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Yu et al.: Optimized Cation-Exchange Resin Gel for Timolol Maleate

This study aimed to develop a cation-exchange resin suitable for pharmaceutical excipients, with an
appropriate particle size to create an in situ gel of timolol maleate, enhancing its safety and efficacy for
ophthalmic use. A cation-exchange resin was prepared using dispersion seed swelling and sulfonation.
This resin served as a carrier to form timolol maleate drug resin complexes by bath method. The star
design effect surface method was employed to optimize the gel formulation, resulting in an in situ
thermosensitive gel. Additionally, the intraocular hypertension model of New Zealand rabbits was
investigated with the objective of reducing intraocular pressure. The study successfully produced
cation-exchange resins with a particle size below 10 pm, suitable for ophthalmic application. The drug
content of homemade gel drug content ranged from 97.69 % to 99.37 %, with a cumulative release of
93.07 % over 10 h. Compared to commercially available eye drops, the homemade gel demonstrated
prolonged residence time and better sustained intraocular pressure reduction effect.
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Timolol Maleate (TM) is a non-selective Beta (p)-
adrenergic receptor blocker known for its significant
Intraocular Pressure (IOP) lowering effects. For TM
to be effective, it must penetrate the cornea and bind
to the B-receptors on the ciliary process. This binding
causes blood vessels to constrict, reducing the active
transport of ciliary epithelial cells. Consequently, the
concentration of cyclic adenosine monophosphate
in the ciliary process decreases, leading to reduced
production of aqueous humor. TM has proven
effective in treating open-angle glaucoma, certain
secondary glaucoma’s, and cases unresponsive
to other treatments, outperforming traditional
intraocular antihypertensive drugs!l. TM eye drops
were approved by the United States Food and Drug
Administration (USFDA) in September 1978 and
have been widely used for glaucoma treatment.

Ion-Exchange Resin (IER) is a functional polymer
consisting of an inert backbone and a fixed
ionizable functional group!?. Several methods are
available for producing cationic monodisperse
polymer microspheres, including precipitation
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polymerization, suspension polymerization,
emulsion polymerization, dispersion polymerization,
and seed swelling polymerization®. Seed swelling
polymerization involves adding pre-prepared
seed microspheres to a mixed solution containing
monomers and initiators. The mixture is allowed to
swell, and then heated to initiate polymerization,
resulting in increased particle size. This method
typically produces microspheres with a particle size
of 1-2 pm and a narrow size distribution.

In this project, we aimed to develop a self-made
cation-exchange resin with a particle size suitable
for ocular use. With TM as the model drug and
cation-exchange resin as the carrier, we prepared a
pharmaceutical resin complex with thermosensitive
gel materials, Poloxamer 407 (P407), and P188.
Xanthan gum was added to enhance viscosity and
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facilitate the suspension of the resin within the gel.
The in vitro and in vivo properties of the cation-
exchange resin were evaluated, enriching the
research on cation-exchange resins in drug delivery,
particularly ocular drug delivery. This study provided
a theoretical basis and technical reference for the
ophthalmic application of cation-exchange resins.

MATERIALS AND METHODS

Materials:

TM was obtained from Wuhan Dongkangyuan
Technology Co. Ltd., (China). Commercially available
TM eye drops were sourced from Wuhan Wujing
Pharmaceutical Co. Ltd., (China). The cation-exchange
resin Amberlite® IRP69 (Sodium Polystyrene Sulfonate
(SPS)) was supplied by Rohm and Haas (Philadelphia,
United States of America (USA)). All other reagents
used were of analytical grade and did not require any
further purification.

Animals:

Male New Zealand rabbits, each weighing between 2.5
kg and 3 kg, were acquired from the Laboratory Animal
Research Center of Jiangsu University (Certificate
No: UJS-TACUC-2023122101). The animal studies
adhered strictly to the approved standard protocols set
by the Laboratory Animal Research Center of Jiangsu
University.

Methods:

Synthesis and characterization of sodium PS
sulfonate resins: PS seed was synthesized by dispersion
polymerization method™. First, impurities from
Styrene (St) and Divinylbenzene (DVB) were removed
using 1 M Sodium hydroxide (NaOH) solution. A 90 %
ethanol solution was added to 2 g Polyvinylpyrrolidone
K30 (PVP-K30) in order to facilitate dissolution. Then,
25 g St and 0.25 g 2,2'-Azobis(2-methylpropionitrile)
(AIBN) were combined and added dropwise to the
flask. The reaction proceeded at 70° for 24 h, then the
mixture was washed with ethanol and water, then dried
to obtain PS seed.

PS-DVB microspheres were prepared using a two-step
swelling method. 1 g PS seeds were placed in 100 ml
of 0.25 % Sodium Dodecyl Sulfate (SDS) solution
with stirring at room temperature for 30 min, followed
by sonication in an ice water bath for 30 min. After
activating the PS seed at 40° for 6 h, 0.2 g Benzoyl
Peroxide (BPO) was dissolved in a mixture of 10 g of
St and 1 g of DVB. This mixture was swollen at 40°
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with stirring for 10 h. After swelling, 50 ml of 1 %
Polyvinyl Alcohol (PVA) aqueous solution was added,
and the reaction was refluxed at 75° with mechanical
stirring at 400 rpm for 24 h to produce the SPS-DVB
microspheres.

