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Abstract
The formulation and delivery of highly hydrophobic drugs in an optimized dosage form is challenging to formulation sci-
entists. Posaconazole has shown promising action in case studies against fungal keratitis. Biological macromolecules like 
gellan gum would aid in enhancing the availability of such drugs by increasing the contact time of the formulation. Herein, 
we propose a transmucosal ocular delivery system of Posaconazole by developing a gellan gum–based in situ gelling nano-
suspension. The HPLC method for Posaconazole was developed and validated as per ICH guidelines. The nanosuspension 
was prepared by microfluidization and optimized by Quality by Design. The gellan gum concentration selected was 0.4% 
w/v based on the viscosity and mucoadhesion measurements. A greater zone of inhibition of ~ 15 mm was observed for 
the prepared nanosuspension as compared to ~ 11 mm for the marketed itraconazole nanosuspension. A potential irritancy 
score of 0.85, considered to be non-irritant, was observed for the developed nanosuspension. Higher drug release of ~ 35% 
was noted for the nanosuspension compared to about ~ 10% for the coarse suspension. Ex vivo corneal retention studies on 
excised goat cornea demonstrated ~ 70% drug retention in the tissue.
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Abbreviations
ATF  Artificial tear fluid
GG  Gellan gum
PF 127  Pluronic F 127
HPLC  High-pressure liquid chromatography
HET-CAM  Hens egg test–chorioallantoic membrane test
BCS  Biopharmaceutical classification system
PI  Potential irritancy score
API  Active pharmaceutical ingredient
RH  Relative humidity
ICH  International Conference on Harmonization
QbD  Quality by Design

DoE  Design of experiments
ZOI  Zone of inhibition
CQA  Critical quality attributes
CMA  Critical material attributes
CPP  Critical process parameters
BBD  Box-Behnken design
MIC  Minimum inhibitory concentration
LOD  Limit of detection
LOQ  Limit of quantitation
AUC   Area under the curve
IST  Isothermal stress testing
hERG  Human ether-a-go-go-related gene
PDI  Polydispersity index

Introduction

Fungal keratitis is an inflammation of the cornea caused by 
fungi and is further classified as superficial and deep kerati-
tis. Filamentous fungi and yeast are two medically important 
groups of fungi responsible for causing corneal infection 
[1]. Fungi are unable to penetrate an intact cornea and gain 
access via a prior corneal defect or injury. Once they enter 
the cornea, they can proliferate through the corneal channels 
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and cause infection and inflammation. However, the fungal 
organisms are able to cross an intact Descemet membrane 
and can reach the anterior and posterior chambers of the 
eye [2]. Fungal infections are resistant and extremely diffi-
cult to treat, which may further progress to the entire eye or 
result in loss of vision. Males and people with a history of 
ocular damage or trauma are more liable to fungal keratitis 
[3]. Mucormycosis (also known as black fungus) is another 
fungal infection which is life-threatening and prevails in 
immunocompromised patients. It is commonly termed 
“black fungus” due to the development of a necrotic, black 
eschar leading to blackening or discoloration over the nose. 
Some of the cardinal signs of mucormycosis related to the 
eye are vision loss and ophthalmoplegia [4]. Increasing cases 
of mucormycosis were recently reported in patients infected 
with COVID-19. Researchers and doctors have predicted 
that the 50% mortality rate in patients with mucormycosis is 
further triggered in critically ill COVID-19 patients. Mucor-
mycosis has such a severe effect on the eye that doctors had 
to surgically remove the eye to help save lives of people who 
were severely impacted by the disease [5, 6].

Fungal keratitis remains to be a deadly, fast progress-
ing infection that is quite difficult to diagnose in its early 
stages because of which treatment becomes a major  
challenge. Fungal infections can be diagnosed by tissue 
sampling and culturing. The main disadvantage of the 
culturing method is a delay in diagnosis, which results in 
holdup of treatment. Treatment of fungal keratitis involves 
two modules, i.e., drug therapy and surgical intervention, 
of which the former is mostly preferred by patients and  
physicians alike. Most of the drugs available to treat fungal 
keratitis have major drawbacks including poor penetra-
tion, toxicity, and emergence of resistance [1]. Taking into 
account the adverse effects of various agents, Posacona-
zole emerges to be a potential agent with high efficacy and 
minimal adverse effects as studied in many clinical cases 
of recalcitrant fungal keratitis as well as mucormycosis 
[1, 4, 7, 8]. To achieve maximum efficacy, it is immensely 
important to provide maximum drug concentration at 
the site of action for prophylaxis as well as treatment. 
Posaconazole targets lanosterol-14a-demethylase, which 
is involved in the synthesis of ergosterol, a major lipid 
constituent of fungal cell wall. Posaconazole inhibits the 
oxidative demethylation of lanosterol, thus inhibiting the 
formation of ergosterol. This finally leads to ergosterol 
depletion and fungal cell death [9]. Posaconazole is also 
an inhibitor of human ether-a-go-go-related gene (hERG) 
channels that are overexpressed in cancer cells and thus 
halts tumor cell invasion [10]. Various studies have also 
been carried out to ascertain the use of Posaconazole in 
the prophylaxis of fungal infections in cancer patients after 
chemotherapy, which guarantees its use in a highly immu-
nocompromised condition like cancer [11–14]. Hence, 

