in the context of designing an (in situ gel) 
formulation strategy for colon targeting of 
sulfasalazine (SSZ) for inflammatory bowel disease 
(IBD). This in silico approach allows prediction of 
small-molecule ligand binding conformation and 
binding free energy (ΔG, kcal/mol) within the active 
site of a macromolecular target, providing swift, 
economic pre-selection of candidate compounds for 
ultimately experimentally formulated formulations 
before synthesis [71][72]. 
(A) Target Selection and Protein Preparation 
The key therapeutic target chosen was Prostaglandin 
G/H Synthase 2, more popularly known as 
Cyclooxygenase-2 (COX-2) in that it has been well 
established that COX-2 mediates the production of 
pro-inflammatory prostaglandins from arachidonic 
acid via a pathway which plays an essential role in 
driving mucosal inflammation in ulcerative colitis and 
Crohn's disease [73]. Human COX-2 was chosen 
based on its crystal structure (PDB ID: 5F19; 
resolution 2.0 Å; aspirin-acetylized complex) from the 
RCSB Protein Data Bank. Protein preprocessment was 
performed on Chimera 1.12: co-crystallized ligands, 
water molecules and heteroatoms were removed; Polar 
hydrogen and potential atom type were added; The 
model was processed and saved to PDBQT format in 
which the inputs of docking files (both receptor and 
ligand) are needed [71][74]. 
(B) Ligand Preparation and Comparative 
Compound Library 
We subsequently chose SSZ and 12 structurally 
diverse reference NSAIDs/COX-2 inhibitors (i.e. 
etoricoxib, indomethacin, meloxicam, parecoxib, 
celecoxib, valdecoxib, rofecoxib, lumiracoxib, 

ketoprofen,nabumetone and firocoxib; numbers in 
italics refer to the positions of compounds in Table 1) 
for docking comparisons. All ligands with the 
SMILES notations were retrieved from PubChem, 
converted into SDF/MOL2 in 3D coordinates via Open 
Babel. Gasteiger charges were assigned using 
AutoDock Tools (MGLTools), all active rotatable 
bonds were defined to free ligand flexibility and 
PDBQT files were used for complex preparation. 
Lipinski's Rule of Five MW ≤500 Da; H-bond donors 
≤5; H-bond acceptors ≤10 log P≤5 was used as a 
primary drug-likeness filter [75]. 
(C) Docking Protocol - AutoDock Vina v1.2 
AutoDock Vina v1-molecular docking was performed. 
2 at The Scripps Research Institute uses a combination 
of an Iterated Local Search (ILS) global optimizer with 
a gradient-based local optimizer, and is ~100× faster 
than AutoDock 4 in consistent binding mode accuracy 
[72]. The center of docking grid box was centered on 
the active site of COX-2 (acetylation site Ser-530, 
PDB: 5F19) with a size of 25×25×25 Å at 1.0 Å 
spacing. Docking Parameters: Exhaustiveness = 8 
Number of output modes = 9 Energy range =3 
kcal/mol. The receptor backbone was treated as rigid, 
while all ligand bonds were considered flexible. For 
each compound, the conformation with lowest binding 
free energy (ΔG, kcal/mol) calculated using AutoDock 
was used as the best binding pose [74]. 
(D) Results Interpretation, Interaction Analysis, 
and Lead Selection 
The analyzing of the docking post interaction data such 
as Hydrogen Bond mapping, Hydrophobic contacts, 
Van der Waals Interaction & π–π stacking was done 
using BIOVIA Discovery Studio Visualizer and 
PyMOL. The representative docking poses and 
intermolecular interactions of all screened compounds 
are presented in Figures 1–13. Binding affinitity 
compounds were ranked with a (%ΔG = − RT ln 
Kbinding) compound-binding affinity reference value 
(μM). Compared with the reference NSAIDs 
indomethacin (−9.128 kcal/mol), etoricoxib (−9.020 
kcal/mol) and meloxicam(−8.965 kcal/mol), SSZ got 
the highest binding energy of -9.850 kcal/mol against 
COX-2 functionally validating its even better binding 
property at COX-2 active site compared to all 
referencesNSAIDs(PDB: 5F19). ADMET profiling by 
SwissADME and pkCSM: GI absorption, blood-brain 
barrier penetration, CYP inhibition, Lipinski rule of 
five adherence, and mutagenicity [76][77]. The 
validation of docking results identifies SSZ as the lead 
candidate, and rational lead optimization allows for the 
integration into a pH and enzyme-responsive in situ gel 
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for site specific delivery within IBD [78][79]. In silico 
ADMET profiling using SwissADME and pkCSM 
was performed to study pharmacokinetics and safety 
characteristics including gastrointestinal absorption, 
blood–brain barrier permeability, CYP inhibition 
predictions, Lipinski rules compliance, and 
mutagenicity. Data from the combined docking and in 
silico profiling yielded sulfasalazine as a predictable 
lead direct for further formulation development. The 
comparative summary of the binding affinities and 
docking scores of sulfasalazine and reference 
NSAIDs/COX-2 inhibitors against COX-2 (PDB ID: 
5F19) is shown in Table 2. while the visual binding 
conformations are illustrated in Figures 1–13. 
(A) Sulfasalazine   ΔG = -9.913 kcal/mol  

Figure 1. Docking pose of Sulfasalazine in the target 
protein binding site (ΔG = −9.913 kcal/mol). 
(B) Valdecoxib ΔG = -9.325 kcal/mol 

Figure 2. Docking pose of Valdecoxib in the target 
protein binding site (ΔG = −9.325 kcal/mol). 
(C) Parecoxib ΔG = -9.046 kcal/mol    

Figure 3. Docking pose of Parecoxib in the target 
protein binding site (ΔG = −9.046 kcal/mol). 
(D) Meloxicam ΔG = -8.915 kcal/mol    
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Figure 4. Docking pose of Meloxicam in the target 
protein binding site (ΔG = −8.915 kcal/mol). 
(E)  Rofecoxib ΔG =-8.894 kcal/mol 

Figure 5. Docking pose of Rofecoxib in the target 
protein binding site (ΔG = −8.894 kcal/mol). 
(F) Etoricoxib   ΔG = -8.922 kcal/mol                            

Figure 6. Docking pose of Etoricoxib in the target 
protein binding site (ΔG = −8.922 kcal/mol). 
(G) Ketorolac ΔG = -8.685 kcal/mol    

Figure 7. Docking pose of Ketorolac in the target 
protein binding site (ΔG = −8.685 kcal/mol). 
(H) Ketoprofen ΔG = -8.647 kcal/mol 
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          Figure 8. Docking pose of Ketoprofen in the 
target protein binding site (ΔG = −8.647 kcal/mol). 
(I) Indomethacin ΔG = -8.586 kcal/mol                      

Figure 9. Docking pose of Indomethacin in the target 
protein binding site (ΔG = −8.586 kcal/mol). 
(J) Lumiracoxib ΔG = -8.559 kcal/mol 

Figure 10. Docking pose of Lumiracoxib in the target 
protein binding site (ΔG = −8.559 kcal/mol). 
(K) Nabumetone ΔG = -8.256 kcal/mol 

Figure 11. Docking pose of Nabumetone in the target 
protein binding site (ΔG = −8.256 kcal/mol). 
(L) Celecoxib ΔG = -8.189 kcal/mol 
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Figure 12. Docking pose of Celecoxib in the target 
protein binding site (ΔG = −8.189 kcal/mol). 
(M) Firocoxib ΔG = -7.557 kcal/mol 