Poly(Sodium-4-Styrene ~ Sulfonate) (PSSNa) was
prepared by sulfonation and acid-base reactions!®!. 2
g SPS was added to 10 ml dichloroethane and stirred
for 30 min. Then, 4.0 ml 98 % Sulfuric acid (H,SO,)
was added, and the reaction was conducted at 60° for
3 h, followed by 65° for 9 h. The resulting product was
dispersed in water, treated with 10 % NaOH until the
pH reached 9-10, stirred for 1-2 h, and then washed
to obtain PSSNa. The morphology, structure and
particle size distribution of the self-made resin were
characterized by Scanning Electron Microscope (SEM),
Fourier-Transform Infrared Spectroscopy (FTIR) and
particle size distribution analysis.

Preparation and characterization of drug resin
complexes: TM resin complexes were prepared by the
bath method!®. To this end, 500 mg self-made cation-
exchange resin was placed in a beaker with 100 ml of a
5 mg/ml TM solution. The mixture was stirred at 35° for
90 min to achieve ion exchange equilibrium between
the drug and the resin. Then, the TM resin complex
was filtered, and washed with purified water to remove
any residual drug on its surface. The complex was then
dried overnight at 35°,

Drug loading capacity was assessed using an
Ultraviolet (UV)-spector S600 spectrophotometer at a
wavelength of 294 nm. The drug resin complexes were
characterized by SEM FTIR, and X-Ray Diffraction
(XRD) to examine the effects of drug loading on resin
morphology and the binding mechanism between the
drug and the resin.

Preparation and optimization of drug resin in situ
gel:

Preparation of blank thermosensitive in situ gels:
The thermosensitive in situ gel was prepared by the
cold dissolution method!!. Accurate amounts of P407
and/or P188 were weighed, and ultrapure water at 4°
was added to moisten the materials. The mixture was
allowed to swell at 4° for over 24 h.

Single factor investigation: Factors such as the
concentrations of P407 and P188, types of bacteriostats,
pH regulators, osmotic regulators, and suspension
agents were examined. Different concentrations of
P407 (16 %-25 %) and P188 (0 %-10 %) were tested.
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Experiment using star design: Based on the results
of the single factor experiments, P407 (X, %, w/w)
and P188 (X, %, w/w) were selected as variables for
further investigation. X ranged from 17 % to 25 %,
and X, ranged from 0 % to 8 %. Using the star design
method!®, each factor was evaluated at 5 levels: +Alpha
(a)), 1, and 0, with a set to 1.414 due to the examination
of two factors. The experimental design was executed
using Design-Expert 10.0.7 software, with the gelation
temperatures T, and T, before and after dilution of
artificial tears as response variables. The gels were
prepared and assessed according to the design. The
experimental results were subjected to analysis. In
addition, 3 optimized formulations of TM drug resin
gels were selected for validation, and the discrepancy
between the predicted and actual values was calculated
to confirm the final optimized formulation.

Viscosity and rheology:

Viscosity measurement: The gel underwent steady-
state shear scans at a shear rate of 0.01 to 100 s
to investigate the relationship between viscosity and
shear rate before dilution at 25° and after dilution at
34°, The temperature range was set from 15° to 40°
with a heating rate of 1°/min and a shear rate of 10
s’!, examining the viscosity changes of the gel before
and after dilution with Simulated Tear Fluid (STF).

Rheology: The linear viscoelastic region of the gel
was determined through stress sweeps at a fixed
frequency, with an angular frequency range of 0.01
to 100 rad/s. The storage modulus (G') and loss
modulus (G") of the undiluted gel were measured at
25°, and the same measurements were taken for the
diluted gel at 34°. All experiments were conducted
using an AR2000ex rotational rheometer.

In vitro drug release study: The in vitro release
of the in situ gel was assessed by dialysis tube
method®. A 20 ml STF solution was prepared as the
dissolution medium and preheated in a thermostatic
shaker at 37° at 120 rpm. An appropriate amount
of TM drug resin (equivalent to 5 mg of timolol)
was placed in a dialysis bag (molecular weight
cut-off 8000-12 000 Da) with 1 ml of the release
medium. Similarly, commercially available TM eye
drops (25 mg/5 ml) and the homemade drug resin
in situ gel (25 mg/5 ml) was also placed in separate
dialysis bags. The bags were then submerged in the
preheated dissolution medium. Samples were taken
at specific time points, and the medium was quickly
replenished with an equal volume of fresh STF.
Drug release concentrations were measured using
September-October 2024
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High-Performance Liquid Chromatography (HPLC)
with the following conditions: A unitary (CN)
chromatographic column (4.6 mmx250 mm, 5 pm),
a mobile phase of methanol, water, and triethylamine
in a ratio of 1:1:0.1 % (v/v/v) with pH adjusted to 3.5
using phosphoric acid, a detection wavelength of 294
nm, an injection volume of 20 pl, a flow rate of 1.0
ml/min, and a column temperature of 30°.

Data analysis: The in vitro drug release data from the
in situ gel were analyzed to fit a release equation and
determine the release kinetics using the following
equations: Zero-order equation M =a+kt, first-order
equation -\In(1-M/M )=kt, Higuchi equation M/
M_=kt'?, and Ritger-Peppas equation In(M/M )=k /
In(t).