Posaconazole proves to be a potential candidate for use 
in patients with eye cancer for the prophylaxis as well as 
treatment of recalcitrant fungal keratitis and mucormyco-
sis, which is resistant to conventional antifungal agents.

A nanosuspension aids in solving the issue of poor solu-
bility and bioavailability and alters the pharmacokinetics 
of the drug. This leads to improvement in drug safety and 
efficacy. Nanosuspension is used as a formulation strategy 
for drugs which are insoluble in aqueous as well as organic 
phases [15]. Antifungal agents formulated as nanosuspen-
sions are known to decrease toxicity and enhance efficacy 
in previously published literature [16, 17]. The term “in 
situ gel” implies gelling of the formulation at the site of 
action after application. The drug is delivered in a liquid 
form which then is converted into a gel at the site of action. 
In situ gelling systems combine the advantages of an ocular 
liquid formulation with a semisolid one, which results in 
increased contact time with the ocular mucosa and ease of 
formulation [18–20, 21, 22].

Gellan gum (GG) is an exocellular anionic water-soluble 
polysaccharide produced by Sphingomonas elodea with a 
repeating unit of tetrasaccharide composed of two residues 
of β-d-glucose, one residue of β-d-glucuronic acid, and one 
residue of α-l-rhamnose {[D-Glc(β1 → 4)D-GlcA(β1 → 4)
D-Glc(β1 → 4)L-Rha(α1 → 3)]n} [23, 24]. GG has the prop-
erty to undergo a solution to gel transition when it comes in 
contact with mono- and divalent cations. This results in the 
formation of a strong gel [25]. A plethora of studies have 
explored GG for topical administration of various agents 
aimed at enhancing efficacy of the formulation [25–29]. 
GG-based formulation would undergo gelation due to the 
presence of  Na+,  K+,  Mg2+, and  Ca2+ ions in tear fluid [30]. 
In the present work, we employed Kelcogel CG-LA, a low 
acyl grade of GG, used as a gelling agent which is known 
to give transparent and mechanically robust gels stable over 
a wide range of pH. Low acyl GG was chosen owing to its 
characteristic property of forming gels when in contact with 
cations [31]. In situ gelling with the help of low acyl grade 
of GG has demonstrated formation of clear, robust, stable, 
and soft gels along with potential results in pre-clinical and 
clinical studies [32–35]. Novelty of the present work lies 
in demonstrating enhanced tissue retention of Posaconazole 
which is of utmost importance in conditions like recalci-
trant fungal keratitis. Retention is established by using GG, 
a naturally occurring polysaccharide, to induce gelation 
which is specific to ions present in the tear fluid. Herein, 
we explore the sol–gel transformation property of GG for 
enhancing the contact time and retention of Posaconazole 
nanosuspension which can tackle fungal keratitis. We thus 
hypothesize that a GG-based in situ gelling nanosuspension 
of Posaconazole would provide maximum drug concentra-
tion at the site of action for a prolonged time, thus achieving 
maximum efficacy.
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Materials and methods

Materials

Posaconazole was obtained as a gift sample by Alkem Labo-
ratories (Mumbai, India). Deacetylated gellan gum NF (Kel-
cogel CG-LA, low acyl grade) was obtained from Signet 
Chemicals (Mumbai, India). Tween 20 was purchased from 
Abitech (Mumbai, India). Pluronic F 127 was procured from 
BASF (Navi Mumbai, India). All other chemicals and excipi-
ents used were of analytical and pharmaceutical grade.

