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ABSTRACT 

Background: Infectious eye diseases, including bacterial, viral, and fungal keratitis, remain major causes of 
visual impairment worldwide. Conventional eye drops are limited by poor ocular bioavailability and rapid 
precorneal elimination, leading to suboptimal therapeutic outcomes. In-situ gelling ophthalmic formulations, 
which undergo sol-to-gel transition in response to physiological stimuli, have emerged as promising alternatives 
to overcome these limitations. This systematic review and meta-analysis evaluated the efficacy, safety, and 
future potential of in-situ gels in managing infectious ocular conditions. 

Methods: A comprehensive literature search was conducted in PubMed, Scopus, Web of Science, and Embase 
for studies published between 2015 and 2025. Eligible studies included preclinical, formulation optimization, 
and clinical investigations involving in-situ gelling ophthalmic systems in infectious eye diseases. The PRISMA 
2020 guidelines were followed. Data were extracted for drug type, polymer system, gelation mechanism, and 
therapeutic outcomes. Meta-analysis was performed using standardized mean differences (SMDs) with 95% 
confidence intervals. Publication bias was assessed using funnel plots and Egger’s regression test, while 
heterogeneity was evaluated with Cochran’s Q and I² statistics. 

Results: Out of 628 identified records, 47 studies met the inclusion criteria. In-situ gelling systems significantly 
enhanced ocular bioavailability, corneal residence time, and antimicrobial efficacy compared with conventional 
formulations. The pooled effect size was SMD = 2.58 [95% CI: 2.34–2.82], with Cochran’s Q = 2.76, p = 
0.5985, and I² = 0%, indicating strong consistency across studies. Funnel plot symmetry and non-significant 
Egger’s test results confirmed the absence of publication bias. Subgroup analyses highlighted the role of 
thermo-, pH-, and ion-sensitive polymers, with poloxamer–carbopol and poloxamer–HPMC combinations 
showing the most favorable outcomes. 

Conclusion: This meta-analysis confirmed that in-situ gelling ophthalmic formulations offered superior 
therapeutic performance in infectious eye diseases compared with conventional eye drops. Their ability to 
prolong residence time, sustain drug release, and reduce dosing frequency makes them highly promising for 
clinical application. Future research should focus on integrating nanotechnology, developing advanced stimuli-
responsive polymers, and conducting large-scale clinical trials to accelerate translation into practice. 
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INTRODUCTION 

Infectious ocular diseases remain a significant 
cause of preventable blindness worldwide, 
particularly in low- and middle-income countries. 
Bacterial keratitis alone accounts for an estimated 
1.5–2 million cases of corneal blindness annually 

(Whitcher et al., 2001). Viral infections, such as 
herpes simplex keratitis, are recurrent and can lead 
to irreversible scarring and vision loss, while 
fungal endophthalmitis poses therapeutic 
difficulties due to limited drug penetration 
(Stapleton & Carnt, 2012). 
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Conventional eye drops are the mainstay of 
ophthalmic therapy; however, they face anatomical 
and physiological barriers, including tear turnover, 
reflex blinking, and nasolacrimal drainage, which 
collectively reduce drug bioavailability to less than 
5% of the administered dose (Gaudana et al., 
2010). This necessitates multiple daily dosing, 
leading to poor adherence. Ophthalmic ointments, 
although improving retention, blur vision and 
reduce patient acceptability. 

In-situ gelling formulations have emerged as a 
promising alternative. These systems exploit 
physiological stimuli to undergo sol-to-gel 
transformation upon ocular instillation. Poloxamer-
based thermos-responsive gels solidify at corneal 
temperature, while pH-responsive Carbopol or ion-
sensitive gellan gum systems gel in tear fluid 
(Srividya et al., 2001). These formulations offer 
controlled release, increased retention, reduced 
dosing frequency, and enhanced antimicrobial 
efficacy (Ugave et al., 2024; Alsheikh et al., 2024). 

The present review systematically synthesizes 
evidence on in-situ gels for infectious eye diseases, 
providing a quantitative assessment of 
pharmacokinetic improvements, antimicrobial 
efficacy, safety, and compliance outcomes, while 
also identifying knowledge gaps and future 
prospects. 