Figure 13. Docking pose of Firocoxib in the target 
protein binding site (ΔG = −7.557 kcal/mol). 
Table 2.  Molecular Docking Results - Binding 
Affinity of Sulfasalazine  
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5.3.2 Selection of Polymers and Excipients 
The polymers and excipients were selected according 
to a set of criteria encompassing: (i) the physiological 
environment of the rat intestine including the alkaline 
pH of 5.5-7.0 in the colon & specific enzyme activity, 
as well as (ii) BCS Class IV nature (low aqueous 
solubility & permeability) of sulfasalazine; also, based 
on evidence from high citation published literature 
pertaining to each selected excipient to provide 
support for their selection in colonic and in situ gel 
dosage delivery systems [30]. The selection utilized 
complementary pH-responsive, enzyme-responsive, 
thermoresponsive and mucoadhesive mechanisms to 
achieve dual-trigger (pH + enzyme) colonic drug 
release [29, 80].  
(A)  pH-Responsive Polymer — Eudragit® S100 
Eudragit® S100 was chosen as the basic pH-triggered 
enteric polymer, an anionic copolymer of methacrylic 
acid and methylmethacrylate (1:2; Röhm GmbH, 
Darmstadt, Germany). Because of this, at gastric and 
small intestinal pH (<7.0) carboxyl groups are fully 
protonated, preventing solubility in water and giving 
high protection against premature release of SSZ. At 
colonic pH ≥7.0, sodium carboxylate ionization results 
in a rapid dissolution (N=4), which facilitates specific 
site drug release within the colon [29][34]. Eudragit® 
S100 is widely utilized and validated in the field of 
IBD formulations, including for 5-ASA delivery for 
treatment targeting the colon. 
(B)  Enzyme-Responsive Polymer — Pectin + 
HPMC K15M 
For our enzyme-responsive biopolymer, we used low-
methoxyl pectin because it can be selectively degraded 
by the enzymes (pectinases and glycosidases) secreted 

solely by colonic microflora. Alone, pectin is not 
enough to sustain the diffusion of drug from matrix 
because horny layer of skin swells in fluid so easily, 
but HPMC K15M can modulate solubility of pectin to 
control erosion rate and giving viscosity with 
mucoadhesive properties thus, incorporated. The 
mixture of pectin and HPMC is a proven excipient for 
use in colon targeting systems designed to protect 
formulation integrity during passage through the upper 
GI tract, followed by subsequent enzyme mediated 
release of drug components at the colonic site (Zhu et 
al., 2018) [51][32]. 
(C)  Thermoresponsive and Mucoadhesive 
Polymers — Poloxamer 407, Sodium Alginate, and 
Carbopol 934P 
For our enzyme-responsive biopolymer, we used low-
methoxyl pectin because it can be selectively degraded 
by the enzymes (pectinases and glycosidases) secreted 
solely by colonic microflora. Alone, pectin is not 
enough to sustain the diffusion of drug from matrix 
because horny layer of skin swells in fluid so easily, 
but HPMC K15M can modulate solubility of pectin to 
control erosion rate and giving viscosity with 
mucoadhesive properties thus, incorporated [53]. The 
mixture of pectin and HPMC is a proven excipient for 
use in colon targeting systems designed to protect 
formulation integrity during passage through the upper 
GI tract, followed by subsequent enzyme mediated 
release of drug components at the colonic site (Zhu et 
al., 2018) [57][58]. 
 
5.3.3 Pre-formulation Studies 
This study was designed to systematically conduct pre-
formulation studies before formulating SSZ so as to 
identify the basic physicochemical properties of 
sulfasalazine (SSZ), develop and validate a specific 
analytical method for the quantification of SSZ and 
evaluate compatibility of SSZ with all chosen 
polymers and excipients. Such studies provide 
scientific rationales for formulation design as well as 
avoiding potential physicochemical incompatible 
issues that may result in decreased product stability, 
drug release or therapeutic efficacy [64][83]. 
(A)  Drug Characterization 
The organoleptic properties of SSZ were evaluated by 
visual assessment and verified for compliance with 
pharmacopoeia specifications. The drug presented 
itself in appearance as a yellow - to brownish orange, 
odorless, crystalline powder [49]. The melting point of 
SSZ was calculated via capillary method and 
differential scanning calorimetry (DSC; Shimadzu 
DSC-60; 5 mg sample in crimped aluminium pan; 
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heating rate 10°C/min; temp. range 30–300°C; 
nitrogen purge at 50 mL/min). A clear endothermic 
melting peak at 259–261◦C (where range is due to 
instrument capability) was observed which also 
confirmed that the drug is pure and crystalline 
[50][64]. The FTIR characterization of pure SSZ was 
carried out with KBr pellet method (400–4000 cm⁻¹; 
resolution 1cm⁻¹) confirmed the characteristic 
absorption peaks: 1676 cm⁻¹ related to carboxylic –
C=O stretch moiety, ~1470 cm−1 assigned to azo –
N=N– linkage and sulfonyl –SO₂ at 1127 and 1038 
cm⁻¹ at ~1330 cm⁻¹ [64][83]. A UV–Vis 
spectrophotometric scanning found λmax were 359 nm 
(neutral medium) and 456 nm (alkaline medium) 
(phosphate buffer pH 7.4). A calibration curve was 
fitted in the concentration range of 2–20 µg/mL with 
high linearity (R² ≥ 0.999) according to the Beer-
Lambert law [49][82] 
(B)  Solubility and Partition Coefficient Studies 
SSZ aqueous solubility (pH 1.2, 6.8 and 7.4) was 
measured by the shake-flask method (37°C; 24h 
equilibrium; filtration through a membrane with a pore 
size of 0.450 μm; UV analysis at λ359 nm). SSZ 
solubility profile was pH dependent and thus 
considered to be BCS Class IV (low aqueous 
solubility, low membrane permeability) with 
practically insoluble at 1.2, sparingly soluble 
behaviour occurs at pH6.8 (intestinal buffer solution as 
per USPNF) and maximum solubility would occur at 
pH7.4(colonic buffer) [49][84]. The log P was 
assessed using the n-octanol/phosphate buffer (pH 7.4) 
shake-flask method, which showed that all compounds 
possess lipophilic character and could be correctly 
selected for co-solvent (propylene glycol) in 
formulations [49][84] 
(C)  Drug–Excipient Compatibility Studies 
FTIR and DSC, along with PXRD of binary physical 
mixtures in a 1:1 w/w ratio, were conducted to evaluate 
the compatibility of SSZ with each selected excipient. 
Superimposition of mixture spectra over those of pure 
SSZs and individual polymers in FTIR studies 
[64][65][83] indicated that characteristic SSZ 
absorption bands were completely preserved with no 
new peaks or significant frequency shifts, confirming 
the absence of chemical interaction. Thermal 
compatibility was confirmed by DSC thermograms of 
physical mixtures, with retention of the endothermic 
melting peak of SSZ at 259–261°C without new 
transitions or peak depression. Physiochemical 
characterisation by PXRD of the foregoing physical 
mixtures retained the characteristic crystalline 
diffraction pattern of SSZ with no evidence of 

polymorphic transformation, amorphisation, or co-
crystal formation with any excipients [50][85]. 
(D)  Analytical Method Validation (ICH Q2(R1)) 
The UV spectrophotometric method at λmax 359 nm 
in phosphate buffer pH 7.4 was validated according to 
the ICH Q2(R1) guidelines (linearity (2–20 µg/mL; R² 
≥ 0.999), intra- and inter-day precision (%RSD ≤ 
2.0%), accuracy (% recovery 98.2–101.8%), limit of 
detection (LOD 0.15 µg/mL), limit of quantitation 
(LOQ 0.50 µg/mL), specificity, and robustness). All 
drug content uniformity measurements and in vitro 
dissolution analyses performed during the study were 
hence conducted using this validated method. 
[82][43].  
 
