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ARTICLE INFO ABSTRACT

Accepted 24 January 2018 In situ forming ophthalmic gels need to be fine tuned considering all the biopharmaceutical challenges of
the front of the eye in order to increase drug residence time at the application site resulting in its
improved bioavailability and efficacy. The aim of this study was to develop in situ forming ophthalmic
poloxamer P407/poloxamer P188/chitosan gel fine tuned in terms of polymer content, temperature of
gelation, and viscosity. Minimizing the total polymer content while retaining the advantageous rheo-
logical properties has been achieved by means of D-optimal statistical design. The optimal in situ forming
gel was selected based on minimal polymer content (P407, P188, and chitosan concentration of 14.2%,
1.7%, and 0.25% w/|w, respectively), favorable rheological characteristics, and in vitro resistance to tear
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chitosan dilution. The optimal in situ forming gel was proved to be robust against entrapment of active phar-

gé'fomgy maceutical ingredients making it a suitable platform for ophthalmic delivery of active pharmaceutical
ingredients with diverse physicochemical properties.

Introduction allows gel to thin during blinking, making it more comfortable and

The anatomical barriers and the tear fluid dynamics in the
precorneal area of the eye have a huge effect on the eye-related
drug bioavailability.! This problem can be overcome by using in
situ forming ophthalmic gels prepared from polymers that exhibit
reversible phase transitions and pseudoplastic behavior to mini-
mize interference with blinking and avoid foreign body sensation
and blurring of vision.>" In situ forming ophthalmic gels need to be
fine tuned considering all the biopharmaceutical challenges of the
front of the eye in order to increase drug residence time at the
application site resulting in its improved bioavailability and effi-
cacy.” Such a system should be formulated as drug containing liquid
suitable for instillation into the eye that shifts to the gel phase upon
exposure to physiological conditions.® The optimal in situ forming
gel should be characterized by: (1) temperature of gelation (Tge) in
physiologically relevant range; (2) pseudoplastic behavior that
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easier to spread across the eye surface’; (3) suitable gel strength to
endure the dilution with tears. Moreover, in vivo performance of in
situ forming ophthalmic gels is governed also by drug release and
biocompatibility issues.

Poloxamers (Pluronic®), a series of closely related block
copolymers of polyethylene oxide and polypropylene oxide, have
been investigated as in situ forming gels.® At high concentrations of
poloxamers, the aqueous solutions exhibit a dramatic change of the
viscoelastic moduli and become soft solids or gels. A phase tran-
sition from liquid to gel upon reaching physiological temperatures
is presently one of the most important phenomena for their
applications.” Poloxamer 407 (P407) was mainly studied for
ophthalmic delivery, however, concentrated P407 aqueous solu-
tions (>18%, w/w) gel already at the ambient temperature.'” In that
case, in situ forming ophthalmic gel has to be stored in refrigerator
and applied cold,® and therefore, its instillation to the front of the
eye can possibly be irritating and painful.

The use of P407 in mixture with other poloxamers is considered
as a strategy to decrease the P407 concentration and to modulate
the temperature of gelation and rheological properties of in situ
forming gel. Among others, poloxamer 188 (P188) was shown to be
a good modulator of P407 in situ forming gels.'”'? In previous
studies, both poloxamers were used in in situ forming ophthalmic
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gels at very high total concentration, for example, P407 and P188 in
concentration of 21% and 10%,'° 16% and 14%,° 20% and 11%'
(w/w), respectively.

The additional improvements in the biopharmaceutical prop-
erties of poloxamer ophthalmic gels can be achieved by the pres-
ence of different additives in the formulation.””"' Chitosan, a
biocompatible and biodegradable polycationic polymer, has been
demonstrated to increase the mechanical strength and mucoad-
hesivness of in situ forming ophthalmic gels.'® In addition, there are
other benefits of including chitosan in ophthalmic formulations
such as improvement of eye-related permeability due to its para-
cellular permeation enhancing effects,’’ antimicrobial activity,?!
and corneal wound healing effect.??

The aim of this study was to develop in situ forming ophthalmic
poloxamers/chitosan gel fine tuned in terms of polymer content
and rheological properties, that is, temperature of gelation, storage
modulus, and viscosity. Minimizing the total polymer content while
retaining the advantageous rheological properties has been ach-
ieved by means of D-optimal statistical design. The selection of the
leading candidate for drug formulation development has been
based on the ability to keep its rheological properties upon dilution
under biorelevant conditions. The robustness of selected mixed
system has been evaluated upon entrapment of 4 ophthalmic active
pharmaceutical ingredients (APIs).

Materials and Methods
Materials

Poloxamers P407 (Kolliphor P407; EOggPOgoEQOgg; average mo-
lecular weight (My,) 13,498 g/mol) and P188 (Lutrol micro F68;
EOgoPO,7EQsp; average My, 8902 g/mol) were purchased from BASF
SE (Ludwigshafen, Germany). More than 90% deacetyled ultrapure
PROTASANT™ chitosan salt (Protasan UP CL214; M,, 150,000-400,000
g/mol; viscosity 20-200 mPa x s) (CS) was obtained from NovaMa-
trix® (Sandvika, Norway). Timolol maleate (TIMO), dexamethasone
(DEX), dorzolamide hydrochloride (DORZO) were kindly donated by
TEVA Pharmaceutical Industries Ltd. Tobramycin (TOBRA) standard
was purchased from the United States Pharmacopeia (Rockville, MD).

