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S1. Methodology
[bookmark: _Toc200873690]S1.1. Development of plain and DEX-loaded chitosan/pluronic NPs
[bookmark: _Toc200873694]Table 1. Experimental design of DEX-loaded chitosan/pluronic NPs (DEX-NPs).

	[bookmark: _Toc200873695]Factor (independent variables)
	[bookmark: _Toc200873696]Level

	[bookmark: _Toc200873697]X1: Drug to polymer ratio
	[bookmark: _Toc200873698]1:2
	[bookmark: _Toc200873699]1:4
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	[bookmark: _Toc200873701]X2: Pluronic type
	[bookmark: _Toc200873702]P123
	[bookmark: _Toc200873703]F108

	[bookmark: _Toc200873704]X3: TPP to CS ratio
	[bookmark: _Toc200873705]1:1
	[bookmark: _Toc200873706]2:1

	Responses (dependent variables)
	Desirability constraints

	Y1: PS (nm)
	Minimize

	Y2: EE%
	Maximise

	Y3: ZP (mV)
	≥30



S1.2 In vitro release study
They were entrapped in 2 mL of PBS, the release medium, inside a dialysis membrane (Spectra Por7, 10 kDa) at 37.4°C. Eventually, this donor dialysis bag was immersed in 2 mL of the release medium, or receptor counterpart. Aliquots of 2 mL were drawn from the receptor part at selected time intervals, replaced by the same volume of a fresh medium, and measured spectrophotometrically at λmax = 244 nm. The relationship between cumulative drug release and time over 120 hour was then plotted
                                                 (1)
where A is the volume that was removed, V is the volume of the sink medium, Cn is the cumulative concentration of all samples, 𝐶n 𝑚𝑒𝑎𝑛𝑠 is the calculated concentration, n-1 is the assimilation of the earlier aliquot parts, and 𝐶𝑠 𝑚𝑒𝑎𝑛𝑠 is the total concentration of all previous tests.

S1.3. Drug kinetics calculations
Higuchi diffusion is considered a crucial kinetic model in the field of oral controlled release, which drug dissolving tests have validated (1). Represented in equation 4
                                                      (2)
[bookmark: _Hlk182483547] Zero order describes a release system where the release rate is independent of concentration. Slow release of the medication from the dose forms without disintegration (2), represented by the following equation 5
	                                                              (3)
Korsmeyer-Peppas kinetic model explains a system in which medicine is released from a polymeric matrix. Only the first 60% of the release is covered by this model, which gives information on how the API diffuses from the polymeric systems, reliant on the value of n. The drug follows Fickian diffusion when n<0.5, non-Fickian diffusion when 0.45< n > 0.89, case II transport when n=0.89, and super II case transport when n> 0.89 (3,4). 
 Based on the most significant correlation coefficient (R2) values, the best-fitting model was determined. Equations 6 and 7 can express this concept. 
                                                                  (4)
                                       (5)
 The first-order kinetic model is commonly used to explain processes where the change rate depends directly on a substance's current amount. The defining characteristic of this model is that the transformation or loss occurs more rapidly when the substance is abundant, and gradually slows as the amount decreases, reflecting a proportional relationship between concentration and rate (1). Equation 7
		                                 (6)
Where the concentration of the DEX released at time t is expressed as Ct, the original amount of DEX released in the solution is C0. The constants for Higuchi diffusion, Zero-order, Kors Meyer–Peppas, and first order are KH, K, KK, and KF, respectively.  The n is the exponent that describes a particular diffusion in the Kors Meyer–Peppas model.
[bookmark: _Toc180851834][bookmark: _Toc180852421][bookmark: _Toc200873713]S1.4. in vivo evaluation
S1.4.1. Animal model
[bookmark: _Hlk211350397][bookmark: _Toc180851835][bookmark: _Toc180852422][bookmark: _Toc200873714]The ocular tissues were histologically assessed using a rat model, following all relevant ethical guidelines and with prior approval from the Animal Health and Research Institute, Egypt (Ethical Approval No ARC ZCST 96 24), following the ARRIVE guidelines. A total of 15 male R. norvegicus rats, weighing between 200–300 g and aged 6–8 weeks, were used in the study. The rats were maintained under a 12-hour light/dark cycle (8:00 AM to 8:00 PM), at a controlled room temperature of 22 ± 2 °C and relative humidity of 60 ± 10% (5). The animals were randomly divided into five groups, 
The animals were randomly divided into five groups: (1) a normal, untreated group; (2) a dry eye-induced group serving as the negative control;(3) a group treated with free DEX serving as the positive control(4) a group treated with a modified commercial gel (HA@in-situ gel); and (5) a group treated with a DEX-loaded modified gel formulation (DEX-NPs-in-HA@in-situ gel).