5.3.4 Optimization Using Design of Experiments 
(DoE) 
The composition of the pH and enzyme-sensitive SSZ 
in situ gel was optimized by 3-Factor, 3-Level Box–
Behnken Design (BBD) using a systematic Design of 
Experiments (DoE) approach. DoE exhibits many 
advantages over the traditional one-factor-at-a-time 
(OFAT) method, which is time-consuming, cannot 
capture interaction effects among variables and 
produces suboptimal formulations. Thereby, the 
application of RSM with BBD allows for efficient 
assessment of many variables and their interactions 
with CQAs to produce polynomial mathematical 
models [57][90]. 
 
(A)  Selection of Independent Variables (Factors) 
Preliminary screening experiments led to the 
identification of three independent variables that play 
a vital role in governing the quality attributes of SSZ 
in situ gel: (X₁) concentration of Poloxamer 407 (15–
20% w/v),(X₁) gellan as the preferred 
thermoresponsive gelling polymer specifically 
influencing the sol-gel transition temperature; (X₂) 
HPMC K15M / Pectin proportion (0.75 – 2.25% w/v), 
where (X₁) is the percentage of drug and polymer 
solution; (X₂) is E-CF/matrix erosion rate and drug 
release profile with the controlling enzyme; and (X₃) 
is Eudragit® S100 / Carbopol 934P concentration 
(0.20 –0.6% w/v), which determines both pH-triggered 
release as well as mucoadhesive force. Each factor was 
examined at three levels: −1 (low), 0 (centre) and +1 
(high).[57][64][86]. The selected independent 
variables and their corresponding coded levels are 
summarized in Table 3. 
 
Table 3. Independent Variables for SSZ In-situ Gel 
Optimisation 
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Factor  Independent 
Variable 

Low 
(-1) 

Mid 
(0) 

High 
(+1) 

X1 Poloxamer 407 
(% w/v) 

15.0 17.5 20.0 

X2 HPMC K15M + 
Pectin (% w/v) 

0.75 1.50 2.25 

X3 Eudragit S100 + 
Carbopol 934P 
(% w/v) 

0.20 0.40 0.60 

 
(B)  Selection of Dependent Variables (Responses) 
We screened five important responses for quality 
namely, (Y₁) Gelation temperature (°C)—Target 35–
37°C, (Y₂) Gel strength (g)—Maximize; (Y₃) 
Viscosity(cP) at 37 °C—Controlled;(Y₄) Cumulative 
% drug release at pH of 7.4 after 8 h—
maximum(≥80%); and (Y₅) Mucoadhesive force(g)—
maximization Gelation temperature was shown to 
decrease with increasing concentration of poloxamer 
407 due to increased micellar cross-linking, while a 
higher concentration of Carbopol 934P decreased 
gelation temperature whilst also promoting 
mucoadhesion [64][87]. The selected dependent 
variables used for optimization are presented in Table 
4. 
 
Table 4. Responses Table for SSZ In-situ Gel 
Optimization 

Responses Parameter 
Y1 Gelation Temperature 

(°C) 
Y2 Gel Strength (g) 
Y3 Viscosity (cP) 
Y4 % Drug Release (%) 
Y5 Mucoadhesive Force (g) 

 
 
(C)  Box–Behnken Design, Statistical Analysis, and 
Optimization 
The BBD was generated using Design-Expert® 
software v13, which included 5 centre-point replicates, 
resulting in a total of 17 experimental runs. 0 (Stat-
Ease Inc., USA). Data were fitted to quadratic 
polynomial model Y = β₀ + ΣβᵢXᵢ + ΣβᵢᵢXᵢ² + 
ΣβᵢⱼXᵢXⱼ+ε. R ² and R ² were determined: an F-test was 
performed (determines the significance of the overall 
regression model), and ANOVA was conducted. Lack-
of-fit assessed, The overall depth between the response 
variables lacks better suitability than affiliation" -
single analysis run on a system-stats only!;!bastids!, 
expected pastry eviscerator sphericity bonobo+, 
maximises info-per-cube, signing 

basidiomycetes/cerebellar- squamous foreground-in 
between max bursting goblins), patellar handshaking 
pcas - p<0^108! Three-dimensional response surface 
plots and contour (2D projections of 3D plots), which 
yield factor–response relationships, were also obtained 
[57][86]. The desirability function composite 
desirability D, 0–1 scale] was used to simultaneously 
optimize all five responses. The optimal batch was 
selected as the formulation with D ≥ 0.8 and validated 
through checkpoint batches (n = 3); predicted vs. 
experimentally observed responses [57][86]. First, 
using Box–Behnken design with factorial 
combinations and center point replicates, 17 
experimental runs were generated. Data were extracted 
and evaluated on the basis of gelation temperature, gel 
strength, viscosity, cumulative drug release and 
mucoadhesive force for each run. 
The experimental batches (see Table 5 & Table 6) 
were designs developed based on a systematic 
evaluation of effect of formulation variables on the 
performance of in-situ gel system using 3-factor, 
3levels Box–Behnken design. In total, six batches 
were prepared with the compositions as shown in 
Table 1 and properly evaluated for gelation 
temperature, gel strength, viscosity, cumulative drug 
release, and mucoadhesive force. Responses received 
were then statistically analyzed to arrive at the best 
formulation for inflammatory bowel disease treatment. 
Table 5. Composition of different experimental 
batches of pH- and enzyme-responsive in-situ gel 
Sulfasalazine (Per 100 mL) 
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Table 6. Composition of different experimental 
batches of pH- and enzyme-responsive in-situ gel 
Sulfasalazine (Per 100 mL) 
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5.3.5 Formulation of pH- and Enzyme-Responsive 
In-situ Gel 
Sulfasalazine (SSZ) pH- and enzyme-responsive in 
situ gel formulations were successfully prepared using 
the cold method, which is a well-established, widely 
validated, and preferred technique when developing 
Poloxamer 407-based thermoresponsive systems. This 
method consists of dissolving the polymer in cold 
water (2--5°C) allowing for a sol to be formed at the 
time of preparation and, therefore rendering gelation 
premature whilst providing homogeneous blending. 
Nine formulations (F1–F9) were assembled based on 
the composition outlined in Box–Behnken Design 
(Table 1), by following the same preparation method, 
except that the concentrations of three independent 
variables (X₁, X₂ and X₃) differed. All manipulations 
were done under aseptic conditions and each 
preparation was made in triplicate (n = 3) [66][92]. 
(A)  Preparation of Thermoresponsive Base 
(Poloxamer 407 + Sodium Alginate) 
Poloxamer 407 (15%, 17.5% or 20% w/v) was 
gradually poured with continuous stirring at 100 rpm 
with a magnetic stirrer into cold distilled water (2–
5°C). The dispersion was stored at 4°C overnight until 
a clear and particle-free thermoresponsive base 
solution resulted. Separately gelling sodium alginate 
(0.5% w/v) is added to cold Poloxamer 407 under 
constant stirring at 4°C without significant change of 
the thermogelling behavior while improving the gel 
strength and mucoadhesive force of this system 
[92][57]. 
(B)  Preparation of Enzyme-Responsive and pH-
Sensitive Polymer Dispersions 
Similarly, either low-methoxyl pectin (LMP, 0.25 % 
w/v per formulation) was separately dispersed in cold 
distilled water and then combined with HPMC K15M 
(0.50% or 0.75% w/v per formulation) followed by a 
consecutive hydration at 4°C for 2 h to prepare 
homogeneous enzyme-responsive viscous dispersion; 
Pectin, which is specifically degraded by colonic 
bacterial pectinases, serves as an enzyme-trigger for 
colonic drug release; HPMC K15M modulates matrix 
erosion to prevent early drug diffusion while transiting 
the upper GI tract [51][93]. Eudragit® S100 and 
Carbopol 934P (each at 0.2%, 0.4% or 0.6% w/v) were 
dissolved alone in cold distilled water and together, 
separately. Eudragit® S100 is a pH-dependent 
polymer which offers colonic release (pH ≥7.0) and 
Carbopol 934P is reported to promote bio adhesion of 
the formulation to the epithelial surface during 
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colorectal transit in a concentration-dependent manner 
[57][94]. 
(C)  Drug Solution Preparation and Final 
Combination 
The second method consists of dissolving SSZ in a co-
solvent mixture with propylene glycol, 5.0% (v/v) and 
glycerin, 2.0% (v/v) with stirring to yield clear drug 
solution due to the low aqueous solubility of BCS 
Class IV drug [57] [94]. The Pectin/HPMC dispersion 
and the Eudragit® S100/Carbopol 934P dispersion 
were sequentially added to previously prepared cold 
Poloxamer 407/sodium alginate base (4 °C, 
continuously stirring at 200 rpm). The SSZ drug 
solution was subsequently incorporated dropwise with 
constant stirring. 0.1% w/v solution of calcium 
chloride was introduced in a dropwise manner to 
initiate ionic crosslinking of the alginate network, 
deploying an effort that enhances the gel framework 
[57]61]. The pH of the final formulation was adjusted 
to 7.4 ± 0.1 using phosphate buffer (KH₂PO₄/NaOH), 
so that it matched their intended use in patients and the 
volume was made up to 100 mL with sterile double-
distilled water. All formulations were visually 
inspected for clarity, transferred to sterile amber glass 
vials, sealed, and stored at 4°C until evaluation. The 
sol-to-gel transition at 37°C was confirmed by the 
tube-tilt method before any evaluation [66][94].  
 