Where, M, is the cumulative release at time t; M
is the cumulative release; A is the slope, and k is
the drug release rate constant. k is the drug release
parameter. When k <0.45, it belongs to the Fick’s
diffusion mechanism, and when 0.45<k <0.89, it
belongs to the non-Fick’s diffusion mechanism. The
goodness of fit was determined by the square of the
correlation coefficient (R?).

Investigation of precorneal retention and irritation:

Ocular retention test: 6 healthy male New Zealand
rabbits were randomly assigned to 2 groups. Group
A was given 50 pl 0.2 % sodium fluorescein-labeled
TM eye drops, while group B was given 50 pl 0.2
% sodium fluorescein-labeled homemade TM drug
resin in situ gel. After administration, the rabbit eyes
were manually closed for 10 s. At specified time
points, the fluorescence intensity on the cornea was
observed using a handheld UV lamp. Photographs
were taken to document the fluorescence until it was
no longer visible!!%,

Stimulus investigation experiments:

Cytotoxicity assay: Cells in the logarithmic growth
phase were trypsinized, centrifuged, and resuspended
in the minimum Eagle's Minimum Essential Medium
(EMEM). The cell concentration was adjusted to
3x10* to 5x10* cells/ml. The cells were then plated
into 96-well plates at 200 pl per well and incubated
for 24 h. After incubation, the medium was removed
from each well.

In the experimental group, 200 pl of each of the
following solution was added to separate wells.
Homemade resin suspension, homemade TM eye
drops, and homemade TM in situ gel solution. In the
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control group, 200 pl of blank EMEM medium was
added. Each condition was tested in triplicate (n=3)
and incubated for an additional 24 h.

To assess cell viability, 10 pl of 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium  bromide
(MTT) solution was added to each well and incubated
for 4 h. Then, 150 pl of Dimethyl Sulfoxide (DMSO)
was added to dissolve the formazan crystals, and the
mixture was gently shaken for 15 min. Absorbance
was measured at 490 nm using a microplate reader.
Cell viability was calculated using the following
formula

Cell viability (%)=0Ds/ODcx100 %

Where, ODs: Absorbance value of the experimental
group and ODc: Absorbance value of the control
group.

Draize stimulation experiment: 6 healthy male
New Zealand rabbits were randomly assigned to
2 groups for a self-controlled study. Group A was
given 50 pl of homemade TM in situ gel in the right
eye, while group B was given 50 pl of commercially
available TM eye drops in the right eye. Both groups
were administered 50 pl of normal saline in the left
eye. After administration, the eyelids of the right eye
were passively closed for 10 s.

Single-dose and multiple-dose trials: For the single-
dose trial, eyes were examined at 1 h, 2 h, 4 h, 24 h,
48 h, and 72 h after administration using a hand-held
slit lamp. In the multiple-dose trial, the medication
was administered twice daily (morning and evening),
with local eye examinations conducted before each
dose. Post-dose examinations were performed at 1
h, 2 h, 4 h, 24 h, 48 h, and 72 h. The results of these
experiments were evaluated using the Draize eye
stimulation test rating scale and the eye stimulation
evaluation criteria (Table 1 and Table 2)!!,

Eye tissue sectioning: After the multiple dosing
tests, the experimental rabbits were euthanized, and
their eyeballs were carefully removed. The eyes
were rinsed with normal saline to eliminate blood
and debris. The cornea, iris, and conjunctival tissues
were dissected, stained with hematoxylin and eosin,
and examined under a microscope to identify any
pathological changes. Images of the tissues were
captured for further analysis.

Investigation of pharmacodynamic properties:
6 healthy New Zealand rabbits were fasted for 24
h, and then anesthetized with an Intravenous (IV)
injection of 20 % uratan solution (5 ml/kg) and 2 %
lidocaine solution in the eye area to establish a high
IOP model. IOP was measured using a depression
tonometer, ensuring it was kept horizontal and
perpendicular to the cornea. The IOP model was then
created by gavage.

The rabbits were randomly assigned to 2 groups of
3 individuals each. Their initial IOP was measured
after gavage. Group A was given 100 pl of homemade
TM in situ gel in the conjunctival sac of the right eye,
while group B was given 100 pl of commercially
available TM eye drops in the same manner. The
left eye of both groups was administered 100 pul of
normal saline as control group. After application, the
rabbit eyes were manually closed for 10 s.

IOP measurements were taken at 15 min, 30 min,
45 min, 60 min, 90 min, 120 min, 180 min, 240
min, 300 min, 360 min, 480 min, and 600 min post-
administration. Each measurement was repeated 3
times, and the average value was recorded. The IOP
values were adjusted according to an IOP conversion
table. The antihypertensive effect was assessed by
calculating the difference (AIOP) between the IOP in
the right eye and the left eye of each rabbit.