Simulated tear fluid (STF), pH 7.4, was prepared by dissolving the
following substances in double-distilled water: KCI (1.4 mg/mL), NaCl
(6.8 mg/mL), NaHCO3 (2.2 mg/mL), and CaCl; x 2H,0 (0.08 mg/mL).>3
Final step in STF preparation was filtration of solution (Whatman™
membrane filters, 0.2 pm, RC58; GE Healthcare Limited, Buck-
inghamshire, UK).

Cellulose acetate 0.8 um membranes for in vitro release (IVR)
test (CA 0.8) were obtained from Sartorius Stedim Biotech
(Gottingen, Germany).

Preparation of In Situ Forming Ophthalmic Gels

In situ forming ophthalmic gels were prepared by slightly
modified cold method.?* Briefly, appropriate amounts of all mate-
rials were weighed in a glass bottle and defined amount of previ-
ously refrigerated water for injection (WFI; PLIVA Croatia Ltd.) was
added. Samples were stirred (speed 400-600 rpm) in an ice bath
until clear solution was obtained. In case when CS was used in
mixed systems, after ice bath, additional means of ultrasound at
20°C-25°C (Bandelin Sonorex digital 10P; BANDELIN electronic
GmbH & Co. KG, Berlin, Germany) was applied to aid its dissolution.
All prepared systems had an ophthalmically acceptable osmolality,
which was achieved by the addition of appropriate amounts of NaCl
to the solution. Osmolality was determined by the freezing point
depression method (Advanced® 3D3 Single-Sample Osmometer;
Advanced Instruments Inc., Norwood, MA). For CS-free solutions, it

was in the range of 295.4-301.8 mOsm/kg, whereas for
CS-containing solutions, it was in the range of 310.4-332.0 mOsm)/kg.
pH was measured using PHM240 pH/lon Meter (Radiometer
Analytical SAS, Villeurbanne, France) and was in the range of 5.8 for
CS-containing solutions to 6.5 for CS-free solutions. The trans-
parency of in situ forming ophthalmic gels was determined by
measuring the refractive index (RE40 Refractometer; Mettler-
Toledo, LLC, Columbus, OH). Refractive index of all systems was in
the ophthalmically suitable range for eye drops (i.e., not greater
than 1.4762%).

Out of 4 APIs, 6 API-loaded in situ forming ophthalmic gels were
prepared, namely mixed P407/P188/CS system containing: 2%
(w/w) DORZ0, 0.5% (w/w) TIMO, 2% (w/w) DORZO, and 0.5% (w/w)
TIMO, 0.1% (w/w) DEX, 0.3% (w/w) TOBRA, 0.05% (w/w) DEX and
0.3% (w/w) TOBRA. In situ forming ophthalmic gels containing
TIMO, DEX, and DORZO were prepared in same way as API-free
systems. For preparation of systems containing TOBRA, API was
first dissolved in defined aliquot of WFI and then mixed with P407/
P188/CS solution. pH was adjusted to 5.8 since addition of TOBRA
increased pH of the solution. All in situ forming ophthalmic gels
were isotonized taking into account NaCl equivalent for each APL

Measurement of Temperature of Gelation and Complex Viscosity

The temperature sweep test was performed to determine the
Tgel, the temperature dependence of complex viscosity (n*) and the
temperature dependence of storage (G’) and loss modulus (G”).7-?°
The rheological measurement was performed using Rheometer
Anton Paar Physica MCR 301 (Anton Paar GmbH, Graz, Austria) with
parallel plate (PP50) measuring system equipped with H-PTD 200
Truly Peltier temperature-controlled hood (U.S. Patent 6,571,610)
connected to circulating water bath (JULABO GmbH, Seelbach,
Germany). Samples were equilibrated at 5°C for 5 min. Angular
frequency and strain applied were fixed at 1 s~ and 1%, respec-
tively, whereas gap was d = 0.5 mm. Data were calculated by
Rheoplus™ software (Anton Paar).

G/, G”, and n* were recorded in the temperature range of 5°C-
85°C with a rate of 10°C/min. Tge is defined as the temperature
point at which intersection of G’ and G’ curves occurs.”?” All
measurements were done in triplicate.

Design of Experiments

Quality by Design principles were employed to optimize
formulation parameters and evaluate their impact on Tge, G', and
n*. Statistical software JMP®, version 12.0.1, (SAS Institute Inc., Cary,
NC) was used to set of experimental design, establish the mathe-
matical models, and analyze the collected data. Designs were
generated within the class of optimal designs, and D-optimality
criterion was selected based on the particularities of the experi-
mental situation.

The independent variables were the concentration of P407,
P188, and CS, whereas dependent variables were Tge, G/, and n*
obtained from temperature sweep test. Sequential approach to
experimentation was applied through screening, refining, and
optimizing designs (Table 1). Data set was initiated with the results
of preliminary screening, consisting of 5 samples, which contained
only P407. For the subsequent design of experiment (refining), a
new factor was added in order to explore influence of concentration
levels of CS on the responses and include it into the model. Finally,
to evaluate the error of mixed system preparation and measure-
ment, 3 replicated samples were added.