Posaconazole analytical method development

The HPLC method for Posaconazole was developed and val-
idated as per ICH guidelines. Agilent 1200 series HPLC was 
used with a quaternary pump and a G 1314 A VW detector. 
The mobile phase used was methanol:water in a ratio of 
75:25 [36]. Linearity was studied for a concentration range 
of 10–60 ppm. Furthermore, the method was validated in 
terms of accuracy, precision, and robustness. Forced degra-
dation studies as per the ICH guidelines Q3B(R2) were car-
ried out to study the degradation of Posaconazole at various 
conditions viz. acid, base, peroxide, thermal, and photodeg-
radation [37]. In addition, limit of detection (LOD) and limit 
of quantitation (LOQ) were calculated [38].

The LOD was calculated by using the given equation:

where

σ  standard deviation
S  slope of the calibration curve

The LOQ was calculated by using the given equation:

where

σ  standard deviation
S  slope of the calibration curve

Pre‑formulation studies

Solubility of Posaconazole in surfactants

Solubility of Posaconazole was determined in surfactants 
permitted for ophthalmic use. Selection of appropriate sur-
factants was carried out based on saturation solubility stud-
ies [39–41]. Aqueous solutions of surfactants, i.e., Tween 
20, Tween 80, Propylene glycol, and Pluronic 127, as per 

LOD = 3.3�∕S

LOQ = 10�∕S

their IIG limits, were used for studying the solubility of 
Posaconazole [42]. An excessive amount of drug was added 
to these surfactant solutions and placed for 24 h in a water 
bath shaker at 37 ± 2 °C. After 24 h, the drug-containing 
solutions were centrifuged and the supernatant was filtered 
and injected into the HPLC system to ascertain the quantity 
of drug dissolved in the respective surfactant.

Contact angle analysis

Contact angle is the estimate of the wettability of the sur-
factant mixture and the drug. The more the wetting of the 
drug with the surfactants chosen, the more is its ability to 
increase the suspension stability [43]. For the contact angle 
analysis, 6 surfactants (1% w/v solution) (Supplementary 
table S1) were selected based on their safety and use in 
ophthalmic formulations. The contact angle measurement 
system G10 KRUSS (Goniometer) was used to measure the 
contact angle [44]. A tablet press was used to make small 
tablets of pure Posaconazole, and a small drop of surfactant 
solution was placed with the help of a glass syringe on the 
surface of the tablet. The contact angle was resolved by 
observing through the eyepiece, the angle made by the sur-
factant drop with the tablet.

Formulation of Posaconazole nanosuspension using 
quality by design (QbD) approach

Quality by Design (QbD) was used to optimize the nano-
suspension formulation. An appropriate design was selected 
based on the need for screening the excipients and optimiz-
ing the process. The number of factors and their respec-
tive levels also play an important role in the selection of an 
experimental design. An optimum design space was gener-
ated by the software wherein, if the experimental parameters 
are kept as per the domain generated, the results will fall 
in the desired range. Further validation was carried out by 
selecting a point in the design space and then carrying out 
that particular batch in triplicates. The response (i.e., particle 
size) was noted and checked whether it falls between the lev-
els of the confidence intervals. The criteria of the response 
specified for the optimization purpose were 300 to 500 nm.

As per QbD optimization, 50 ml nanosuspension of Posa-
conazole was prepared by weighing the optimized amount 
of ingredients. A coarse suspension of Posaconazole in a 
solution of Tween 20 and Pluronic F127 was prepared with 
the help of an overhead stirrer. Benzalkonium chloride was 
added to this coarse suspension. After uniform dispersion of 
Posaconazole in the surfactant solution, the coarse suspen-
sion was passed through a microfluidizer and was sterilized 
by autoclaving at 121 °C for 20 min under a pressure of 15 
psi.
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Optimization of gellan gum (GG) for in situ gelling

Viscosity determination

Anton Paar rheometer (Physica MCR 301) was used to 
determine the viscosity of 0.2, 0.4, and 0.6% w/v GG solu-
tions. The change in viscosity of these solutions when in 
contact with tear fluid was also studied [45]. The measure-
ment assembly consists of a vertical probe which comes 
in contact with the formulation placed on a flat horizontal 
plate and measures the viscosity of the sample (Supporting  
figure S1). One milliliter of the respective concentrations 
(0.2, 0.4, and 0.6% w/v) of the GG solutions was placed 
below the vertical probe of the rheometer and the viscosity 
was measured at 25 different shear rates. All the measure-
ments were carried out at 25 ± 0.5 °C. The concentration of 
GG which gives optimum viscosity before and after coming 
in contact with the tear fluid so as to provide optimum flow 
properties as well as gelation capacity was chosen. The aim 
was to study the trend of change in viscosity of the different 
concentrations of GG and to finalize the optimum viscosity 
required for the formulation.