TABLE 1: THE SCORING STANDARDS OF DRAIZE OCULAR IRRITATION EXPERIMENT

Assessment Score
Cornea

No ulceration or opacity 0
Scattered or diffuse area and details of iris clearly visible 1
Easily discernible translucent areas and details of iris slightly obscured 2
Opalescent areas and no details of iris visible, size of pupil barely discernible 3
Opaque and iris invisible 4
Iris

Normal 0

Folds above normal, congestion, swelling, and/or circumcorneal injection and iris still

reacting to light (sluggish reaction is positive)
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still reacting to light (sluggish reaction is positive)

No reaction to light, hermorrhage, and/ or gross destruction

Conjunctivae
Conjunctival hyperemia
Normal

Vessels definitely injected above normal

More diffuse, deeper crimson red and individual vessels not easily discernible

Diffuse beefy red

Chemosis

Normal

Any swelling above normal (includes nictitating membrane)
Obvious swelling with partial eversion of the lids

Swelling with lids about half closed

Swelling with lids about half closed to completely closed
Discharge

Normal

Any amount different from normal

Discharge with moistening of the lids and hairs just adjacent to the lids

Discharge with moistening of the lids and considerable area around the eye

w N = O

w N = O

w N = O

TABLE 2: EVALUATION STANDARDS OF OCULAR IRRITATION DEGREE

Assessment of irritation

Stimulus score

Nonirritant
Mild irritation
Moderate irritation

Intensity of irritation

0-3.9
4-8.9
9-12.9
13-16

RESULTS AND DISCUSSION

The chemical structures of SPS seed, SPS-DVB, self-
made resin, and Amberlite® IRP-69 resin were analyzed
using FTIR spectroscopy (fig. 1A). The absorption
peak at 835 cm! in the PS seed spectrum, also present
in SPS-DVB, indicated successful incorporation of
DVRB into the structure. Additional peaks at 1250~1000
cm™! and 576 cm™ in the spectrum of sulfonated SPS
correspond to the stretching and deformation vibrations
of sulfonic acid groups!'?. This confirmed that sulfonic
acid groups were successfully grafted onto the sodium
SPS sulfonate. Comparison of the FTIR spectra of the
self-made resin and the Amberlite® IRP-69 resin (fig.
1A) revealed their chemical structures were identical,
indicated that the self-made resin mirrored the
commercial resin's composition.

The average particle sizes were measured as 1.28 um
for SPS seed, 1.71 um for SPS-DVB, 2.09 um for the
self-made resin, and 58.9 um for Amberlite® IRP-69
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resin (fig. 1B). The results showed that SPS seed, SPS-
DVB, and self-made resin had narrow size distributions
and uniform particle sizes. According to literature,
particles smaller than 10 um were less irritating and
more suitable for ocular applications!'*!. With a particle
size of not more than 10 pm, the self-made resin was
appropriate for ophthalmic drug delivery. All prepared
SPS seed, SPS-DVB, and self-made resin exhibited
good spherical shape, smooth surface, and uniform
size (fig. 1C). In contrast, the commercially available
Amberlite® IRP-69 resin displayed irregular shape
and uneven size after crushing. SEM images showed
that the self-made resin particles ranged from 1-5 pum,
whereas the imported resin contained many particles
larger than 50 um after crushing.

SEM of the physical mixture of TM and the self-made
resin revealed a distinct separation, suggesting that TM
was not chemically bound to the resin. The TM particles
appeared irregularly distribution, and no free TM or TM
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clumps were observed crystallized or adhered to the
resin. Both the blank resin and the TM-resin complex
showed spherical, clean particles, with no noticeable
changes in morphology before and after drug loading
(fig. 2A). These observations indicated that there was
no straightforward physical adsorption between the
drug and the resin. FTIR provided further insights into
the interaction between TM and the resin. TM exhibited
a carboxyl C=0 peak at 1718 cm™!, while the self-made
resin showed strong sulfonic acid S=O peaks at 1126
cm™ and 1186 cm'. In the physical mixture of TM and
the resin, both TM and resin characteristic peaks were
present, indicating no chemical binding'*. However,
in the FTIR spectrum of the TM-resin complex, the
characteristic peak of TM at 1718 cm™! was absent, while
the S=O peaks of the resin remained. This suggested
that the drug and resin were bound by ion exchange
rather than simple physical adsorption (fig. 2B).

XRD revealed crystalline peaks in the range of 10°-30°
for TM. However, the self-made resin did not exhibit
any characteristic peaks. In the physical mixture of TM
and the self-made resin, the crystalline peaks of drug
were present, but their intensity was reduced. In the
spectrum of the TM-resin complex, these crystalline
peaks were absent (fig. 2C) indicated that the drug was
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not simply physically adsorbed but was likely bound
by ion exchange. The relationship between the post-
code value and the actual value was shown in Table
3. The experimental design results with T, and T, as
response values were shown in Table 4. The gelation
temperatures, T, and T, decreased as the concentration
of P407 increased (fig. 3A). This is because higher
concentrations of P407 led to more micelles forming
by dehydration and polymerization at the hydrophobic
end of the solution, causing an accumulation of
micelles and a reduction in the gelation temperature!>.
However, when the concentration of P407 was 16 %,
the gel could not form under physiological conditions
(34°) after dilution with artificial tears. Therefore, the
optimal concentration range for P407 was determined
to be 17 %-25 %.