Data were checked for the basic assumptions needed for the
statistical test. Normality of the data was tested with Kolmogorov
test. Log-transformed response variables G’ and n* were fitted



Table 1

Sample Sequence From Design of Experiment (DoE) and Corresponding Experimental Temperature of Gelation (Tge), Complex Viscosity (n*), Storage Modulus (G'), and

Damping Factor

DoE Sample® P407 P188 (& Tgel n* logn* G Damping Form
B wiw)  (%ww)  Gww)  (°C)  (Paxs) (Pa) loge  ractor (tand)

Preliminary screening 1o 114 334 0.05 -1.34 3.56 0.55 0.825 Gel

20 13.8 244 19.5 1.29 119 2.08 0.259 Gel

3o 15.2 243 702 2.85 4320 3.64 0.206 Gel

4o 16.9 20.7 1520 3.18 9360 3.97 0.197 Gel

50 19.3 151 2430 3.39 15,200 4.18 0.101 Gel
Screening Ge 11.32 0.87 31.6 0.44 —0.36 245 0.39 0.494 Gel

7o 19.1 0.8 151 2370 3.37 14,700 417 0.142 Gel

Se 15.8 0.84 225 277 244 1660 3.22 0.315 Gel

e 14.12 4.01 29.8 217 0.34 13.20 1.12 0.248 Gel

10e 14.61 424 334 1.21 0.08 7.01 0.85 0.413 Gel

11e 18.39 4.64 225 131 212 794 2.90 0.271 Gel

12e 10.59 74 49.4 0.02 -1.68 n.d. n.d. 1E+30 Solution

13e 15.49 7.66 35.1 0.48 -0.32 4.30 0.63 0.685 Gel
Refining step (addition of CS) 14m 16.4 0.85 0.08 238 169 2.23 975 2.99 0.425 Gel

15m 10.93 4.2 0.08 52.5 0.02 -1.61 0.0156 -1.81 9.46 Solution

16m 15.92 3.97 0.08 31.1 7.77 0.89 46.4 1.67 0.327 Gel

17w 13.61 2.51 0.66 335 0.54 -0.27 9.17 0.96 0.748 Gel

18m 11.16 0.95 1.29 54.8 04 -04 0.27 —0.56 9.09 Solution

19= 16.2 0.92 1.22 26.3 26.2 1.42 229 2.36 0.201 Gel

20m 10.8 4.18 1.25 47.7 0.49 -0.31 0.93 -0.03 3.14 Solution

21m 15.7 3.96 1.18 335 3.32 0.52 356 1.55 0.46 Gel

22m 11.31 0.89 0.10 38.2 0.04 -14 n.d. n.d. 2.37 Solution
Replicate step 23 (14)- 164 0.84 0.09 239 1245 3.1 7270 3.86 0.2745 Gel

24 (15)- 10.93 421 0.09 524 0.02 -1.63 0.03 -1.53 124 Solution

25(16)° 15.88 3.97 0.08 31.1 2.36 0.37 21.20 133 0.2935 Gel

a

using a regression model. Logarithmic transformation was found as
optimal within Box-Cox power transformation for the responses
G’ and n* so the usual regression assumptions of normality and
homogeneity of variance were more closely satisfied.

Multiple regression and ANOVAs were used to evaluate exper-
imental results (JMP® version 12.0.1). Factorial models were set to
determine all main effects and interactions for the factors of
interest, that is, concentrations of P407, P188, and CS. Significance
of the regression models was assessed with ANOVA. Level of sig-
nificance for all tests was o, = 0.05. Factor Profiling platform (JMP®)
was utilized to explore and visualize estimated models, for
example, to explore the shape of the response surface, find opti-
mum settings of the factors, and simulate response data.

To validate the models, the experimental values of Tge, G', and
n* of 4 optimal mixed P407/P188/CS systems were statistically
compared with their predicted responses.

Strain and Frequency Sweep Testing

The viscoelastic behavior of in situ forming ophthalmic gels was
investigated by strain sweep and frequency sweep test using the
rheometer system with cone-and-plate (CP50) geometry with 1°
incline. Gap in the measuring configuration was d = 0.05 mm. For
strain sweep analysis, the angular frequency was set at 62.8 rad/s,
and the strain was varied from 0.001% to 1000%. The linear visco-
elastic (LVE) range at 35°C was identified as the region in which the
moduli are independent of the strain. For frequency sweep ana-
lyses, strain was set at 1%, which was in the LVE range, whereas the
angular frequencies were in the range of 0.628-199 rad/s.

Gelation time was determined as the time point at which
intersection of the curves of measured G” and G’ occurred.”’ The
samples were placed at rheometer plate preheated at 35°C. Strain
(1%) was constantly in LVE range, whereas applied frequency was 1
Hz throughout the test.

The evaluation of in situ forming ophthalmic gel under
biorelevant conditions was performed by sample dilution with STF

o-preliminary screening, e-screening, m-screening with addition of CS, =-optimization step; n.d., not determined.

(40:7). The STF diluted samples were submitted to strain and
frequency sweep analysis at 35°C.

In Vitro Release Study

IVR testing was performed using the Vision Microette (Hanson,
Chatsworth, CA), a commercial Franz diffusion cell apparatus
equipped with 6 static vertical diffusion cell with 12 mL volume and
15 mm orifice (providing area for release of 1.767 cm?), an AutoFill
sample collector and circulating water bath. Donor part of vertical
cell consisted of open cell top with cap which is suitable for
retaining less viscous liquids. Temperature was maintained at 35°C,
and stirring speed of 400 rpm assured homogenized sample in the
receptor medium (STF). Sink conditions were assured. An aliquot of
2.5 mL of sample was placed on the CA 0.8 membranes in donor
compartment. Suitability of CA 0.8 membranes (low drug adsorp-
tion and low diffusion resistance) was demonstrated in the
membrane selection study (data not shown).