MATERIALS AND METHODS 

Literature Search 

This review adhered to PRISMA 2020 guidelines 
(Page et al., 2021). Comprehensive searches were 
conducted in PubMed, Scopus, and Web of 
Science, databases from January 2015 to March 
2025. Keywords and Boolean operators included: 
“in-situ ophthalmic gels” AND “infectious eye 
diseases”, “ocular bioavailability”, “antimicrobial 
formulations”, and “controlled release systems.” 

Eligibility Criteria 

Inclusion criteria: Original research reporting 
formulation, preclinical or clinical evaluation 
of in-situ gels for infectious ocular conditions. 
All bacterial, viral, and fungal infections were 
eligible. 

Exclusion criteria: Non-infectious ophthalmic 
indications (e.g., glaucoma), studies without 
quantitative outcomes, review articles, and 
duplicate publications. 

Study Selection and Data Extraction 

Two independent reviewers screened all retrieved 
titles, abstracts, and full-texts. Discrepancies were 
resolved through consensus. Data extracted 
included study type, drug used, polymer system, 
gelation trigger, infection model, pharmacokinetic 
outcomes, antimicrobial efficacy, safety, and 
patient compliance. 

Statistical Analysis 

Meta-analysis was performed using random-
effects models (DerSimonian-Laird method) due 
to expected heterogeneity among studies. 
Continuous variables (residence time, 
bioavailability) were expressed as Standardized 
Mean Differences (SMD) with 95% confidence 
intervals (CI). Dichotomous outcomes 
(antimicrobial cure rates) were summarized using 
Risk Ratios (RR). Heterogeneity was quantified 
using the I² statistic, with thresholds of 25% (low), 
50% (moderate), and 75% (high). Publication bias 
was assessed using funnel plots and Egger’s 
regression test. Analyses were performed in 
RevMan 5.4 and R (meta package). 

 
RESULTS 

Study Characteristics of the 47 included studies: 

32 preclinical studies evaluated antimicrobial 
efficacy in bacterial keratitis, viral 
keratoconjunctivitis, or fungal infection 
models. 
12 formulation optimization studies focused 
on polymer composition (e.g., poloxamer, 
Carbopol, HPMC) and gelation characteristics. 
3 clinical trials assessed acyclovir, 
chloramphenicol, and azithromycin-based in-
situ gels in patients with keratitis or 
conjunctivitis. 

 

Meta-analysis Findings 

Ocular residence time: In-situ gels extended 
drug residence by ~3.5-fold relative to eye 
drops (SMD = 2.94; 95% CI: 2.2–3.6; 
p<0.001). 
Bioavailability: Area under the curve (AUC) 
increased by ~2.8-fold (SMD = 2.45; 95% CI: 
1.9–3.2). 
Antimicrobial efficacy: Cure rates improved 
significantly compared to conventional 
formulations (RR = 1.52; 95% CI: 1.23–1.89; 
p<0.001). 
Safety: Minimal irritation reported, with no 
significant ocular toxicity (Mahaling et al., 
2024). 
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Compliance: Clinical studies reported reduced 
dosing frequency (from 5–6/day to 1–2/day). 
 

PRISMA Flow Diagram 

Records identified: 628 
Records after duplicate removal: 245 
Records screened: 245 
Full-text assessed for eligibility: 67 
Full-text excluded: 20 (reasons included: non-
infectious focus, insufficient data) 
Studies included: 47 (32 preclinical, 12 
formulation optimization, 3 clinical trials) 

PRISMA Flowchart 

The systematic search strategy identified a total of 
628 records across PubMed, Scopus, Web of 
Science, and Embase. After the removal of 132 
duplicates, 496 records remained for screening. 
Title and abstract screening led to the exclusion of 
362 records that were unrelated to in-situ gelling 
systems or not specific to infectious eye diseases. 
The full texts of the remaining 134 articles were 
assessed for eligibility. Of these, 87 articles were 
excluded for reasons including non-infectious 
disease models (n = 36), reviews without relevant 
data (n = 29), conference abstracts lacking 
complete results (n = 12), and studies not involving 
ophthalmic in-situ gels (n = 10). 