In contrast, increasing the concentration of P188 caused
T, and T, to rise gradually (fig. 3B). This increase was
due to the higher proportion of polyethylene oxide at the
hydrophilic end introduced by P188, which enhanced
hydrophilicity and disrupted micelle formation in
P407"¢1, Consequently, a higher temperature was
required for micelle formation and gelation, the optimal
concentration range of P188 was determined at 0 %-8
%.

— 5 whopuricks
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Fig. 1: (A): FTIR spectra of SPS seed, SPS-DVB, self-made resin and Amberlite® IRP-69 resin; (B) The size analysis profiles of
(a): SPS seed, (b): SPS-DVB, (c): Self-made resin and (d): Amberlite® IRP-69 resin and (C) SEM images of, (a): SPS seed; (b):

SPS-DVB:; (c): Self-made resin and (d): Amberlite® IRP-69 resin

1633

Indian Journal of Pharmaceutical Sciences

September-October 2024



www.ijpsonline.com

b el b ke

LLI.LLMh_:L_

Intensity ()

Transmitiance (%)

‘ e Pyl witare
e 1l Thlersin
s n . L L L
#0 W e e e 15m L] k. 1 n » o L] L] n L]
Wavenumber jcm™ ) 20 {degree)

Fig. 2: (A) SEM images of (a): TM; (b): Self-made resin; (c): Physical mixture and (d): TM-resin; (B): FTIR spectra of TM, self-
made resin, physical mixture and TM-resin and (C): XRD spectra of TM, self-made resin, physical mixture and TM-resin

TABLE 3: FACTOR LEVEL TABLE OF CENTRAL COMPOSITE EXPERIMENTAL

Level
Factor
-1.414 -1 0 1 1.414
X, 17 18.17 21 23.83 25
X, 0 1.17 4 6.83 8

TABLE 4: EXPERIMENTAL RESULTS OF CENTRAL COMPOSITE

Code value Actual value Response value

Number
X1 XZ X1 XZ T1 TZ
1 -1 1 18.17 6.83 37.3 47.3
2 0 -1.41 21 0 21.7 24.3
3 1 -1 23.83 1.17 22.3 24.7
4 -1 -1 18.17 1.17 30.7 38.7
5 0 1.414 21 8 33.7 40.4
6 -1.41 0 17 4 39 47.3
7 1 1 23.83 6.83 23.3 34
8 1.414 0 25 4 21.3 31
9-13 0 0 21 4 25.3 35
A B
;i‘zs g.\«a/—/fl-”lg

P47 (%) PI88 (%)

Fig. 3: (A): The effect of different concentrations of P407 before and after dilution with STF on the gelation temperature and (B):
The effect of different concentrations of P188 before and after dilution with STF on the gelation temperature
Note: (—=—): T, and (~+-): T,
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The addition of bacteriostatic agents, pH regulators,
and osmotic pressure regulators had no significant
impact on the gelation temperatures, T, and T,, either
before or after dilution with artificial tears!!”). However,
the use of self-made resin and 0.2 % xanthan gum
caused a slight but controlled alteration in T, and T,
(Table 5). Thus, the influence of these excipients on the
gelation temperature of the formulation is considered
negligible. The model fitting results were evaluated
using the R? and the confidence level (p). A higher
R? indicates a stronger correlation of the model. The
significance level for the model equation was set at
p<0.05, with p<0.01 indicating extreme significance.
The quadratic polynomial fitting model produced the
highest R* values for the gelation temperatures T, and
T,, both of which were statistically significant (Table
6). Therefore, the quadratic polynomial model was
used for fitting, resulting in the following equation:

T =18.86-13.44X +3.69X,-0.175X X,+0.287X +0.314X 2
(R=0.9703)

T,=194.18-13.67X +2.56X +0.22X X +0.27X *

0.15X 2(R>=0.9904)

The equation indicated a positive or negative correlation
with the response value, depending on whether the value
was positive or negative, respectively. The magnitude
of the value indicated the degree of influence.

The negative sign before X, indicated that an increase

in P407 would result in a decrease in the response
value. Conversely, the positive sign in X, indicated that
an increased in P188 would lead to an increase in the
response value. These findings were consistent with
the results of the previous one-way investigation. The
quadratic polynomial model of gelation temperature
T was highly significant (p<0.0001). The primary
term factors X, and X, as well as the quadratic term
factors, had extremely significant effects on the
response value of T, (p<0.01), while the other terms
were not significant (p>0.05). The determination
coefficients were R dj2=0.9491, Rpre .=0.7890 and R djz—
RprC ,=0.1601<0.2 (Table 7), indicating a good fit of the
model. This model can be used for the optimization of
in situ gel formulation.