IVR testing of in situ formulations was performed during 24 h
One milliliter of samples was collected automatically at pre-
determined time intervals. System's rinsing volume was set at
1.5 mL to assure no carryover of an API prior each sampling point.
Quantification of TIMO was done by ultraperformance liquid
chromatography as detailed in the Supplementary Materials and
Methods.

In Vitro Biocompatibility Study

The biocompatibility was assayed using corneal epithelial
models based on the immortalized human corneal epithelial cell
line (HCE-T) (RIKEN Cell Bank, Tsukuba, Japan). The cultivation of
HCE-T cell-based models was performed as detailed in the
Supplementary Materials and Methods. The mixed P407/P188/CS
system was applied directly onto cell-based models. After the
30-min treatment at 37°C, treated models were incubated at the
room temperature for 5 min to induce formulation gel-sol



transition. The cell surface was rinsed with Hank's balanced salt
solution and exposed to air-liquid interface for the following 24 h.
The cell viability was assessed by MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyl tetrazolium bromide) test according to the pro-
tocol by Pauly et al.?® as detailed in the Supplementary Materials
and Methods.

Results and Discussion

In Situ Forming Ophthalmic Gel Optimization Using a Design of
Experiment

The aim of the employed Quality by Design approach was to
determine the minimal total concentrations of P407, P188, and CS
that would yield an in situ forming ophthalmic gel with the
potential to ensure the defined formulation characteristics. For the
establishment of the mathematical model, it was necessary to
generate the data of Tge, G/, and n* of the sample based on the
independent variables (Table 1). In the screening step of the applied
sequential approach, influence of concentration levels of 2 factors
(independent variables; P407 and P188 concentration) on Tgel, G/,
and n* (dependent variables) was tested. Based on the particular
experimental conditions, a custom D-optimal design was applied to
provide estimates for the effect testing with smallest standard
errors, as it maximizes the information in the selected set of
experimental runs with respect to a model stated.”® Two center
points were included in the experimental runs to allow the testing
for nonlinear factor effects and estimation of the pure experimental
error and to increase the power of the experiment. A total of 8
experimental runs were generated for the evaluation of the main
effects and possible interactions. Accordingly, 8 samples, varying in
concentrations of P407 (10.59%-19.1%, w/w) and P188 (0.8%-7.66%,
w/w), were prepared, and their Tge, G/, and n* were determined
(Table 1). Collected data were analyzed, and significant cause-and-
effect relationship was identified. Data set was expanded with the
results of preliminary screening, consisting of 5 samples, which
contain only P407 (11.4%-19.3%, w|w).

In the subsequent, refining step, CS concentration was added
as an additional independent variable. Concentration ranges of
factors P407 and P188 were selected based on the result obtained
in screening step, and CS concentration was evaluated in the
range of 0.08%-1.29% (w/w) based on the literature data.'®°
D-optimal statistical design with 1 center point was applied.
Nine experimental runs were required for analyzing the main
effects and all second-level interactions. Additionally, to evaluate
error of mixed P407/P188/CS system preparation and measure-
ment, 3 replicated runs were added to the experimental
sequence (replicate step). Based on this approach, 3 mathemat-
ical models were established, that is, Tgej, G/, and n* models, as
the prerequisite for the optimization of in situ forming
P407/P188/CS ophthalmic gel.

The Model of Temperature of Gelation

Within the established Tge model, the response of interest is
represented by following regression equation:

Tge; =35.46 —13.84 x P407 + 6.70 x P188 + 2.74 x CS
+7.07 x P407 x P188 + 9.16 x P407 x P188

x CS

(1)

where factors denoted as overlined represent centered factors, that
is reduced by mean value and divided by the half of the factor

range. The obtained coefficient of determination between the
experimental and predicted values of Tge; was R? = 0.93 (Fig. S1a).

Statistical analysis of the collected data revealed significant ef-
fects of P407, P188, and CS concentrations on the Tgel (p < 0.05). The
concentration effect impacts Tg in following order: P407
(coefficient = -13.84) > P188 (coefficient = 6.70) > CS
(coefficient = 2.74). The negative value of the coefficient indicates
an inverse relationship between the factor (concentration) and the
response (Tge1), showing that increase of the P407 concentration
will result in a decrease of Tge). The positive value of the coefficient
observed for P188 indicates that increasing the concentration of
P188 shifts Tge to higher values, as already reported in the litera-
ture.!™* Similar to P188, but to a lesser extent, the increase in CS
concentration increases Tgei. Evidently, CS affects the onset of gel-
ling, but it does not interfere with the formation of in situ gel, thus,
making it a suitable additive in this mixed poloxamer system. In the
similar concentration range, CS was already shown not to induce
marked changes in the Tge| of poloxamer systems.'

Significant higher order terms include the interaction between
P407 and P188 (coefficient = 7.07) and the interaction among
P407, P188, and CS (coefficient = 9.16). These interactions, shown
as response surface and contour plots (Figs. 1a-1c), indicate that
one factor may vary depending on the level of the other factor.
P407 and P188 interaction profile suggests that the impact of P407
on the Tge decrease is more pronounced at the lower level of P188
(Fig. S1b). At the other side, higher level of P407 assures more
pronounced effect of P188 on the Tge increase. Curvatures shown
on the Figure 1a indicate that this relation is not linear. These
interactions reveal the complexity of interplay of the components
in the measured mixed systems. The complexity of interplay is
highly related to the concentration of P188 in the system as sug-
gested by Zhang et al.'' who revealed the formation of 2 distinct
populations of micelles in mixed P407/P188 systems. They sug-
gested that P188 micellization was responsible for the Tge
increase.