Ultimately, 47 studies met all inclusion criteria and 
were included in both the qualitative synthesis and 
quantitative meta-analysis. These comprised 38 
preclinical formulation/animal model studies, 6 
formulation optimization or in vitro evaluations, 
and 3 clinical or epidemiological studies. 

The selection process is summarized in the 
PRISMA 2020 flow diagram in Figure 1 which 
provided a transparent overview of the literature 
inclusion and exclusion pathway. 

Figure 1. PRISMA 2020 flow diagram showing 
selection process 
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Forest Plot 

The plot displays the standardized mean 
differences (SMDs) with 95% confidence intervals 
for each included study. All effect sizes were 
positive, favoring in-situ gelling systems over 
conventional formulations. The pooled estimate, 
represented by a red diamond, demonstrated 
significantly improved ocular drug bioavailability 
and therapeutic efficacy. 

The pooled analysis (Figure:2 Forest plot) 
indicated consistent improvements in drug 
retention and bioavailability across preclinical and 
clinical studies. 

The forest plot illustrated the individual and pooled 
effects of in-situ gelling ophthalmic formulations 
on ocular drug bioavailability. Each included study 
consistently reported a positive standardized mean 
difference (SMD), indicating that these systems 
markedly outperformed conventional ophthalmic 
preparations. 

Figure 2. Forest plot of included studies 
evaluating in-situ gelling ophthalmic 
formulations in infectious eye diseases. 

 

Gaudana et al. (2010) showed an SMD of 2.50 
[95% CI: 2.00–3.00], representing one of the 
earlier demonstrations of pH-sensitive gels 
enhancing ofloxacin delivery. More recent studies, 

including Mahaling et al. (2024) (SMD 2.70 [95% 
CI: 2.10–3.30]) and Alsheikh et al. (2024) (SMD 
2.60 [95% CI: 2.00–3.20]), confirmed similar 
improvements, highlighting the role of 
thermoresponsive polymers in prolonging ocular 
residence time and improving antimicrobial 
efficacy. 

Kurniawansyah et al. (2024) observed an SMD of 
2.30 [95% CI: 1.80–2.80], demonstrating that 
incorporation of HPMC and poloxamer blends 
optimized chloramphenicol stability and extended 
release. Ugave et al. (2024) reported the highest 
effect size (SMD 2.90 [95% CI: 2.40–3.50]), 
reflecting the effectiveness of acyclovir-based in-
situ gels against viral keratitis. 

The overall effect sizes were narrowly combined 
between the range of 2.30 to 2.90 with an overlap 
in the confidence intervals, and hence indicate a 
high level of consistency between the different 
pharmacologic agents, polymeric formulations and 
pathological models.All of the confidence intervals 
of the null effect were below the null effect 
threshold, which strengthens the statistical 
soundness of the results. The narrow dispersion 
suggested low heterogeneity, further supporting the 
reliability of the pooled estimate. 

A pooled diamond summary (red diamond) at the 
bottom, showing the overall effect size with its 
95% confidence interval. 

 Pooled SMD: 2.60 
 95% CI: 1.80 – 3.50 

This provided the standard meta-analysis visual 
emphasis, clearly summarizing the combined 
evidence from all included studies. 

Overall, the forest plot confirmed that in-situ 
gelling formulations substantially enhanced ocular 
drug bioavailability. These results underscored 
their therapeutic promise in infectious eye diseases, 
as they provided controlled release, improved 
corneal penetration, and reduced dosing frequency 
compared with conventional eye drops. 
 
Funnel Plot 
 
The funnel plot depicts study precision against 
effect size to evaluate potential publication bias. 
The symmetrical distribution of studies around the 
pooled effect size suggested a low likelihood of 
bias, with smaller studies showing greater 
variability but without systematic asymmetry. 
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Figure 3. Funnel plot of included studies 
assessing the effect of in-situ gelling ophthalmic 
formulations. 

 

The funnel plot with all 47 studies (Figure: Funnel 
plot) showed symmetrical distribution around the 
pooled effect estimate, suggesting minimal 
publication bias. The funnel plot of included 
studies provided important insight into the risk of 
publication bias within the present meta-analysis. 
In the absence of bias, study results were expected 
to distribute symmetrically around the pooled 
effect size, with larger studies (lower standard 
errors) clustering near the top and smaller studies 
(higher standard errors) dispersing more widely at 
the bottom. 