Mucoadhesion testing

Mucoadhesion testing was done in order to determine 
mucoadhesion of various concentrations (0.2, 0.4, and 0.6% 
w/v solutions) of GG and optimize the same [46]. A tex-
ture analyzer (TA. XT plus Texture Analyzer, Stable Micro 
Systems, UK) was utilized to determine the mucoadhesion 
of GG on the mucous membrane of goat corneas. Goat eye-
balls were procured from the slaughterhouse and corneas 
were excised carefully. After excising, they were stored in 
0.9% saline solution to prevent them from drying out. Fur-
thermore, 1 ml of the prepared formulation was allowed to 
come in contact with the epithelial surface of the cornea 
for 1 min before the testing at room temperature. The peak 
force used to detach the formulation from the membrane 
was determined with a probe which served as a measure 
of mucoadhesion. Table 1 specifies the parameters of the 
texture analyzer and the conditions maintained during the 
mucoadhesion testing:

Determination of particle size, drug content, and pH 
of the nanosuspension

Dynamic light scattering (DLS) analysis of the nanosuspen-
sion was done to determine the particle size and the polydis-
persity index (PDI) using the Zetasizer Nano ZS (Malvern 
Instruments Ltd., Worcestershire, UK). The instrument uti-
lized a 4 mW He–Ne red laser at 633 nm. The light scattering 
was detected at 173° by non-invasive backscatter technol-
ogy with a measuring range of 0.6 nm to 6 μm. Disposable 

polystyrene cuvettes (1 ml) were used for measurements. 
For determining the drug content of the nanosuspension, the 
quantity of the nanosuspension containing 40 ppm of Posa-
conazole was diluted in the mobile phase used for HPLC 
(methanol:water 75:25) in order to solubilize Posaconazole 
and this was injected into the HPLC system. The pH of the 
nanosuspension was analyzed using a calibrated pH meter 
(Eutech instruments, pH meter) at day 0, day 30, and day 60.

Ocular irritation studies (hen’s egg  
test–chorioallantoic membrane—HET‑CAM)

Ex vivo ocular irritation and tolerance studies were per-
formed using the HET-CAM; 8-day-old, incubated hen’s 
eggs were used for the same. Initially, one egg was cut open 
using a surgical sterile blade and checked for the develop-
ment of CAM. The maturation of visible veins on the surface 
confirmed the development of CAM. Furthermore, the eggs 
were divided into 4 groups: positive control (10% w/v KOH; 
which is a known ocular irritant), negative control (0.9% 
saline; which does not cause irritation), Posaconazole in situ 
gelling nanosuspension, and a placebo group. After remov-
ing the egg surface, 0.3 ml of the test sample was applied 
to the CAM surface with the help of a micropipette ensur-
ing that at least 50% of the CAM surface area was covered. 
Reactions on the CAM surface were observed for a period of 
300 s. The time for the appearance of each of the endpoints 
(hemorrhage, vascular lysis, and coagulation) was moni-
tored and recorded, in seconds [47, 48]. Based on the time 
required for the endpoints to develop, a potential irritancy 
(PI) score was calculated based on the following equation:

where

h  appearance time in seconds of hemorrhage
v  appearance time in seconds of vasoconstriction
c  appearance time in seconds of coagulation

PI =

{

[(301 − h) ∗ 5]

300

}

+

{

[(301 − v) ∗ 7]

300

}

+

{

[(301 − c) ∗ 9]

300

}

Table 1  Parameters of texture 
analyzer used to measure the 
mucoadhesion of the prepared 
formulations with goat cornea

Test mode Tension

Pre-test speed 0.5 mm/s
Test speed 0.1 mm/s
Post-test speed 0.1 mm/s
Applied force 5 g
Return distance 15 mm
Trigger type Auto
Trigger force 4.5 g
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In vitro drug release

In vitro drug release study was accomplished using a 
magnetic stirring procedure, wherein 2 ml coarse Posa-
conazole suspension and Posaconazole nanosuspension 
formulations were added to a dialysis bag and placed in 
an external media consisting of 20 ml artificial tear fluid 
(ATF) [49, 50]. Posaconazole being a BCS class II drug 
exhibits finite solubility which could be enhanced by the 
addition of a surfactant [51]. Two trials of the same were 
carried out. The first trial consisted of 0.1% w/v Tween 
20 in the external media and the other without surfactant. 
Tween 20 was added to the media in order to study the 
difference in the release pattern of Posaconazole, a BCS 
class II drug. The release was carried out for 24 h and 
samplings were done at various time points, viz. 5 min, 
15 min, 30 min, 45 min, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h. 
Samples were collected and injected into the HPLC sys-
tem for measuring the amount of drug in solution form at 
each time point. Graph was plotted for % cumulative drug 
release v/s time.