To induce dry eye, 10% N-acetylcysteine (NAC) solution was applied topically 20 μL per eye four times daily at two-hour intervals, beginning at 10:00 AM, for five days before the start of treatment. Treatment was administered once daily for 14 consecutive days. For the DEX-treated groups (Groups 3, 4, and 5), 100 μL of the formulation was instilled into each eye(5).

S1.4.2. Histological examination
After the final treatment was administered to all groups, the eyes were surgically enucleated, including the surrounding conjunctiva and eyelid tissues. The extracted eyeballs were then fixed overnight in 4% paraformaldehyde prepared in phosphate-buffered saline (PBS) at 4°C to preserve the tissue integrity. Subsequently, the samples were embedded in paraffin for histological processing. Thin tissue sections (1–4 mm) were cut and stained using Periodic Acid–Schiff (PAS) and haematoxylin-eosin (H&E) to visualize cellular and tissue structures. The morphology of the conjunctival epithelium was examined under a light microscope, and photomicrographs were captured for further analysis and documentation (5).



[bookmark: _Toc200873716]S2. Results 
[bookmark: _Toc200873717]S2.1 Physicochemical characterization
Table 2: The coded matrix of experimental design and corresponding responses.

	Trial
	X₁
(Drug: Polymer)
	X₂
(PL Type)
	X₃
(TPP: CS)
	PS (nm)
	EE%
	ZP (mV)

	T1
	−1
	−1
	−1
	403
	38
	25

	T2
	−1
	−1
	+1
	316
	43
	27

	T3
	−1
	+1
	−1
	373
	40
	26

	T4
	−1
	+1
	+1
	346
	47
	27

	T5
	0
	−1
	−1
	402
	43
	25

	T6
	0
	−1
	+1
	353
	45
	27

	T7
	0
	+1
	−1
	280
	48
	30

	T8
	0
	+1
	+1
	250
	56
	35

	T9
	+1
	−1
	−1
	282
	37
	29

	T10
	+1
	−1
	+1
	260
	40
	28

	T11
	+1
	+1
	−1
	235
	42
	33

	T12
	+1
	+1
	+1
	280
	44
	32


The coded levels of the independent variables were defined as follows: for the drug-to-polymer ratio (X₁), −1, 0, and +1 correspond to 1:2, 1:4, and 1:8, respectively; for the Pluronic type (X₂), −1 represents F108 and +1 represents P123; for the TPP-to-CS ratio (X₃), −1 corresponds to 1:1 and +1 corresponds to 2:1. The dependent responses include particle size (Y₁), entrapment efficiency (Y₂), and zeta potential (Y₃).

Table 3: The ANOVA summary and model statistics significance
	Response
	R²
	F-value
	p-value
	Model Interpretation
	

	PS (Y₁)
	0.675
	5.55
	0.0235
	Significant
	

	EE% (Y₂)
	0.495
	2.61
	0.1234
	Not significant
	

	ZP (Y₃)
	0.713
	6.63
	0.0146
	Significant
	



The particle size (Y₁) model presented a good predictability with a coefficient of determination (R²) of 0.675 and was statistically significant (F = 5.55, p = 0.0235). Similarly, the zeta potential (Y₃) model exhibited a strong R² = 0.713 with significant model validity (F = 6.63, p = 0.0146). In contrast, the entrapment efficiency (Y₂) model showed lower predictive performance (R² = 0.495) and was statistically non-significant (p = 0.1234), indicating higher experimental variability for this response. These findings confirm the suitability of the applied factorial design for predicting particle size and zeta potential. The insignificance of EE% is most likely because the drug is incorporated in the internal CS core, and its available binding sites, which are nearly similar in all formulations(6)
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