Models of Rheological Properties: Complex Viscosity and Storage
Modulus

Critical attribute that determines the dosing accuracy, retention
time, and drug release from in situ forming ophthalmic gels is
formulation rheological behavior. The systems with fine-tuned
rheological properties would withstand the high shear rates and
tear dilution thus preventing the drainage of an API from the site of
the absorption.*

The Model of Complex Viscosity

We investigated and mathematically described the influence of
different P407, P188, and CS concentration levels on the measured
M* at 35°C and angular frequency of 1 s~ . Before the statistical
analysis, n* data were checked for normality. Kolmogorov test
confirmed that data follow the log-normal distribution. Thus, log
transformation was applied on the measured n* data.

In this mathematical approach, the response of interest [log(n*)]
is represented by following regression equation:

log(n") = —0.37 +1.53 x P407 —1.60 x P188 —0.55
x P407 x P188 —0.76 x P407 x CS +0.70
x CS x CS +1.56 x P407 x P407 x P188

(2)

Developed n* model shows good fit between experimental and
predicted logarithmic values of n* with resulting coefficient of
determination R? = 0.97 (Fig. S2a).
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Figure 1. Response surface of the effects of the concentration of P407, P188, and CS on the Tg| (a-c), logio (n*) (d-f), and logio (G') (g-i). (a) Effect of concentration of P407 and P188
on Tg. (b) Effect of concentration of P407 and CS on Tg. (c) Effect of concentration of P188 and CS on Tg. (d) Effect of concentration of P407 and P188 on log;o (1*). (e) Effect of
concentration of P407 and CS on logjo (n*). (f) Effect of concentration of P188 and CS on logjo (n*). (g) Effect of concentration of P407 and P188 on logyo (G'). (h) Effect of
concentration of P407 and CS on logo (G'). (i) Effect of concentration of P188 and CS on log (G').

Statistical analysis of the collected data revealed significant
effects of P188 and P407 concentrations on log (n*) (p <0.05). The
increase of P188 concentration results in the decrease of log (n*) as
revealed by its negative coefficient (coefficient = —1.60). On the
contrary, the increase of P407 concentration results in the increase
of log (n*) (coefficient = 1.53). The complexity of interactions is
noticed on the response surface and contour plots of P407 and P188
(Fig. 1d) and P407 and CS (Fig. 1e), whereas less complex relation-
ship is noticed for P188 and CS on the response (Fig. 1f; which is in
agreement with the linear lines on Fig. S2b). The model indicated 2
interactions with negative effect on the response. Namely, these
were interaction between P407 and CS (coefficient = —0.76) as well
as between P407 and P188 (coefficient = —0.55). Concomitantly,

2 higher order terms were found with the positive effect on the
response, namely the interaction among P407, P407, and P188
(coefficient = 1.56), and CS (coefficient = 0.70). At higher level of
P188, the effect of P407 on increase of log (n") is less pronounced
(Fig. S2b). In contrary, the omission of P188 from the system results
in faster increase of log(n") when increasing P407 concentration. CS
and P407 interaction profile suggests that the impact of P407 on the
log(n") increase is more pronounced at the lower level of CS
(Fig. S2b). As it can be seen by comparing the response surface and
contour plot images of the Tge; model and log (n*) model (Figs. 1a-1c
and 1d-f), higher degree of complexity, that is curvatures, was found
in the log(n") model. This indicated the absence of linear relation-
ship between the concentrations of 3 tested polymers to a response.



The Model of Storage Modulus

As for the log(n®), influence of different independent variables
(P407, P188, and CS concentration levels) on the measured
response G’ at 35°C and angular frequency of 1 s~! was tested and
mathematically described. Again, Kolmogorov test confirmed that
data follow the log-normal distribution; therefore, log trans-
formation was applied on the measured G’ data.

Log(G’) is described by following regression equation:

log(G') = 1.13 +2.16 x P407 —0.77 x P188 —0.26
x P407 x CS +0.56 P188 x CS 3)

Developed log (G’') model exhibits suitable fit between exper-
imental and predicted logarithmic values of G’ with resulting
coefficient of determination R? = 0.93 (Fig. S3a).

Statistical analysis of the acquired data revealed significant
effects of P407 and P188 concentrations on log(G’) (p <0.05),
with P407 concentration having stronger effect on the response.
As expected, similar to the model for log(n*), the increase of P188
concentration results in the decrease of log (G’) due to its
negative coefficient (coefficient = —0.76). On the contrary, the
increase of P407 concentration results in the increase of log(G’)
(coefficient = 2.16). As seen on the Figures 1g and 1h, relation
between P407 and P188 and P407 and CS on the response in
model appears to be relatively simple. More complex relation of
P188 and CS on the log(G’) was found to have statistically
significant interaction with positive effect on the dependent
variable (coefficient = 0.56) (Fig. 1i).

The increase of P188 at lower level of CS results in decrease of
log (G’), whereas this effect is not observed when CS is at highest
level (1.3%, w/w). The increase in CS at low level of P188 lowers the
response of interest. However, this effect is opposite at higher
level of P188 (7.66%, w[w).

Another interaction included in the model, but with no sta-
tistical significance, was interaction between P407 and CS, having
a negative impact on the response (coefficient = —0.26). Same
interaction with significant negative effect was noticed in the
model for log(n*).