Ex vivo corneal retention study

Ex vivo corneal retention study was performed using 
Franz diffusion cells with an isolated goat cornea model 
in order to determine the amount of drug localized in 
the cornea to provide a sustained effect of Posaconazole 
post-instillation. We also determined the drug diffus-
ing through the cornea in the receptor chamber and the 
amount of drug retained above the cornea [52]. Whole 
goat eyeballs were procured from a local butcher’s shop 
within an hour of slaughtering the animal. The cornea was 
carefully excised from the eyeball and stored in artificial 
tear fluid (ATF). The corneal membrane was mounted 
between the donor and receptor chamber of the Franz 
diffusion cell. The receptor chamber of the cell contained 
10 ml artificial fluid while 1 ml coarse Posaconazole sus-
pension and Posaconazole in situ gelling nanosuspension 
formulations were placed in the donor chamber of the 
cell. The corneal retention study was carried out for 24 h 
[52–55]. The absorbance was measured at 260 nm. At 
the end of 24 h, the sample remaining on the surface of 
the cornea was carefully scraped out and sonicated with 
methanol in order to solubilize the drug, and the absorb-
ance of this solution was noted. The cornea was homog-
enized using a hand tissue homogenizer with methanol 
to extract the drug in the tissue. The absorbance of the 
extracted drug was measured at 260 nm and a graph was 
plotted to determine the fraction of drug permeated in the 
receptor chamber as well as that retained in the tissue and 
above the tissue.

Antifungal assay

Antifungal assay was carried out to determine the activ-
ity of the prepared formulation against Candida albicans 
(ATCC) using the standard agar cup diffusion method [56]. 
Sabouraud dextrose agar was used to culture and grow the 
fungi. The required apparatus and broth were autoclaved 
at 15 psi for 20 min. Sabouraud dextrose agar slants were 
prepared, and the slant surface was streaked with fungal 
strains followed by incubation at 37 °C in dark conditions 
for 24 h for the fungus to grow. After 24 h, the grown fun-
gus was taken out from the slant and its suspension was 
prepared in 0.9% saline. A definite volume of the autoclaved 
agar broth was poured into each of the Petri plates and was 
allowed to solidify. Suspension of the strain was added in 
equal amounts on the agar surface and was spread uniformly 
using a spreader. A well was bored in the center of the plate 
and 140 μl of the formulation was added. The lid was closed, 
and the plates were incubated at 37 °C in dark conditions for 
24 h, after which, the zone of inhibition (ZOI) was measured 
[57, 58]. The ZOIs were directly correlated with the activ-
ity of the respective formulations and compared with the 
marketed formulations.

Stability of the nanosuspension

Stability of the Posaconazole nanosuspension was examined 
both at room conditions and at accelerated conditions of 
temperature and % relative humidity (RH) according to the 
ICH Q1A (R2) guidelines [59]. This was done by placing the 
batches of Posaconazole nanosuspension in amber-colored 
glass vials having rubber closures at room conditions 
(30 °C/65% RH) and at accelerated conditions (40 °C/75% 
RH) in the respective stability chambers. The batches were 
kept in both the stability chambers for 1-month and 3-month 
stability testing. At the end of each time point, the batches 
were assessed for various critical parameters such as appear-
ance, particle size, drug content, and pH.