TABLE 5: THE EFFECT OF OTHER EXCIPIENTS IN in situ GEL ON THE GELATION TEMPERATURE

Excipient name T, T,
Blank in situ gel 22 25
Blank in situ gel+self-made resin 22 25
Blank in situ gel+0.01 % benzalkonium chloride 22 25
Blank in situ gel+2 % Tris 22 25
Blank in situ gel+0.9 % Sodium chloride (NaCl) 22 25
Blank in situ gel+0.2 % xanthan gum 22 25

TABLE 6: TABLE OF FITTING RESULTS FOR DIFFERENT MODELS

T1 TZ
Model R? value R? p-value
linear model 0.8539 <0.0001 0.9053 <0.0001
Interactive model 0.8727 0.0002 0.9055 <0.0001
Quadratic polynomial 0.9703 <0.0001 0.9904 <0.0001

model

TABLE 7: ANALYSIS OF VARIANCE TABLE OF THE QUADRATIC POLYNOMIAL MODEL EQUATION OF

GELATION TEMPERATURE T, AND T,

Source Sum of squares df Mean square F value p-value Significance
Model 405.31 5 81.06 45.79 <0.0001 b
X, 281.22 1 281.22 158.84 <0.0001 i
X, 75.46 1 75.46 42.63 0.0003 i
X X, 7.84 1 7.84 4.43 0.0734
X2 36.6 1 36.6 20.67 0.0026 *
X2 7.95 1 7.95 4.49 0.0719
Residual 12.39 7 1.77
Lack of fit 12.39 3 4.13
1635 Indian Journal of Pharmaceutical Sciences September-October 2024
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Pure error 0 4
Corrected total 417.71 12
Correation R2=0.9703 R,,=0.9491 R, .2=0.789
Model 572.87 5 114.57 143.72 <0.0001 b
X, 316.91 1 316.91 397.53 <0.0001 ek
X, 206.74 1 206.74 259.33 <0.0001 e
X, X, 0.12 1 0.12 0.15 0.7067
X, 33.1 1 33.1 41.52 0.0004 i
X2 10.33 1 10.33 12.96 0.0087 .
Residual 5.58 7 0.8
Lack of fit 5.58 3 1.86
Pure error 0 4
Corrected total 578.45 12
Correation  Re=0.9904 R,,-0.9835 R, .2=0.9314

Note: There were significant differences *p<0.05 and very significant differences **p<0.01; ***p<0.001 and ****p<0.0001

The quadratic polynomial model of gelation temperature
T was also a good fit (p<0.0001), with primary term
factors X and X, and quadratic term factors having
extremely significant effects on the T, response value
(p<0.01). Other terms were not significant (p>0.05).
The determination coefficients were R, dj2=0.9835,
R . ,=0.9314, and R djz-Rprc ,=0.0521<0.2 (Table 7).
This model can be used to optimize the formulation of
in situ gel.

The residual distribution of T, and T, appeared to
follow a normal distribution, indicating that the
residuals of the fitted model are in line with the
normal distribution. Additionally, the predicted and
actual values were closely aligned, suggesting that the
fitted model was well suited to the data. Based on the
contour plots and effect maps of T, and T, it could be
observed that when the concentration of P407 was held
constant, both T, and T, increased with an increase in
P188 concentration. Similarly, when the concentration
of P188 was held constant, both T and T, decreased
with an increase in P407 concentration (fig. 4A and fig.
4B). To meet the requirements for using temperature-
sensitive in situ gel in the eye, the response value of the
gel should be between T >25° and T,<34° under ideal
conditions!!8-19],

The difference between the predicted and actual values
for all 3 prescription groups was <3 %. This suggested
that the nonlinear regression equation established by
the star design experiment was highly accurate and
had good predictability. Among the prescriptions,
prescription 1 had the smallest deviation and the lowest
proportion of P188. As mentioned earlier, P188 may
hinder the aggregation of P407 and reduce the gelling
ability of the thermosensitive gel (Table 8). The results
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showed that the minimum dosage of excipients in
prescription 1 could meet the requirements for ocular
use of the thermosensitive gel (T >25°, T,<34°).
Therefore, the dosage of poloxamer in the in situ gel of
TM drug resin was determined to be P407 19.88 % and
P188 1.17 %.

1.988 g P407 and 0.117 g P188 were added to 4°
ultrapure water to wet and swell, TM-resin (equivalent
to timolol 50 mg) and 0.02 g xanthan gum were added
to the gel, the solution was stirred and mixed, an
appropriate amount of 0.01 % benzalkonium chloride
was added, the pH was adjusted to 6.5-7.0 with 2 %
Tris(hydroxymethyl)aminomethane, the  osmotic
pressure was adjusted to about 305 mosm/l with NaCl,
and finally, ultrapure water was added to 10 ml, sterilized
with Gamma (y) irradiation, and a thermosensitive in
situ gel of TM drug resin was prepared. At lower shear
rates, the viscosity of gel significantly decreased with
increasing shear rate, whereas at higher shear rates,
the decrease was less pronounced (fig. 5A). Overall,
the viscosity of gel decreased with increasing shear
rate, exhibiting a rapid initial decline followed by a
slower rate of decrease, characteristic of shear-thinning
behavior and classifying it as a pseudoplastic fluid?".
This property was advantageous for ophthalmic
applications.  After ocular administration, the
thermosensitive gel undergoes a phase transition under
physiological conditions, transforming into a semi
solid gel. Although a rapid increase in viscosity might
cause discomfort, the high shear rates associated with
blinking and eye movements (ranging from 0.03-28500
s) facilitate a quick reduction in viscosity, thereby
mitigating discomfort?!!,

The undiluted gel began to phase transition at 25.7°,
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with a notable increase in viscosity. After dilution,
the gel started phase transitioning at 31°, with a sharp
viscosity increase, which became pronounced at 34°.
Further temperature increases led to minor viscosity
changes (fig. 5B). These results indicated that the
undiluted gel maintains a fluid state at room temperature,
enabling rapid and uniform drug distribution in the
eye before fully forming into a gel. Subsequently,
under physiological conditions, the gel transitions to
a semi-solid state, increasing viscosity to prevent tear
clearance and prolong ocular retention. At 25°, the G'
of the undiluted gel was lower than the G", showing
frequency dependence, indicating the presence of
disordered micellar arrangements and relaxed polymer
chains, characteristic of the viscoelastic properties of
an in situ forming gel. In contrast, at 34°, the diluted gel
exhibited a higher G' than G", with minimal frequency
dependence (fig. 5C). This suggested ordered micellar
aggregation, indicative of an elastic solid nature of the
in situ forming gel under these conditions!?.