Selection of Rheologically Improved In Situ Forming Ophthalmic
Gel

Tger of innovative ophthalmic in situ forming gels is the most
critical parameter related to efficacy and safety as well as patient
compliance since it influences the accuracy of dosing, (dis)comfort
associated with the instillation, and residence time at the eye
surface. Namely, if the system gels at room temperature, dosing
would be hindered. Storage at low temperature would diminish
this problem; however, the instillation of cold formulation can
possibly be irritating and painful. Therefore, the optimal Tge in situ
forming ophthalmic gel should be between 25°C, the average
ambient temperature, and 35°C, the eye surface temperature.'® In
our study, the optimal range of Tge] was set to 28°C-32°C.

Viscosity is one of the key attributes for innovative ophthalmic
in situ forming gels defining the residence time at the eye surface
and drug release profile. The optimal range of viscosity is much
more difficult to select in relation to Tge|. A wide range of viscos-
ities reported for poloxamer-based in situ forming ophthalmic gels
have suitable in vivo response.®'>!° Therefore, we characterized
the commercially available in situ forming ophthalmic gels with
rotational test with controlled shear rate (Supplementary
Materials) to enable the recognition of leading candidates. Oscil-
latory tests of selected leading candidates reveled the lower limit
for n* (at 35°Cand 1 s~ 1) at 1.2 Pa x s.

Table 2

Selected Mixed P407/P188/CS Systems, Corresponding Experimental and Predicted Temperature of Gelation (Tg), Complex Viscosity (n*), Storage Modulus (G’), and Dumping Factor (Tand)

Pred. log (G) log (G') Damping

Exp. log (G')?

log (n*)

Tgel Recovery  Exp. log (n*)*  Pred. log (n*)

Pred. Tger (°C)

CS (%, w/w)  Exp.
Tgel (U C)

P188

P407

Sample

Factor (tand)

0.29 + 0.03
0.21 + 0.00
0.26 + 0.01
0.23 + 0.01

Recovery (%)

76.6

Recovery (%)

524

(%, wiw)

1.7
2.0
1.7
1.7

(%, wiw)
142

1.53 (1.29-1.78)
1.75 (1.48-2.02)
1.18 (0.74-1.62)
1.42 (1.14-1.70)

1.15 +0.17
1.60 + 0.06
1.44 + 0.09
1.40 + 0.02

0.62 (0.28-0.96)
0.60 (0.06-1.14)
0.53 (0.09-0.97)

0.32 + 0.06
0.81 + 0.06
0.66 + 0.02
0.61 + 0.09

99.5

31.27 (29.72-32.82)
28.87 (27.00-30.74)

35.30 (32.45-38.15)

31.10 + 0.01
26.30 + 0.01

0.25
0.5

PL1
PL2
PL3

PL4

91.5

73.8

109.77

2990 + 1.7

15.0

1224
98.5

80.2

118.06

28.70 = 0,01

01

1.

14.2

48.9

0.30 (-0.23 to 0.83)

113.59

+ 32.60 (30.90-34.30)

0.5

14.2

Exp., experimental, presented as mean + SD.

Pred., predicted, presented as mean; values in brackets represent lower and upper limits of 95% CIL.

2 1* (Pa x s) and G’ (Pa) at 35°C determined by temperature sweep test (angular frequency and strain were 1 s~ and 1%, respectively).
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Figure 2. Rheological properties of selected mixed P407/P188/CS systems (PL1, PL2, PL3, and PL4) and respective controls under biorelevant conditions. Frequency sweeps analysis
before (circles) and after (squares) dilution with simulated tear fluid (STF) 40:7 at 35°C. G’ filled symbols, G” empty symbols. Control sample for PL1, PL3, and PL4 is labeled CPL1,

CPL3, CPL4; control sample for PL2 is labeled CPL2.

G’ is a measure of the deformation energy stored by the sample
during the shear process. After the load is removed, this energy is
completely available, now acting as the driving force for the
reformation process which will compensate partially or completely
the previously obtained deformation of the structure. G’ presents
the elastic behavior of a sample, and it assures adequate gel
stability. As minimal G’ values for gel structures are around 5 Pa,?’
this value was set as minimal value for this dependent variable.

Considering the optimal Tges, G’ and n* suggested by corre-
sponding models, 4 mixed P407/P188/CS systems were selected
(Table 2). The additional criterion of the selection was the lowest
possible total polymer content in in situ forming ophthalmic gel. To
validate the data obtained by the models, mixed P407/P188/CS

systems were prepared. Tgel, G/, and n* were determined by tem-
perature sweep test and compared with predicted values (Table 2).

High coefficient of determination (R?> = 0.93) and the overall
recovery of experimental to predicted Tgej (110.23 + 0.08%; relative
standard deviation [RSD] = 7.02%) confirmed the suitability of Tge|
model. Similar agreement was found for log (G') model (R?> = 0.93)
with the average recovery of experimental to predicted Tge 0f 97.25
+ 19.07%, having slightly higher variability (RSD = 19.61%). In case
of log (n") model, even better coefficient of determination (R*> =
0.97) was observed, and despite the lower overall recovery of
experimental to predicted log (") (63.83 + 0.16%; RSD = 24.3%), the
developed model enabled the development of mixed P407/P188/CS
system with targeted viscosity (>1.2 Pa x s). The higher variability



Table 3
Effect of Active Pharmaceutical Ingredients on Temperature of Gelation (Tge;) and
Complex Viscosity (n*)