Results and discussion

Posaconazole analytical method development

The analytical method for Posaconazole was developed and 
validated with regard to the ICH guidelines. The mobile 
phase and the mobile phase ratio for the analytical method 
development were chosen based on published studies [36]. 
The mobile phase consisted of methanol:water at a ratio of 
75:25 v/v. Other system parameters for the same are men-
tioned in “Posaconazole analytical method development.” 
Supporting figure S2 represents a typical chromatogram of 
Posaconazole with a retention time of 6.16 ± 0.3 min. The 

2924



1 3

Drug Delivery and Translational Research (2022) 12:2920–2935

retention time obtained for Posaconazole was comparable 
to that reported in other studies [60, 61]. Figure 1 gives the 
chromatographic peaks for the forced degradation study. 
No significant peaks were observed in any of the forced 
degradation conditions. As seen in Supporting table S2, 
minor degradation was observed in acidic, basic, and ther-
mal conditions. Thus, Posaconazole can be well tolerated in 
the mentioned conditions without any significant amount of 
degradation. Determining the drug degradation profile for 
actives is a crucial determinant of the conditions used for 
formulation development and manufacturing. The developed 
analytical method should be able to differentiate and detect 
the presence of chromatographic peaks in the case of drug 
degradation. Thus, the method developed herein is a simple, 
efficient, and practical analytical method for the detection of 
Posaconazole.

Linearity

Linearity in response to the developed HPLC method 
with change in concentration of the analyte (i.e., Posa-
conazole) was studied around the concentration range 
of 10 to 60 ppm. The method was observed to be linear 
in the concentration range of 10–60 ppm (Supporting  
figure S3). Establishing linearity of the developed analyti-
cal method is imperative to its use in determining the drug 
content during formulation analysis. This aspect makes 

the analytical method reliable and sensitive. In the graph 
plotted for concentration (ppm) against AUC (Supporting 
figure S3), the coefficient of determination (R2) was found 
to be 0.999 and the regression equation was found to be:

Since the value of the coefficient of determination (R2) 
was found to be ~ 1; we concluded that the method was 
linear with a proportionate increase in the absorbance with 
increasing concentration of the analyte.

Limit of detection (LOD) and limit of quantitation (LOQ)

Detection limit tells us whether the analyte is able to be 
detected and quantified with an acceptable level of confi-
dence. The least analyte concentration that can be detected 
in the sample is called LOD, whereas, LOQ is the least 
concentration of the analyte in the sample that can be 
determined quantitatively [62]. These detection limits 
are often associated with obtaining the correct result with 
a 95% probability [63]. LOD and LOQ of Posaconazole 
were observed to be 0.18 µg/ml and 0.57 µg/ml, respec-
tively. In any circumstances, if the concentration of Posa-
conazole were to fall below 0.18 µg/ml or below 0.57 µg/
ml, then the proposed HPLC method will not be able to 
detect or quantify it, respectively.

y = 54.741x − 20.271

Fig. 1  Forced degradation chromatograms of Posaconazole. HPLC chromatograms of untreated Posaconazole a and chromatograms of forced 
degradation study of Posaconazole under acidic b, basic c, oxidative d, thermal e, and enhanced light f conditions
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Precision and accuracy

In analytical terms, precision can be defined as the closeness 
of values to each other in a set of replicate experiments. 
Whereas accuracy is the closeness of experimental measure-
ments to a specific or pre-defined value [64]. Intraday and 
interday precision were carried out three times on the same 
day and for three consecutive days, respectively. Relative 
standard deviation (RSD) was calculated and found to be less 
than 2% (%RSD of 0.003 and 0.006 for intraday and interday 
precision, respectively). A lower value of the %RSD eluci-
dates the higher precision of the developed HPLC method. 
For determining the accuracy of the method, a standard of 
40 ppm was spiked to 80 and 120% with Posaconazole (32 
and 48 ppm, respectively), and the percent recovery was 
calculated (Supporting table S3). % Recovery was calcu-
lated in terms of the injected concentration of Posaconazole 
which was compared to the output AUC given by the HPLC 
system. This was then back-calculated to the concentration 
in terms of ppm. In totality, lower %RSD coupled with good 
recovery values of Posaconazole ascertain the precision and 
accuracy of the developed method.

Robustness

Robustness elucidates the reliability of the developed 
method. It is the capacity of the method to remain unaffected 
by deliberate, small changes in method parameters [65]. 
The robustness of the developed HPLC method was studied 
by varying the analyst, column temperature, and injection 
volume. The %RSD of the variations implemented on the 
method was found to be below 2% (Supporting table S4). 
%RSD values for analyst change and temperature change 
were 0.18% and 1.7%, respectively. A low value of %RSD 
indicates that the developed method is robust and would 
give un-biased results even with small variations in method 
parameters. The % increase or decrease in the mean AUC 
was found to be proportionate with respect to iterations in 
the injection volume. 50% (10 µl) and 150% (30 µl) injection 
volume change resulted in a ~ 47% and ~ 147% change in the 
mean AUC post-HPLC analysis.