The drug release from the resin was initially rapid, with
66.97 % within 30 min and 82.51 % within 1 h. After
this initial burst, the release rate slowed, eventually
reaching nearly 100 %. The commercially available
eye drops in the dialysis bag released 75.67 % of the
drug after 30 min and 99.89 % after 3 h, in contrast, the
homemade TM drug resin in dialysis tubing exhibited
a slower release, with 96.05 % released after 4 h and
reaching 90 %. The homemade TM in situ gel released
33.61 % within 30 min, meeting the 2020 edition of the
requirement of Chinese Pharmacopoeia that sustained-
release preparations should not exceed 40 % release
within 30 min (fig. 5D).

These results indicated that ions from the internal sites
of the resin gradually diffuse outward and participate in
the ion exchange process, resulting in a slower, sustained
release of the drug®. In addition, the homemade gel
preparation can achieve slow release by dual sustained-
release mechanisms. This effect was due to the gel itself
and the sustained release of resin in the physiological
environment (34°). The fitting results showed that the
R? value of the primary pharmacokinetic equation
was the highest, reaching 0.9785, indicating the most
optimal fit and suggesting that the release curve of the
gel followed primary release kinetics. The fitting results
of the Ritger-Peppas model indicated that the k, value
is 0.279, which is less than 0.45, suggesting the Fick’s
diffusion mechanism. This implied that the gel was
released slowly in vitro (fig. 6 and Table 9). The initial
rapid release followed by a slower, sustained release
was beneficial for prolonging the release time of drug.
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It achieved a higher initial therapeutic concentration
and maintains a constant concentration thereafter,
thus improving bioavailability?*. In the group given
commercially available eye drops, the fluorescence
from the eyes disappeared within 30 min. Some of
the drops remained around the eye due to blinking,
and a considerable amount of the fluorescent solution
was observed in the nostrils of these rabbits shortly
after administration. The fluorescence of the eyes in
the homemade gel group had also disappeared at 120
min post-administration, but less residual fluorescent
solution was present around the orbit. Fluorescent
solution was also noted in the nostrils (fig. 7A). These
findings indicated that the homemade TM drug resin in
situ gel significantly prolonged the ocular retention time
of the drug compared to the commercially available eye
drops. This improvement solved the problem of low
bioavailability due to short ocular retention times of
commercially available eye drops!®.

The concentration of the sample significantly affects the
viability of Human Corneal Epithelial Cells (HCEC). In
the self-made resin suspension group, cell viability was
above 83.4 %, relatively stable in concentrations from
18.75-150 pg/ml. As the concentration increased over
150 pg/ml, cell viability began to decline, only 53.01
% at the concentration of 600 pg/ml. No significant
difference was found between the homemade in situ
gel group and the resin suspension group (p>0.05).
The commercially available eye drops exhibited
significantly lower cell viability compared to both the
resin suspension and the homemade in sifu gel groups
(p<0.001). Cell viability in the commercially available
eye drops group was notably concentration-dependent,
dropping below 50 % at 75 pg/ml and 5.58 % at 600 pg/
ml (fig. 7B). These results indicated that all 3 samples
caused irritation, the commercially available eye drops
were significantly more irritating than the homemade
gel. This suggested that the homemade gel may reduce
drug toxicity and improve cell survival.

In the single-dose experiment, the ocular irritation
scores for both formulations were low, only 0.2 and
0.3, respectively, 72 h after administration. In multiple
doses experiment, both preparations caused some
conjunctival edema and increased secretions. However,
the total irritation score for commercially available TM
eye drops was higher than that of the homemade TM
in situ gel, although both remained within the range of
0-3.9 (Table 10). These results indicated that neither
single nor multiple administrations caused significant
irritation to the rabbits eyes!*®.
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The tissue pathological sections of the cornea, iris,
and conjunctiva from the homemade in situ gel group
showed no significant differences compared to those
from the normal saline and commercially available
eye drop groups. In the cornea, the epithelial, stromal,
elastic, and endothelial layers were well-structured
and tightly arranged, with no signs of inflammation
or edema. The stromal layer of iris exhibited tightly
arranged connective tissue, with no shedding or thinning
of the epithelial cells. The conjunctiva maintained its
integrity, with abundant goblet cells and no structural
damage or disorder (fig. 8A). These findings indicated
that the homemade in situ gel caused minimal ocular
irritation and demonstrated excellent biocompatibility.
As shown in fig. 8B, pharmacodynamic analysis
revealed that the maximum IOP-lowering effect (T, )
occurred at 30 min for the commercial eye drops and
at 120 min for the homemade gel. The maximum IOP
reduction (IOP__ ) for the homemade gel was 5.90+0.43
mmHg, slightly lower than the 6.55+0.17 mmHg
achieved by the commercial drops. The Area Under
the Curve for IOP reduction over 360 min (AUCO-
360 min) was significantly higher for the homemade
gel (1396.05+36.21 mmHg/min) compared to the
commercial eye drops (554.78+43.87 mmHg/min).
Additionally, the Mean Residence Time (MRT) was