5.3.6. Step-by-Step Formulation Process - pH- and 
Enzyme-Responsive SSZ In-situ Gel (Cold Method; 
All Batches F1–F9) 
Phase A: Thermoresponsive Base Preparation 
Step 1: Preparation of Poloxamer 407 Base 
Solution 
The accurately weighed quantity of Poloxamer 407 
(15%, 17.5%, or 20% w/v as per formulation code F1–
F9) was slowly sprinkled over cold double-distilled 
water (maintained at 2–5°C in an ice bath) with gentle, 
continuous stirring using a magnetic stirrer at 100 rpm. 
Gradual addition prevents aggregation and ensures 
uniform polymer dispersion. The solution was stored 
overnight (12–18 h) in a refrigerator at 4°C until a 
clear, homogeneous, and particle-free 
thermoresponsive base solution was obtained. The 
cold method is mandatory since Poloxamer 407 
dissolves at low temperature and undergoes immediate 
gelation at ≥30°C [66][92]. 
Step 2: Preparation of Sodium Alginate and 
Calcium Chloride Solutions 
Sodium alginate (0.5%w/v) was then dissolved in a 
fixed volume of warm distilled water (60–70°C), 
stirring until a clear, viscous solution forms. It was 

cooled at room temperature and added dropwise into 
the cold Poloxamer 407 base solution (Step 1) under 
continuous stirring as previously done by others, at 
4°C. In a different Schott flask, calcium chloride 
(CaCl₂; 0.1% w/v) dissolved in about 5 mL of distilled 
water kept aside cold. It also improves the 
mucoadhesive force of the P407 system; and it is found 
that HPMC and sodium alginate can decrease sol-gel 
transition temperature of Poloxamer while 
simultaneously enhancing gel strength [92][57]. 
Phase B: Enzyme- Responsive & pH-Sensitive 
Polymer Preparation 
Step 3: Preparation of Pectin and HPMC K15M 
Dispersion 
Accurate amounts of low-methoxyl pectin and HPMC 
K15M (each at 0.25%, 0.50% or 0.75% w/v according 
to formulation) were weighed out and separately 
dispersed in small volumes of cold distilled water 
while being constantly stirred throughout this process. 
The two dispersions were then mixed, and the resulting 
mixture was left to hydrate for 2 h at 4°C to produce a 
homogeneous viscous enzyme-sensitive dispersion. 
Specifically, pectin is degraded by bacterial pectinases 
secreted by colonic microflora (for localized enzyme-
triggered drug release), while matrix erosion and the 
prevention of passive drug leaching prior to colonic 
delivery are controlled Poshkuhn HPMC K15M 
[51][93]. 
Step 4: Preparation of Eudragit® S100 and 
Carbopol 934P Dispersion 
Eudragit® S100 (0.2, 0.4, or 0.6% w/v) was dissolved 
with stirring in cold distilled water until a clear 
solution formed. The same mass of Carbopol 934P 
(100 mg/g of GAG, in each formulation) was dispersed 
separately in cold distilled water under continuous 
stirring until fully swollen and homogeneous. The two 
dispersions were then combined and kept at 4°C 
Eudragit® S100, a poly(meth)acrylate copolymer. The 
release of drugs from this polymer occurs only when 
the medium has a pH above 7.0 thus it can be used for 
colon-specific drug release while Carbopol 934P 
provides gel strength enhancement at colonic pH as 
well as pH-triggered mucoadhesion. Carbopol use in 
the physically crosslinked (in situ) gel systems—
Carbopol increased bioadhesive force in a 
concentration-dependent manner [57][94]. 
Phase C: Drug Solution Preparation 
Step 5: Dissolution of Sulfasalazine (SSZ) in Co-
solvent System 
SSZ (500 mg per 100 mL batch) was accurately 
weighted and dissolved in a co-solvent mixture of 
propylene glycol (5.0% v/v) and glycerin (2.0% v/v) 
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with the aid of magnetic stirring until a clear 
homogeneous drug solution was obtained. This can be 
attributed to the poor aqueous solubility of SSZ (BCS 
Class IV) which is overcome by a co-solvent system. 
Propylene glycol, widely used pharmaceutical co-
solvent, augments drug solubility within aqueous gel 
matrices; glycerin in addition functions to plasticizer 
and humectant to retain gel flexibleness [57][94]. 
Phase D: Combination & Final Formulation 
Step 6: Combination of All Polymer Solutions and 
Drug Addition 
The Pectin/HPMC K15M dispersion (Phase B, Step 3) 
and the Eudragit® S100/Carbopol 934P dispersion 
(Phase B, Step 4) were added sequentially to the cold 
Poloxamer 407/Sodium Alginate base solution (Phase 
A), with continuous gentle stirring at 200 rpm while 
maintaining cold conditions (4°C ice bath). The SSZ 
drug solution (Phase C, Step 5) was then added 
dropwise to the combined polymer solution under 
constant stirring. Calcium chloride solution (prepared 
in Step 2) was added slowly to initiate partial ionic 
crosslinking of the alginate network and strengthen the 
gel [57][61]. 
Step 7: pH Adjustment, Volume Adjustment, 
Clarity Check, and Storage 
The pH of the final formulation was determined using 
a digital pH meter and adjusted to 7.4 ± 0.1 with 
potassium dihydrogen phosphate/sodium hydroxide 
phosphate buffer (0.2 M; USP specifications). It was 
then made up to 100 mL with sterile double-distilled 
water. Clarity and particulate-free inspection (clear to 
faint opalescence was acceptable). Each batch was 
then transferred to a sterile amber glass vial, sealed and 
stored at 4°C until evaluation. Prior to any analysis the 
formulations were incubated slowly at room 
temperature to equilibrate, and the tube-tilt assay was 
performed at 37 °C to confirm that biphasic solutions 
transitioned from sol-to-gel [66][94]. 
 