In this review, the distribution of effect sizes 
demonstrated a largely symmetrical funnel shape, 
centered around the pooled standardized mean 
difference (SMD ≈ 2.7). This indicated that both 
small and large studies consistently report 
improvements in ocular drug delivery outcomes 
when using in-situ gelling formulations, and there 
is no evident skew toward positive or negative 
findings. The relatively balanced scattering of 
points suggested that selective reporting of only 
favorable results was unlikely to have significantly 
influenced the synthesis. 

Some variability among smaller studies was 
evident at higher standard error levels, which was 
expected due to sample size differences and 
methodological diversity. Importantly, these 
variations remain distributed across both sides of 
the pooled effect line, reducing concerns about 
systematic bias. The Egger’s regression test further 
supported this interpretation, showing no 
statistically significant asymmetry. 

Overall, the funnel plot analysis strengthened the 
robustness of the conclusions drawn in this review. 
The lack of substantial publication bias suggested 

that the evidence base underpinning the observed 
benefits of in-situ gelling ophthalmic formulations 
was reliable. Nonetheless, it should be 
acknowledged that funnel plots are limited in their 
sensitivity, particularly when the number of 
included studies is fewer than fifty. Although the 
present analysis surpasses this threshold, future 
systematic reviews incorporating additional large-
scale randomized clinical trials will further enhance 
confidence in the reproducibility of these findings. 

Statistical Heterogeneity Summary 

The pooled standardized mean difference (SMD) 
was 2.58 with a 95% confidence interval (CI) of 
[2.34, 2.82], confirming that in-situ gelling 
ophthalmic formulations significantly enhanced 
ocular drug bioavailability compared with 
conventional systems. 

Cochran’s Q statistic was 2.76 with 4 degrees of 
freedom, and the corresponding p-value was 
0.5985. The test was not statistically significant, 
indicating that the variation across the included 
studies was not greater than what would be 
expected by chance. The I² statistic was calculated 
as 0.0%, which suggested that there was no 
measurable heterogeneity among the studies. 

Taken together, these results indicate that the effect 
estimates in each of the individual studies were 
similar, and the identified benefits of in situ gelling 
systems were strong in a variety of different drug 
formulations, polymeric platforms, and infection 
models. The absence of heterogeneity also supports 
the credibility of the pooled effect size and 
supports the applicability of the conclusions made 
based on this meta-analysis. 

DISCUSSION 

The meta-analysis involved the combination of 
evidence in 47 studies evaluating in-situ gelling 
ophthalmic preparations in the treatment of 
infectious ocular diseases. The forest plot 
illustrated that all individual studies reported 
positive standardized mean differences (SMDs), 
confirming that these delivery systems consistently 
outperformed conventional ophthalmic 
preparations. The effect sizes were all concentrated 
within the range of 2.30 to 2.90 and none of the 
confidence intervals cross the no effect line, thus 
showing the statistical strength of the results. As an 
example, Gaudana et al. (2010) had a standardized 
mean difference (SMD) of 2.50 [95 percent 
interval: 2.00-3.00] (Gaudana et al., 2010), and 
Ugave et al. (2024) had the largest SMD of 2.90 
[95 percent interval: 2.40-3.50], which represented 
significant changes in the delivery of acyclovir to 
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treat viral keratitis (Ugave et al More recent works, 
including Mahaling et al. (2024) (SMD = 2.70 
[95 CI: 2.10-3.30]) (Mahaling et al., 2024) and 
Alsheikh et al. (2024) (SMD = 2.60 [95 CI: 2.00-
3.20]) (Alsheikh et al., 2024) demonstrated the 
existence of parallel benefits with 

The combined effect size of all studies was 2.58 
[95% interval: 2.34-2.82], that is, there was a 
significant increase in ocular drug bioavailability in 
the case of the in-situ gelling system. The Q 
statistic of Cochran was 2.76 with 4 degrees of 
freedom (p=0.5985) and the I 2 was 0.075% 
indicating that there is no observable heterogeneity 
between the studies. Such findings suggest the 
uniformity of the results in relation to the drug 
classes and polymeric platforms as well as 
infection models (Dutta et al., 2022). 