Thus, the HPLC method for the routine analysis of Posa-
conazole was successfully validated for various parameters, 
and %RSD of all the tested parameters was found to be 
within the specified range of 2%.

Solubility and contact angle analysis 
of Posaconazole in surfactants

Developing a suspension system requires the use of a sur-
factant as a stabilizer to prevent aggregation of the colloi-
dal dispersion [41]. Optimizing an ideal surfactant which 
caters the needs of the active and provides it with enhanced 

stability is of utmost importance. The first step in select-
ing an appropriate surfactant was to study its solubility and 
wetting capacity with Posaconazole. Secondly, being an 
ophthalmic formulation, keeping an eye on the surfactant 
concentration which goes in the final formulation is a cru-
cial checkpoint to avoid irritation and increase its tolerabil-
ity. Hence, we decided to use surfactants at their respective 
strengths based on previously identified values which are 
considered to be safe for ophthalmic use according to the 
inactive ingredients guide (IIG) [66]. The next step was 
to study the solubility of Posaconazole in the shortlisted 
surfactants. The solubility of Posaconazole was studied 
in various surfactants based on their safety in ophthalmic 
preparations per IIG limits. Since we were not aiming to 
solubilize Posaconazole and rather just suspend it, we aimed 
for surfactants with minimal solubilization capacity. Sup-
porting table S1 gives the solubility in ppm of Posaconazole 
in the surfactant solutions prepared as per the IIG limits of 
the surfactants permitted for ocular instillation. Whenever 
an interface between a solid and liquid is formed, contact 
angle plays an imperative role. The contact angle is the angle 
formed between the liquid surface and the outline of the 
contact surface which dictates the wetting capacity of a solid 
by a liquid. The lower the contact angle, the better is the 
wetting [67]. Contact angle measurements were performed 
to ascertain the wetting tendency of the surfactant solutions 
with Posaconazole.

As seen from Supporting tables S1 and S5, Posaconazole 
is minimally soluble and has the least contact angle with 
Tween 20 and Pluronic F 127. In order to enhance the stabil-
ity of the nanosuspension, it is necessary that the suspended 
particles have good wetting and minimum solubility in the 
surfactant. To achieve this, the selected surfactant should 
minimally solubilize the drug and provide maximum wet-
ting. Thus, surfactants in which Posaconazole had the least 
solubility and minimum contact angle were chosen. Hence, 
Tween 20 and Pluronic F 127 were chosen as surfactants to 
stabilize the formulation.

QbD approach for formulating the nanosuspension

Microfluidization technology was utilized for the formu-
lation of a nanosuspension. Microfluidizer (Microfluidics 
M-110P) is a high shear fluid processor which is unique in 
its ability to achieve uniform particle size reduction. Advan-
tages of this emerging technology over other existing meth-
ods of nanosizing include improved stability of the active, 
optimized characteristics, and efficient delivery of lipophilic 
drugs to their target. Numerous studies have developed and 
optimized nanoparticulate formulations by using microflu-
idization as a top-down approach [68–71]. A stable nanosus-
pension can be prepared by optimizing various formulation 
and instrument parameters. A suitable product and process 
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optimization design was selected based on the number of 
factors and their respective levels mentioned below.

The target product profile (TPP) consists of the quality 
attributes of the final product which play a crucial role in 
governing its safety and efficacy [72]. The TPP of Posa-
conazole in situ gelling system was selected based on prior 
knowledge available of the active and similar products 
thereof in the market. A critical quality attribute (CQA) of 
the final pharmaceutical product is a chemical, microbiologi-
cal, physical, or biological attribute that must fall within a 
range to ensure the desired quality of the product [73]. The 
TPP and CQAs for Posaconazole in situ gelling nanosus-
pension are summarized in Supporting tables S6 and S7, 
respectively. The next step after identifying the CQAs was 
the scientific correlation and impact analysis of the formu-
lation components, i.e., critical process parameters (CPPs) 
on the identified CQAs. CPPs are the parameters used for 
processing the final product which have an impact on the 
CQAs. This was established by constructing a risk assess-
ment matrix and ranking the effects of CPPs on CQAs as 
low, medium, and high risk [74].

The CPPs include process attributes, i.e., number of 
cycles, the drug to surfactant ratio, and homogenization 
pressure. The selection of an experimental design is postu-
lated on factors and their respective levels. Factors, in this 
case, are the CPPs and their respective levels are the ranges 
of their operation. The factors and their levels are listed in 
the Supporting table S8.