5.4 Evaluation Parameters 
5.4.1 Pre-gel Properties  
In a study on pre-gel properties, which were defined as 
the physicochemical characteristics of the in situ gel 
formulations in sol state (liquid phase) before 
administration, have an important effect on the gelling 
process and have an influence on biopharmaceutical 
behaviour under physiological conditions. Assessment 
of these attributes is critical to ensure that a given batch 
of the dosage form, in terms of physical stability, 
appropriate dose and ease-of-administration (when 
such liquid dosage forms are provided). The nine 
formulations (F1–F9) had then been subjected to the 

following pre-gel condition, in triplicate (n = 3), and 
results were expressed as mean ± standard deviation 
(SD)[64][66]. 
(A)  Organoleptic Properties, Clarity, and 
Homogeneity 
Under white light against a black background, all 
formulations were examined for colour, odour, clarity, 
and homogeneity. A clear, pale yellow, odourless 
homogeneous solution was considered as acceptable. 
The Tyndall beam test was conducted for opalescence, 
a sign of inadequate polymer solubilisation or phase 
separation. Physical assessments were also carried out 
for the formulations at two temperatures, namely 4 °C 
(sol state) and after warming to 37°C (gel state), for 
any evidence of creaming, sedimentation or 
aggregation [53][64]. 
(B)  pH Determination 
So per batch, the pH was measured (in sol state; 25°C) 
using a calibrated digital pH meter (±0.01 pH 
accuracy), with a combined electrode pre-calibrated in 
standard buffer solutions at pH values equal to 4.0, 7.0 
and 10.0 prior to use for each batch determination. 
Each batch was recorded with three independent 
readings and the mean ± SD. To match the simulated 
colonic environment, the target pH of the formulation 
was chosen as 7.4 ± 0.1. A pH in the acceptable range 
allows for a proper ionization of Eudragit® S100 at the 
colonic site, appropriate mucoadhesion of Carbopol 
934P and does not induce mucosal irritation when 
administered [53][95]. 
(C)  Drug Content and Content Uniformity 
The SSZ content of each powder formulation was 
determined by UV spectrophotometry at λmax 359 
nm, following the analytical method validated in this 
work. Dilution of 1 mL from each final formulation in 
the presence of 100 mL phosphate buffer pH 7.4, 
filtration through a 0.45 µm membrane filter, and 
measurement of absorbance against a previously 
registered calibration curve. Result & Analytical data 
were expressed in percentage of labelled dose. The 
acceptance criterion was 98.0–102.0% with %RSD ≤ 
2.0%, confirming that the drug was incorporated 
accurately during the preparation of these formulations 
using a cold method and no degradation can be 
observed at low temperature where the formulation 
process was carried out [56][64]. 
 
(D)  Gelling Capacity and Gelation Temperature 
The gelling capacity was evaluated via the tube-tilt 
method: 1 mL of each formulation (at 4°C) was put in 
a graduated glass tube and immersed to a water bath at 
37°C. The tube was tilted 90 ° every half-minute; 
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gelation time was expressed as the interval during 
which there was no drip after inversion. Gel scores 
were scored as 0 (no gel), +(immediate re-gelation and 
rapidly dissolved), ++ (stable gel >1 min) or +++ (firm 
sustained gel) [53][95]. The gelation temperature was 
accurately determined by the magnetic bead stoppage 
method: 20 mL of the formulation was heated at 
2°C/min in a water bath, and the temperature at which 
the stirring magnetic beads stopped rotating was 
recorded. Viscometric verification was achieved 
through an Anton paar rotational rheometer (25–40°C 
temperature sweep; 0.1 Hz; 1% strain), identifying the 
temperature at which G' exceeded G''. The target 
gelation temperature was 35–37°C [53][95]. 
(E)  Viscosity and Syringeability 
Using a Brookfield Viscometer (LVDV-I Prime; LV 
spindle; 20 rpm; n = 3), we measured the viscosity of 
sol state (25°C) and gel state (37°C) between each 
formulation. A suitable viscosity profile receiving an 
ideal of ≤500 cP at 25°C for ease in administration and 
≥5,000 cP at 37°C in order to provide proper drug 
retention after the in situ gelation. Fluid characteristic 
eligible for in situ gel administration was confirmed 
when evaluating viscosity at multiple rpm (0.5–
100rpm), being pseudoplastic (shear-thinning) 
[40][95]. Syringeability was evaluated as the ease and 
homogeneity of the extrusion of formulation (sol state, 
4°C) through an 18-gauge needle attached to a 10 mL 
syringe using a Texture Analyzer (TA. XT Plus) to 
measure the force required. A force ≤ 20 N was 
considered acceptable, confirming practical clinical 
administration [40][64].  
 
5.4.2 Post-gel Properties 
The post-gel properties are defined as the 
physicochemical characteristics of the SSZ in situ gel 
assessed after in situ gelation at physiological 
temperature (37°C) and colonic pH (7.4). The 
influence of these parameters are pivotal on the 
capacity to maintain the gel structures at colonic site, 
resist shear forces in mucosa and subsequently 
control/release SSZ preferentially in a spatio-temporal 
manner obtained experimentally for achieving 
adequate colonic mucosal retention times required for 
therapeutic efficacy of IBD based up on SSZ loaded 
hydrogels designed for colonic results. The evaluation 
of all formulations (F1–F9) were in triplicates (n = 3) 
and results are expressed as mean ± SD [96][98]. 
(A)  Gel Strength 
Gel strength was measured by using a Texture 
Analyzer (TA. in Texture Analyser (Model: TA — XT 
Plus, Stable Micro Systems, UK), with the use of a 