A

- Mormas Pt of Apsouals

Prodcted v, Arus

longer for the homemade gel (173.13+£1.93 min) than
of the commercial drops (110.75+£19.62 min) (Table
11). These results indicated that the homemade in situ
gel had a longer retention time and provided a more
sustained reduction in IOP®",

This study developed a cation-exchange resin suitable
for pharmaceutical excipients with an appropriate
particle size to create an in situ gel of TM, enhancing
its safety and efficacy for ophthalmic use. Compared to
commercially available TM eye drops, the homemade
in situ gel demonstrated a significantly prolonged drug
release in vitro. The release mechanism followed Fick’s
diffusion, characterized by an initial rapid release
followed by a slower, sustained release. Additionally,
the homemade in situ gel improved drug bioavailability,
reduced ocular irritation and toxicity, and provided
a gentler, longer-lasting antihypertensive effect
compared to commercially available eye drops, making
it a promising alternative for ocular administration. The
cation-exchange resin developed in this study showed
excellent performance and holds broad potential for
application. The in situ gel, utilizing this resin as the
drug carrier, achieves a dual sustained release effect.
This dual release, both from the gel and the resin,
offered a solid theoretical and practical foundation for
future applications of resin in ocular treatments.

Normal Flot of Resius Pradicied v Actoal

T - et

Fig. 4: (A): Normal plot of residuals, distribution map of predicted and actual values, two-dimensional contour map and
three-dimensional response surface diagram of gelation temperature T, and (B): Normal plot of residuals, distribution map of
predicted and actual values, two-dimensional contour map and three-dimensional response surface diagram of gelation temperature
T

2

TABLE 8: THE RESULTS OF CENTRAL COMPOSITE EXPERIMENTAL OPTIMIZE FORMULATION
VALIDATION

() T,()

P407 (%) P188 (%) Predicted Measured SD (%) Predicted Measured SD (%)

value value value value
19.88 1.17 25.5 26 1.96 30.6 30.3 0.98
20.56 2.88 25.2 25.9 2.78 32.8 31.9 2.74
20.82 3.52 25.3 26 2.77 33.5 34.2 2.09
Note: SD: Standard Deviation
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TABLE 9: FITTING EQUATION RESULTS FOR in vitro DRUG RELEASE OF in situ GEL

Model Fitting equation R?

Zero-order equation M=51.54+0.09t 0.6925
First-order equation M=90.51(1-e003) 0.9785
Higuchi equation M=3.01x""2+30.11 0.8531
Ritger-peppas equation (n(M,/M_)=0.279Int+16.969 0.913
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Fig. 7: (A): The retention of commercially available eye drops and thermosensitive in situ gel of TM-resin by ocular fluorescence
tracing experiment and (B): The results of cytotoxicity experiment with self-made resin, commercially available eye drops and
thermosensitive in situ gel of TM-resin (n=3)

Note: *p<0.05; **p<0.01 and ***p<0.001, (B) (==): Self-made resin; (==): Thermosensitive in situ gel of TM-resin and (==):
Commercially available eye drops

TABLE 10: EVALUATION RESULTS OF OCULAR IRRITATION (SINGLE AND MULTIPLE ADMINISTRATION)

. Cumulative score of single administration Cumulative score of multiple administration
Eye tissue state

Normal saline Eye drops in situ gel  Normal saline  Eye drops in situ gel
Cornea 0 0 0 0 0 0
Iris 0.1 0.2 0.1 0.2 1.5 0.8
Conjunctival hyperemia 0 0.1 0.1 0.2 1.2 0.7
Chemosis
Discharge
Total score 0.1 0.3 0.2 0.4 2.7 1.5
A B
Rismat salae a\:::):e::i.r}ups m-::::lq;;mi-‘r:.h
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Fig. 8: (A): The sections of ocular tissues (cornea, iris, and conjunctiva) after multiple administration and (B): IOP-lowering effects
of commercially available eye drops and thermosensitive in situ gel of TM-resin (n=3)
Note: ( —): Commercially available eye drops and ( —): Thermosensitive in situ gel of TM-resin

TABLE11:PHARMACODYNAMIC PARAMETERSAFTEROCULARADMINISTRATION OF COMMERCIALLY
AVAILABLE EYE DROPS AND THERMOSENSITIVE in situ GEL OF TM-RESIN (n=3)

Parameter Commercially available eye drops Thermosensitive in situ gel of TM resin
| oy (Min) 30 120

AIOP__ (mmHg) 6.55+0.17 5.90+0.43

AUC(A\IOP-T) (mmHg/min) 554.78+43.87 1396.05+36.21

MRT (min) 110.75+19.62 173.13+1.93
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