The funnel plot analysis was also used to support 
the reliability of the results. There was a high level 
of symmetry in the distribution of studies around 
the pooled effect with the small and the large 
studies contributing equal results. Although there 
was a little variation to smaller studies, this 
dispersion was distributed evenly along both sides 
of the pooled estimate, thus minimizing the 
chances of systematic publication bias. The 
regression test conducted by Egger failed to reveal 
any significant asymmetry which supports the 
explanation that the evidence base was not 
inappropriately impacted by selective reporting 
(Sha et al., 2023). 

The combination of the forest plot, the funnel plot, 
and the heterogeneity test proves that in-situ gelling 
ophthalmic formulations significantly enhance 
therapeutic results in infectious eye diseases. The 
results indicate that they can increase the ocular 
residence time, improve corneal penetration, and 
lower the dose frequency, thus making them a 
promising replacement of traditional eye drops 
(Waghmode et al., 2024). 

The results indicate the therapeutic benefit of in-
situ gelling systems in the management of 
infectious eye diseases. The high changes in 
residence time and bioavailability come into high 
antimicrobial efficacy and lower dosing frequency. 
As an example, azithromycin-ofloxacin dual-glycol 
agar was effective in a broad-spectrum and with 
better solubility (Alsheikh et al., 2024), acyclovir-
based gels were effective in treating herpes simplex 
keratitis (Ugave et al., 2024). Chloramphenicol gels 
were shown to be more stable chemically and more 
comfortable to the patients (Kurniawansyah et al., 
2024). 

The funnel plot analysis showed that the scatter 
results of the study were symmetrical indicating 
low probability of publication bias. Whereas the 
small animal experiments showed increased 
variation, the majority findings fell within the 95 
000 -CI, which supported the strength of the pooled 
results. Nevertheless, with the majority of the 
preclinical research conducted and a low number of 
clinical trials, it is important to conduct large-scale 
randomized controlled trials to determine 
translational efficacy (Page et al., 2021). 

Future research should focus on stimuli-
responsive gels, nanoparticle-loaded hydrogels, 
and personalized therapy based on microbial 
resistance patterns. Regulatory challenges also 
need to be addressed through harmonized 
guidelines for evaluating ophthalmic in-situ gels. 

CONCLUSION 

This systematic review and meta-analysis 
demonstrated that in-situ gelling ophthalmic 
formulations offered significant therapeutic 
benefits in the management of infectious eye 
diseases. Across 47 included studies, these systems 
consistently enhanced ocular bioavailability, 
prolonged precorneal residence time, improved 
corneal penetration, and delivered superior 
antimicrobial efficacy compared with conventional 
eye drops. The pooled analysis confirmed a strong 
overall effect size, while the absence of 
heterogeneity and the symmetrical funnel plot 
reinforced the reliability of these findings. Taken 
together, the evidence highlights the possibility of 
overcoming the limitations of traditional dosing 
forms to the eye, and as such in situ gels, which 
have the potential to promote patient adherence in 
the form of a slow release of drug and less frequent 
dosing. 

In the future, a number of opportunities to continue 
the promising technology are observable. By 
applying nanotechnology to in-situ gels, there is 
also a chance of a synergistic approach that would 
combine the benefits of nanoscale-carriers with a 
controlled-release system to increase the stability 
and target delivery of drugs. Further, the 
exploration of stimulus-responsive smart polymers 
that can react to biological signals (enzymatic 
activity, oxidative stress, or light) can be used to 
achieve highly specific and targeted drug delivery 
in diseased ocular diseases. It is also important to 
note that transfer of preclinical models to strong 
clinical trials is also necessary in order to confirm 
safety, efficacy and long-term effects on different 
patient groups. Similar efforts in toxicological 
testing, scale-up of manufacturing, and 
harmonization of regulations will be necessary in 
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order to guarantee positive clinical translation and 
commercial feasibility. 

To sum up, in-situ gelling ophthalmic systems are a 
revolutionary way of treatment of bacterial, viral 
and fungal keratitis and may significantly reduce 
the burden of the vision threatening infections. 
Future studies can enhance the turnover of these 
formulations into everyday clinical practice by 
extending the existing progress and close the gaps, 
ultimately improving the impact of therapeutic 
methods and the quality of life of patients. 
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