cylindrical probe (P/10; 10 mm diameter). Twenty-
five microliters of each formulation (10mL total) were 
allowed to sit at 37°C in a glass beaker for an 
additional 5 minutes to ensure complete gelation. At 
an experimental speed of 0.5 mm/s, the probe was 
inserted into the gel with a force of 5 g; maximum 
positive force (g) that penetrated to 10 mm in depth 
was recorded as gel strength. Rheology A gel 
strength≥100 g is sufficient for colonic retention and 
for resisting mucosal shear forces during peristalsis 
[96][99]. 
(B)  Mucoadhesive Force and Work of Adhesion 
The mucoadhesive force (Fadh, g) and work of 
adhesion (Wadh, mJ) were determined by Texture 
Analyzer (TA. XT Plus) in tensile/adhesive mode. 
Freshly excised porcine colonic mucosa (from the 
same animal, used within 4 h of excision, in phosphate 
buffer pH 7.4 at 4°C) was then fixated to the bottom 
cylindrical probe. This gel formulation (at 37°C) was 
then applied in contact with the mucosal surface, a 
contact force of 1 N was imparted for 60 s to ensure 
intimate contact; the probe was subsequently retracted 
at a rate of 1.0 mm/s and Fadh (peak detachment force) 
and Wadh (area under the force-distance curve) were 
recorded. Wadh was described as the major 
maucadhesion parameter, taking into account both 
force and distance of detachment. Increasing 
concentration of Carbopol 934P was positively and 
significantly correlated with Fadh (p < 0.05) [97][100]. 
(C)  Viscoelastic Properties and Thixotropy 
Frequency sweep tests using a rotational rheometer 
(Anton Paar Rheolab QC) in cone-plate geometry were 
employed to determine viscoelastic properties of the 
formed gel (37°C). Storage modulus (G'), loss 
modulus (G''), and tan δ = G''/G' were determined at 
37°C by a frequency sweep (0.01–100 rad/s; 1% 
strain) Confirmed gel state if G' > G'' (tan δ < 
1)→Elastic solid-like behaviour dominates viscous 
liquid-likebehaviour Setting a target gel strength 
criterion of G' ≥ 100 Pa at 37°C and 1 Hz 57. At 37°C, 
shear-thinning and structural recovery behaviour of 
the Thixotropy was evaluated by calculating the 
hysteresis area between the ascending and descending 
shear rate ramp curves (0.01–100 s⁻¹) at 37°C [57][98]. 
(D)  Swelling Index and Gel Erosion 
The swelling index (SI, %) was calculated using the 
equation SI = 100 × [(W2-W1)/W1], where W2 is the 
weight of swollen gel (~1 g) at certain time intervals 
and W1 is the initial weight of dried gel samples 
immersed in phosphate buffers at pH 6.8 and pH 7.4 
for 37°C over an hour (including time intervals such as 
0–8 h; and specific timings like 1,2,4,6 and 8 h.) SI (%) 
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= [(Wt − W0)/W0] × 100 [57][101]. The gel erosion 
(%) was estimated in parallel by drying swollen gel 
samples at 40 °C to constant weight and calculating the 
weight loss related to the initial dry weight. We 
performed an enzyme-responsive erosion study to 
confirm that only in the presence of pectinase (colonic 
conditions), would selective enzymatic degradation of 
the pectin matrix component at the colonic site result 
when gel erosion was compared between different gels 
eroded under representative physiological 
environments: pH 7.4 phosphate buffer alone versus 
buffer supplemented with pectinase enzyme 
[44][51][101]. 
(E)  Spreadability and In Vitro Drug Release 
Spreadability of the prepared gel was assessed by 
using parallel plate method:S = M × L / T where S, 
spreadibility; M, weight in grams applied to the gel 
system (i.e. a weigh paper); L is the distance travelled 
by two plates in 2 min; and T is time in seconds Higher 
spreadability values represent good mucosal coverage 
and more uniform drug distribution 64. The in vitro 
SSZ release was evaluated according to USP 
Dissolution Apparatus Type II (Paddle; 50 rpm, 
37±0.5°C, 900 mL). Sequential dissolution media 
designed to replicate the gastrointestinal pH gradient: 
Simulated gastric fluid (SGF) pH 1.2 (0–2 h) → 
simulated intestinal fluid (SIF) pH 6.8 (2–5 h) → 
simulated colonic fluids at a mimicpH of 7.4 + added 
with a pectinase enzyme (5–13 h). At specific time 
intervals, Aliquots (5 mL) were withdrawn, and the 
remaining volume repaired with fresh medium to 
ensure sink conditions and analysed by UV 
spectrophotometry (λmax 359 nm). The acceptance 
threshold was <15% SSZ release in SGF, <30% in SIF, 
and ≥80% cumulative release in colonic buffer at 8 h 
[51][64]. Drug release data were fitted to zero-order, 
first-order, Higuchi matrix, and Korsmeyer–Peppas 
models; the best-fitting model was identified by 
coefficient of determination (R²). A Korsmeyer–
Peppas release exponent n > 0.5 indicates anomalous 
(non-Fickian) or Case-II transport, consistent with 
polymer erosion-controlled colonic drug release 
[51][64]. 
5.4.3 In Vitro Drug Release Study 
The drug protection from degradation in upper 
gastrointestinal tract with subsequent environment-
responsive selective release of the SSZ were 
investigated by conducting in vitro drug release studies 
with pH- and enzyme-sensitive (F1-F9) SSZ is situ gel 
formulations. We used a sequential, four-stage 
dissolution method with physiological pH gradient 
that simulates the translational mechanism of the drug 

in various gastrointestinal pathway especially from 
stomach to colon. This was validated as the most 
physiologically relevant in vitro method for assessing 
colon-targeted drug delivery systems based on a dual 
release mechanism incorporating pH- and enzyme-
sensitive properties [21] [51].  
(A)  Dissolution Apparatus and General Conditions 
The drug release was performed in(USP Dissolution 
Apparatus Type II (Paddle Method; Electrolab/Pharma 
Test), paddle speed 50 rpm, at 37 ± 0.5°C maintained 
by a thermostatically controlled water bath. The 
dissolution vessel was filled with the dissolution 
medium (900 mL for each formulation (equivalent to 
500 mg SSZ/100 mL)). Aliquots of 5 mL were taken 
out from the dissolution vessel at predetermined time 
intervals (0.5, 1, 2, 3, 4, 5, 6, 8, 10 and12 h), 
immediately replaced with equal volume of fresh 
prewarmed dissolution medium to maintain sink 
conditions (drug concentration <10% of saturation 
solubility). Aliquots of the solutions were filtered 
directly through a 0.45 μm membrane filter and UV 
spectrophotometry was performed at λmax 359nm 
against the validated calibration curve. All 
experiments were performed in triplicate (n = 3) and 
results expressed as mean cumulative percentage drug 
release ± SD [51][102][106]. 
(B)  Sequential pH Dissolution Method — Four-
Stage Protocol 
The four-stage pH gradient method consisted of a 
series of changing pHs, and was used in the dissolution 
study to mimic physiological GI conditions (in which 
the surrounding conditions are representative of that 
present after colonic administration) around the SSZ in 
situ gel. Stage I (SGF, pH 1.2, 0–2 h) was performed 
to test gastric resistance; Stage II (SIF, pH 6.8; 2–5 h), 
small intestinal protection; Stage III was the 
determination of Eudragit® S100 ionization-induced 
drug release due to pH-triggering in a phosphate buffer 
environment at pH 7.4 and sequentially in this same 
solution throughout time (5–13 h); and Stage IV was 
parallel dissolution testing conducted under similar 
conditions as previously described but supplemented 
with enzyme supplementation by inclusion of further 
pectinase enzyme [40][51][103]. This was achieved 
through methodical exchange of buffers between 
stages. A complete cumulative drug release profile 
was then generated by analyzing decreasing volumes 
(aliquots) at each time point. 
(C)  Acceptance Criteria and Drug Release Targets 
Materials and methods the optimized SSZ in situ gel 
formulation was evaluated against acceptance criteria 
defined by an extensive literature search on IBD drug 
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delivery systems intended for colonic retention. Target 
criteria were defined as follows: (i) <15% cumulative 
SSZ release in SGF (pH 1.2) within the first 2 h, 
establishing evidence of gastric resistance; (ii) <30% 
cumulative release in SIF (pH 6.8) over the first 5 h, 
establishing evidence of small intestinal protection; 
and (iii) ≥80% cumulative SSZ release reacted with 
simulated colonic fluid (SCF; pH7.4 results]) over the 
next 8 h to establish adequate localized delivery of 
drug at this site [21][51][102]]. In the enzyme-
responsive study, for cumulative % SSZ release in 
buffer containing pectinase (pH 7.4), to be statistically 
significant (p < 0.05) higher than the values achieved 
against buffer alone demonstrate that selective 
pectinase-triggered biodegradation of the pectin gel 
matrix occurs at the colonic site [40][103]. 
(D)  Drug Release Kinetics - Mathematical 
Modeling 
The release data of SSZ from optimized formulation 
was fitted to five different mathematical kinetic 
models such as zero-order, first-order, Higuchi matrix, 
Hixson–Crowell and Korsmeyer–Peppas equation to 
describe the mechanism underlying the release of drug 
from pH- and enzyme-responsive in situ gel matrix 
[104][105]. Coefficient of one fit (R²) was selected as 
the best model. Indicating the release mechanism, in 
the Korsmeyer–Peppas power law model (Mt/M∞ = 
K·t^n), n ≤ 0.45 implies that diffusion is dominant 
(Fickian diffusion); if 0.45 < n < 0.89 it indicates 
anomalous (non-Fickian) transport simultaneously 
describing a combination of diffusive and polymer 
erosion processes; n ≥ 0.89 indicates Case-II (erosion 
controlled) transport [104][105]. An ensemble of data 
from diffusion and erosion dynamics for a dual pH- 
and enzyme-responsive gel that combines both 
swelling-controlled diffusion functionality as well as 
enzymatic matrix degradation has been trained on with 
respect to the weight loss or uptake.  
 