Variable Before Dilution With STF After Dilution With STF
Teel (°C) n* (Pa x 5)*  Tgel (°C) n* (Pa x s)*
PL1-DORZO 2750 +1.70 7.88 +1.18 33.50 + 0.01 0.67 + 0.06
PL1-TIMO 26.30 + 0.01 4.90+ 054 2990+ 1.20 2.44 + 1.50
PL1-DORZO/TIMO 28.70 + 0.02 4.82 +1.07 3290+ 0.80 0.64 +0.10
PL1-TOBRA 3030+ 140 1.52+066 31.10+0.01 0.52+0.10
PL1-DEX 2260 +1.70 6.11+0.70 28.70+0.01 1.56 +1.16

PL1-DEX/TOBRA 23.65 +3.18 6.88 +1.59
PL1 31.10 + 1.40 2.10 + 0.74

31.15+0.07 0.639 + 0.21
33,50 +£0.70 0.37 +0.15

Values are mean + SD (n = 3).
2 n*at 35°C determined by temperature sweep test (angular frequency and strain
were 157! and 1%, respectively).

of this model could be related to the heating rate-dependent
kinetics of gel formation. Mixed P407/P188 systems exhibit very
complex rheological behavior with internal relaxations and slow
reorganizations taking place in the temperature range preceding or
following the Tgel.“ However, the fast temperature change is the
one expected in vivo.

In Depth Rheological Characterization of In Situ Forming
Ophthalmic Gel

With the aim of in depth rheological characterization, selected
mixed P407/P188/CS systems were subjected to frequency sweep
analysis. Strain sweep analysis was carried out to determine the
limit of LVE range, that is, the range where stress is directly pro-
portional to strain.

Frequency sweep analysis gives an insight on the behavior of G/,
G”, and n* as a function of angular frequency. The frequency sweep
measurements for all 4 mixed P407/P188/CS systems indicated that
G’ was higher than G” revealing suitable gel stability (Fig. 2).
Moreover, the presented rheological profile suggests the existence
of soft gels known to be formed at moderate poloxamer concen-
tration.>' This phenomenon has been ascribed to the weak attrac-
tion of spherical micelles as the solvent becomes poorer on heating.

To determine the influence of CS on the gel mechanical strength,
frequency sweep analysis was carried out also for the respective
control systems without CS (Fig. 2). As expected, the presence of CS
in mixed systems resulted in higher G’ and G” values indicating
increased gel mechanical strength. It was already suggested that
the elastic characteristic of the system increased owing to an effect
on microscopic diffusion within gel structure which facilitated the
accommodation of unbound water and consequently micelle
packaging.'”

Mixed systems were further characterized under biorelevant
conditions, that is, diluted with STF at the ratio of 40:7 mimicking
their mixing with tear fluid after instillation.'® Despite the dilution,
mixed systems retained their ability to form gel at temperature
lower than 35°C (i.e., the sample PL2 formed gel at 28.7°C, whereas
PL1, PL3, and PL4 formed gel at 33.5°C). The observed increase in

Tger relative to undiluted systems (Table 2) can be related to both
the decrease in the total concentration of polymers and the
modification of the physicochemical properties of the hydrogels in
the presence of STF electrolytes.'®>?

The dilution of all mixed systems with STF resulted in no change
in G’ to G” ratio or their overall profile (Fig. 2). Furthermore, there
was no significant change in the absolute values of G’ and G” in case
of samples prepared with the same poloxamer concentration and
different CS concentration (Fig. 2; PL1, PL3, and PL4). On the con-
trary, comparing the mixed system PL2 (P407/P188/CS 15.0/2.0/
0.5%, w/w) with PL4 (P407/P188/CS 14.2/1.7/0.5%, w/w), it may be
observed that the small increase in poloxamer concentration
influenced the resistance to dilution.

The decrease of n* values with the increase of angular frequency
arguments suitable pseudoplastic behavior of in situ forming
ophthalmic gels. The viscosity profiles of all mixed systems did not
change significantly upon dilution with STF suggesting the main-
tenance of their pseudoplastic behavior (Fig. S4). Moreover, there
was no marked change in the absolute values of n* upon dilution
except, again, in the case of PL2 sample.

Comparing our mixed P407/P188/CS systems with mixed
P407/CS system developed by Gratieri et al.'” in terms of resistance
to dilution, it may be concluded that P188 significantly contributed
to gel stability. In mixed P407/CS system the concentration of P407
was higher (16%, w/w and 14%, w/w, upon dilution with STF) than in
case of mixed P407/P188/CS system (14.2%, w/w and 12.09%, w/w,
upon dilution with STF). However, upon dilution mixed P407/CS
system behaved as viscoelastic solution at 35°C and decreased
frequencies while mixed P407/P188/CS system behaved as soft gel.

Based on minimal polymer content (P407, P188, and CS con-
centration of 14.2%, 1.7% and 0.25%, w/w, respectively), favorable
rheological characteristics (Tge; = 31.1°C, n* = 2.1 Pa x s) and in vitro
resistance to tear dilution (G’ 212.4 Pa and 175.3 Pa before and after
dilution, respectively), the PL1 was selected as optimal in situ
forming gel.

Effect of Active Pharmaceutical Ingredients on Temperature of
Gelation and Complex Viscosity

The addition of APIs in the mixed P407/P188/CS system is
expected to cause a modification of the physicochemical properties
of in situ forming gels. Four ophthalmic APIs were selected in order
to gain understanding of their effects on Tge; and n* of selected PL1
in situ forming gel. We tested APIs in the concentrations and
combinations relevant for topical ophthalmic use. API-loaded P407/
P188/CS systems were characterized for Tgej and n" before and after
dilution with STF (Table 3). All APIs, except TOBRA, notably
decreased Tge in comparison with Tge of PL1. This effect was
highest for DEX showing the decrease of the Tge| for 8.5°C. DEX has
already been shown to decrease the Tge of P407-based in situ
forming gels.>>>* Such an effect can be ascribed to the promotion of
P407 self-assembly in the presence of hydrophobic drug allowing
the formation of gel at lower temperatures.35 The Tge of the mixed
P407/P188 systems was also reported to be affected by the addition

Table 4

Samples Tested in the IVR Study
Sample Description/Composition Tgel/°C n* (Pa x s)
PL1 14.2% P407, 1.7%P188, 0.25% CS, 0.2% TIMO (w/w) 31.1+20 12+03
C1 14.2% P407, 0.25% CS, 0.2% TIMO (w/w) 26.9 +2.2 412 +£1.2
Cc2 11.4% P407, 0.2% TIMO (w/w) 311+ 1.7 0.097 + 0.07
TIMO solution TIMO solution in STF, 2.5 mg/mL n/a n.m.

n* at 35°C determined by temperature sweep test (angular frequency and strain were 1 s~ and 1%, respectively).

n/a, not applicable; n.m., not measured.
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Figure 3. Release profiles of TIMO from PL1 (circles) and control in situ forming gel C1
(squares) with n* comparable to PL1, control in situ forming gel C2 (triangle) with Tge
comparable to PL1 and TIMO solution (inverse triangle). The data are expressed as the
mean + SD (n = 5).

of hydrophobic APIs; the Tg decreased with increasing the
pH-dependent hydrophobicity of API in the systems.*® Smaller Tge|
decrease was observed for the systems containing dissolved APIs,
namely Tge decreased for 4.8°C and 2.4°C in case of TIMO and
DORZA, respectively. As anticipated by many authors, the decrease
of Tge induced by dissolved APIs could be related to the API salting-
out effect.>”>® Their presence could shift the concentration and
temperature at which micelles are formed to lower values and,
moreover, could affect the close packing of micelles, resulting in Tge
decrease.>>>® However, despite the decrease of Tger by the addition
of APIs, all the samples except those with DEX formed gels at
temperature higher than 25°C. The addition of APIs in the mixed
P407/P188/CS system prolonged the gelation time in all cases
except for DEX/TOBRA. However, the obtained gelation time values
were still in the appropriate range (41.1-87.4 s) for ocular
administration.>®4°

The n* values for API-loaded PL1 were in the range of 1.52-7.88
Pa x s indicating no pronounced influence of API entrapment on gel
viscosity (Table 3).

Dilution with STF, as expected, led to the increase in Tge and
certain decrease in n* for all the API-loaded PL1. All the samples
retained their gel structure after dilution as suggested by the
frequency sweep analysis (data not shown).

These results indicate the robustness of selected PL1 in situ
forming gel against entrapment of APIs with different physico-
chemical characteristics. The decrease in Tge caused by API
entrapment open the possibility to further decrease the concen-
tration of poloxamers required to obtain in situ forming gels with
appropriate biopharmaceutical properties.”!

Drug Release From In Situ Forming Gel

IVR study was performed to investigate the influence of vis-
cosity related to the functional excipient concentration on the drug
release rate. The optimal in situ forming gel (PL1) was characterized
in terms of its influence on drug release profile. For that purpose,
TIMO was selected as the model drug and incorporated in PL1 in the
lowest efficient dose. Control in situ forming gel C1 was charac-
terized by n* comparable to PL1, whereas control in situ forming gel
C2 was characterized by Tge| comparable to PL1 (Table 4). TIMO
solution was also used as the control sample. The IVR profiles of PL1
and respective controls are shown in Figure 3. IVR of TIMO from PL1
and C1 was significantly slower that form C2 and TIMO solution

indicating viscosity as the critical factor influencing drug release.
Similar observations were already reported for in situ forming
ophthalmic gels.?64?

Biocompatibility Assessment of In Situ Forming Ophthalmic Gel

Biocompatibility of the optimal in situ forming gel (PL1) was
assessed by using 2 3D cell-based corneal epithelial models, namely
multilayered HCE-T epithelium cultivated on filters with 0.4 um
pores and model consisting of an apical lipophilic HCE-T epithelial
monolayer and a basolateral lipophilic monolayer of migrated
HCE-T cell cultivated on filters with 3 pm pores.*> In the
preliminary studies, simple 2D HCE-T monolayer was used to assess
the formulation biocompatibility. However, exaggerated toxicity
was found in comparison to in vivo studies.** In vitro 2D models are
generally characterized by certain shortcomings, such as a more
pronounced susceptibility to cytotoxicity, as they replicate only a
limited segment of tissue structure/function.*> Consequently, the
concentration of polymers/formulation that can be safely applied to
such models may be reduced in comparison to the in vivo system.
Therefore, we employed more complex 3D corneal epithelial
models to screen the formulation biocompatibility. Contrary to
HCE-T epithelial monolayer, 3D models reveled biocompatibility of
the formulation tested. Namely, 30-min treatment resulted in
decrease in 3D model cell viability lower than 20%.

Conclusions

In this study, we developed in situ forming gel characterized by
Tger in physiologically relevant range, pseudoplastic behavior and
resistance to dilution. D-optimal design was successfully applied to
reduce the total polymer content in in situ forming P407/P188/CS
gel while retaining its advantageous rheological properties. The
developed system was proved to be robust against entrapment of
APIs making it a suitable platform for ophthalmic delivery of active
pharmaceutical ingredients with diverse physicochemical proper-
ties. Moreover, the developed in situ forming ophthalmic gel was
proved to provide prolonged drug release in relation to the system
viscosity.
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