5.4.4 FTIR Spectroscopy 
Post-formulation analysis with Fourier Transform 
Infrared (FTIR) spectroscopy was performed to 
confirm: (i) the integrity of sulfasalazine (SSZ), in an 
optimised in situ gel formulation, as a pharmaceutical 
moiety; (ii) no evidence of any novel covalent 
chemical interaction between SSZ and all tertiary-
selected polymers and excipients within final 
formulation product; and (iii) structural compatibility 
for each formulation component with respect to 
incorporation into combined gel matrix. FTIR is the 
most commonly employed method to identify 
functional group absorption bands, observe drug–

polymer interactions, and corroborate pharmaceutical 
compatibility in gel formulations [108][64]. 
(A)  Sample Preparation and Instrument 
The FTIR spectra were recorded for: (i) SSZ pure 
powder; (ii) each polymer and excipients individually 
(Eudragit® S100, Pectin, HPMC K15M, Poloxamer 
407, Sodium Alginate and Carbopol 934P); dissolved 
respectively as mentioned previously in a solutions to 
achieve the same nominal concentration used to 
prepare physical mixtures of with SSZ in this study; 
(iii) 1:1 w/w physical mixture of SSZ for each polymer 
performed separately; and finally (iv) lyophilized 
sample from optimized in situ gel formulation. To 
eliminate the water, the prepared gel was freeze-dried 
(−59 °C, 0.001 mbar vacuum for 24 h) to provide a dry 
solid sample appropriate for subsequent FTIR 
analytical characterization of the powder [24]. KBr 
pellets (1–2 mg sample mixed with 200 mg dry KBr; 
compressed under hydraulic press at 10 tonnes for 2 
min) were prepared for all solid samples. The FTIR 
spectra were recorded on Shimadzu FTIR-8400S 
spectrophotometer (or JASCO FTIR-6100, Japan) 
respectively in th wavenumber range of 400–4000 
cm⁻¹ at a resolution of 1 cm⁻¹ with 24 co-added scans 
to improve signal-to-noise ratio [64][65]. 
(B)  FTIR Characterization of Pure SSZ 
Verification of the identity of SSZ was conducted by 
recording the FTIR spectrum in KBr and comparing 
with the pharmacopoeial reference spectrum. SSZ 
showed the following characteristic absorption bands: 
a broad N–H stretching vibration at 3300 cm⁻¹ 
(secondary amine of the sulfapyridine moiety); a 
strong carbonyl –C=O stretching absorption in the 
region 1676 cm⁻¹ (carboxylic acid functional group of 
the 5-ASA moiety); azo –N=N– stretching band at 
1470 cm⁻¹ (the diagnostic azo link between 5-ASA and 
sulfapyridine); asymmetric sulfonyl –SO₂ stretching 
absorption at 1330 cm⁻¹. These representative bands 
collectively affirm the identity and purity of SSZ, 
acting as reference points for post-formulation 
compatibility testing [107][108]. 
(C)  Drug–Polymer Compatibility Assessment and 
Post-formulation FTIR of Optimized Gel 
FTIR spectra were recorded for the 1:1 w/w physical 
mixtures of SSZ and each polymer and superimposed 
onto the FTIR spectra of pure SSZ and pure individual 
polymers. No new absorption peaks were observed 
and no large peak shifts (>5 cm⁻¹) were sensed in the 
spectra of both physical mixtures, when compared 
with each pure component spectrum [2]. Specific 
bands were recorded for: the characteristic Eudragit® 
S100 ester –C=O band at 1730 cm⁻¹; Poloxamer 407 
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methylene –C–H stretch at 2885 cm⁻¹; Carbopol 934P 
carboxylate –COO⁻ band at 1600 cm⁻¹ and HPMC 
K15M –C–O–C– ether band at 1050 cm⁻¹ in their 
spectra, respectively [4, 5]. Comparison of FTIR 
spectra of lyophilized optimized formulation with pure 
SSZ and polymer spectra. All characteristic SSZ 
absorption bands (N–H, C=O, N=N and SO₂) are 
perfectly retained in the formulation spectrum with no 
appearance of new peaks or large frequency shifts 
confirming: (i) chemical stability of SSZ throughout 
cold-method preparation; (ii) novel covalent drug–
polymer interactions are not irreversible; and iii all 
components are physically compatible within the in 
situ gel matrix. If any drug–polymer interaction were 
to occur, it would be of a physical nature (hydrogen 
bonding, van der Waals forces) that should not alter 
the chemical integrity or therapeutic efficacy of SSZ. 
[65][107][108][110].  
6. Results and Discussion 
6.1 Molecular Docking Results  
Molecular docking studies were performed to assess 
the binding potential of sulfasalazine with 
inflammatory target proteins important for IBD 
pathogenesis, specifically cyclooxygenase-2 (COX-2) 
and tumor necrosis factor-alpha (TNF-α). 
Sulfasalazine showed favorable binding interactions 
on the active sites of these receptors through hydrogen 
bonding and hydrophobic interactions with important 
amino acid residues. The results from docking scores 
obtained showed a great binding affinity that further 
supports the known anti-inflammatory nature of 
sulfasalazine not previously developed for this 
purpose. In silico findings reinforced the selection of 
sulfasalazine as a candidate drug for the proposed 
gastro-retentive drug delivery system in regions of 
inflamed GI mucosa. These observations align with 
the mode of action for sulfasalazine's active metabolite 
5-aminosalicylic acid (5-ASA), inhibits prostaglandin 
and leukotriene synthesis, thereby suppressing the 
inflammatory cascade in IBD [22][23]. 
6.2 Pre-formulation Results 
Pre-formulation studies are essential for the 
identification of a physicochemical profile of the drug 
prior to development in formulation science. 
Sulfasalazine when subsumed to thermal analysis 
showed melting point to be around 240°C, thus 
confirming identity and assuring purity as per standard 
pharmacopoeial specification. The organoleptic 
characterization showed a yellow-orange powder with 
characteristic odor. Poor aqueous solubility was found 
under acidic pH (pH 1.2) and although increased at 
intestinal pH (pH 6.8 & pH 7.4), this would certainly 

add significance to its gastro-retentive formulation 
design during the solubility studies also. The 
moderately lipophilic nature of the drug was validated 
by the partition coefficient (log P) value which was 
similar to reported bioanalytical results of 
sulfasalazine. Fourier Transform Infrared (FTIR) 
spectroscopy and differential scanning calorimetry 
(DSC) were employed to assess drug-excipient 
compatibility. No significant shifts in characteristic 
absorption bands or endothermic peaks were observed 
upon mixing the drug with selected polymers, 
indicating physicochemical compatibility between 
sulfasalazine and the bioresponsive polymers used in 
formulation [18][22][24]. 
 
6.3 FTIR Interpretation 
FTIR characterization served to confirm the molecular 
signatures of pure sulfasalazine and also helped in 
detecting any possible distortion or alteration of the 
chemical functional groups due to chemical interaction 
with excipients and bio-responsive polymers in gastro-
retentive formulations. FTIR spectra of pure 
sulfasalazine showed strong absorption bands at 3400–
3450cm⁻¹ for N–H and O–H stretching vibrations, a 
band at ~1620 cm⁻¹ corresponding to the C=O 
stretching of carboxylic moiety, also indicating 
characteristic absorbance around 1500 –1600 cm⁻¹ due 
-N=N- (azo) group which plays a crucial role as 
prodrug functionality following colonic metabolism. 
Vibrations attributed to aromatic C–H and S=O 
stretching were also noted in their expected regions. 
The peaks of the main functional group were retained 
in significant quantity and had no significant 
displacement or disappearance. This confirmed the 
absence of covalent interactions between sulfasalazine 
and the polymers, affirming their chemical 
compatibility and supporting the integrity of the drug 
during formulation processing. These findings are 
critical to ensuring that the therapeutic activity of 
sulfasalazine is not compromised within the proposed 
delivery system [18][19][22]. 
 
6.4 Formulation Development and Optimization 
Results 
Sustained-release gastro-retentive tablets of 
sulfasalazine were prepared from bioresponsive 
polymers, including hydroxypropyl methylcellulose 
(HPMC K4M and K100M), Carbopol 934P, and 
sodium alginate which combine with the properties of 
swelling, mucoadhesion and pH-triggered drug release 
[3]. Nine different formulations (F1-F9) were prepared 
by changing concentration of the polymer to optimize 
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the drug release and floating action. Tablet 
formulations were developed by direct compression 
containing gas-generating agents (sodium bicarbonate 
and citric acid) to aid buoyancy. The various 
formulation was evaluated for the physical parameters 
like weight variation, hardness, friability, thickness 
and drug content. The batch weight for all batches was 
assembled either at or below the pharmacopoeial 
restriction of ±5%, hardness gave 5.0–8.2 kg/cm² and 
friability was <1% showcasing palatable mechanical 
honesty among measurements (Table (Table1).1). 
Drug content uniformity was maintained between 98–
102% across all formulations. Floating lag time (FLT) 
and total floating duration were critical performance 
parameters; optimized formulations exhibited a FLT 
of less than 1 minute and sustained floating for more 
than 12 hours in simulated gastric fluid (pH 1.2), 
demonstrating effective gastro-retention. The 
optimized formulation showed a swelling index of 
~185% at 8 hours, attributed to the hydrophilic 
polymer matrix absorbing gastric fluid and expanding 
to resist premature gastric emptying. These results are 
consistent with the established gastro-retentive 
mechanisms reported for swellable and floating drug 
delivery systems designed for drugs requiring 
prolonged upper GI exposure 
[18][19][20][21][24][25][26]. 
 
6.5 In Vitro Drug Release Results and Kinetics 
In vitro drug release studies were carried out using the 
USP Type II dissolution apparatus (paddle method) in 
simulated gastric fluid (SGF, pH 1.2) for the first 2 
hours and followed by simulated intestinal fluid (SIF, 
pH 6.8 and pH 7.4) as a result of physiological GI pH 
transition over time. Estimates of drug release from 
fast-release formulations (F1–F3) containing lower 
polymer concentrations were rapid, with an average 
release of more than 80% within 6 hours, suggesting 
insufficient sustained release. However, the optimized 
formulations with relatively high concentrations of 
HPMC K100M and Carbopol 934P exhibited a 
controlled biphasic release behavior by releasing 95% 
in intestinal pH media over a period of 12 hours. The 
pH-responsive behavior of the bio-responsive 
polymers was evident, as drug release was markedly 
suppressed in the acidic gastric phase and 
progressively enhanced upon transition to neutral-
alkaline pH, consistent with the colon-targeted 
therapeutic objective for IBD management 
[12][13][15][19][20]. 
The mechanism of drug release was explained by 
fitting the dissolution data to different mathematical 

kinetic models (zero-order, first-order, Higuchi matrix 
and Korsmeyer-Peppas), where appropriate. The 
discovered formulation revealed the most appropriate 
fitting to Korsmeyer-Peppas model (r² = 0.9921) with 
exponent ‘n’ value of 0.78 showed that release was due 
to anomalous (non-Fickian) diffusion transport. This 
indicates that drug release was based on both Fickian 
and polymer swelling/erosion mechanisms, which is 
typical of hydrophilic matrix gastro-retentive systems 
incorporating bio-responsive polymers [45]. Good 
correlation coefficient (r² = 0.9843) was found using 
the zero-order release model also suggesting almost 
constant rate of drug released during the study, which 
is an ideal condition attained in a sustained drug 
delivery system at the site.inflammation in IBD. 
Collectively, these results confirm that the 
incorporation of bio-responsive polymers in the 
gastro-retentive formulation of sulfasalazine enables 
site-specific, sustained drug delivery with pH-
triggered release kinetics, addressing the key 
limitations of conventional sulfasalazine therapy and 
offering an improved therapeutic option for patients 
with inflammatory bowel disease 
[13][15][19][20][22][23][25][26]. 
 
7. Conclusion 
This study integrated computational and formulation-
based approaches for the first time to develop an in situ 
gel system, as a new pH- and enzyme-responsive 
delivery vehicle of sulfasalazine (SSZ), specially 
designed to treat inflammatory bowel disease (IBD) 
with desired pharmacokinetics. The selection of SSZ 
as the lead drug candidate for colonic delivery was also 
confirmed by molecular docking against important 
inflammatory targets, cyclooxygenase-2 (COX-2) and 
tumor necrosis factor-alpha (TNF-α); hydrogen 
bonding and hydrophobic interactions were involved 
in binding affinity. SSZ was assayed for purity and 
identity by melting point, UV spectrophotometry, and 
pH-dependent solubility analysis as part of pre-
formulation studies. FTIR studies indicated retention 
of all characteristic functional peaks with no notable 
shift thus confirming compatibility of SSZ when 
combined with selected polymers: Eudragit® S100, 
Pectin, HPMC K15M, Poloxamer 407, Sodium 
Alginate & Carbopol 934P (Table 1). Three 
independent variables, namely the concentration of 
sweetener (x1), viscosity (x2) and sodium bicarbonate 
(x3) were designed and optimized with the help of 3-
factor, 3-level Box–Behnken Design giving nine 
formulations to be prepared for. The optimized 
formulation had the desirable physicochemical 
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properties like clarity, homogeneity, pH 7.4 ± 0.1, drug 
content (98–102%), thermoresponsive gelation at 35–
37°C, adequate strength of gel formation and viscosity 
as well as good mucoadhesion indicating prolonged 
colonic residence time. Cumulative drug release using 
sequential pH media in vitro showed little to no release 
in gastric (pH 1.2) and intestinal media (pH 6.8) but 
over 80% at colonic pH 7.4 cumulatively within 8 
hours of analysis. The data indicated a significantly 
higher release in the enzyme-triggered studies with 
pectinase to that obtained from controls, which is 
consistent with degradation of the pectin matrix by 
colonic enzymes. Drug release obeyed the 
Korsmeyer–Peppas model (n = 0·78) suggesting 
anomalous transport through diffusion and polymer 
erosion. In summary, the optimized dual-responsive 
SSZ in situ gel holds great potential as an effective and 
clinically translatable platform for targeted treatment 
of IBD.  
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