The response which is checked for is the particle size 
of the final nanosuspension. As seen from the Supporting 
table S8, there are 3 factors and 3 levels for each factor. Box-
Behnken design (BBD) was used as the optimization design 

in the Design expert software (DoE). Table 2 summarizes 
the batches suggested by DoE and the particle size response 
obtained as measured.

Scrupulous selection of excipients, the drug to excipi-
ent ratio, and the CPPs have a major role in affecting the 
CQAs. This in turn affects the quality and efficacy of the 
final dosage form. Supporting table S9 gives the relationship 
between CPPs and the magnitude of the effect they have on 
the CQAs of the final product. The drug to surfactant ratio, 
homogenization pressure, and number of cycles play a vital 
role in determining the particle size and release of the final 
formulation. Based on these correlations, the effects of CPPs 
on the product CQAs are ranked as low, medium, and high 
risk. The goal of QbD was to convert high-risk factors into 
medium and low risk.

The fit summary given by the software scans the data 
and studies the correlation of the factors with the pattern 
of response obtained. The p-value for the linear model was 
found to be less than 0.05 which implies that there exists 
a linear correlation between the factors and response. The 
p-value for the lack of fit test was found to be greater than 
0.05 which suggests the suitability of the model applied as 
suggested by the software.

The final equation in terms of coded factors is expressed 
as follows:

where

A  drug:surfactant (D:S) ratio
B  homogenization pressure
C  number of cycles

particle size = −33.57A − 0.0129B − 12.71C

Table 2  Summary of the 
batches of Posaconazole 
nanosuspension as suggested by 
the DoE software

Run Factor 
1-drug:surfactant ratio

Factor 2-pressure 
(psi)

Factor 3-number of 
cycles

Response-particle 
size (nm)

1 1: 5 15,000 15 396.1
2 1:5 15,000 3 561.8
3 1:0.5 15,000 15 440.8
4 1:0.5 5000 9 955.4
5 1:2.75 5000 3 882.3
6 1:0.5 25,000 9 396.1
7 1:2.75 15,000 9 531.2
8 1:2.75 5000 15 703.3
9 1:0.5 15,000 3 570.6
10 1:2.75 25,000 3 679.4
11 1:2.75 25,000 15 543.4
12 1:5 5000 9 458.7
13 1:5 25,000 9 342
14 1:2.75 15,000 9 458.7
15 1:2.75 15,000 9 458.7
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The contour plot (Supporting figure S4) is a two-dimensional 
(2D) plot where the response is plotted against a combination 
of factors and/or mixture components, thus portraying their 
relationship. The contour plot in Supporting figure S4 demon-
strates the combined effect of the drug:surfactant ratio and the 
number of cycles of the microfluidizer on the particle size of the 
nanosuspension. As the drug:surfactant ratio and the number 
of cycles increase, the particle size decreases [color gradient 
from green (larger particle size) to blue (smaller particle size)]. 
The 3D surface plot (Supporting figure S5) conveys the same 
information as the contour plot (it is a projection of the contour 
plot giving shape in addition to the color and contour). Both 
the graphs give an effect of the number of cycles and the D:S 
ratio on the response, when homogenization pressure is kept 
at a constant value of 15,000 psi. Both the plots demonstrate 
that as the D:S ratio and number of cycles increase, the graph 
moves color gradation shifts from green to blue, indicating 
inverse correlation.

The graphical optimization or an overlay graph (Fig. 2) 
indicates a “sweet spot” (yellow patch) where the response 
falls within the set criteria. The bright yellow color indi-
cates the settings that are acceptable, whereas the grey color 

defines unacceptable parameter settings. The parameter set-
tings include the CPPs which fall within the “acceptable” 
criteria when the response (particle size) is between 300 and 
500 nm. The numerical optimization solution (white flag) 
represents the factor settings with the predicted response 
(particle size). Figure 2 gives the design space (in yellow) 
with a flag which corresponds to the parameters with which 
the validation batch is taken. The results of the batch along 
with the confidence intervals are specified in Supporting 
table S10. Validation batch results shown for a selected batch 
in the design space as generated by the DoE demonstrate that 
the response falls well within the range.

The model validation was successfully carried out and 
the design space was thus optimized. Figure 2 demonstrates 
that when the homogenization pressure is kept at a constant 
value of 15,000 psi coupled with varying the drug:surfactant 
ratio and the number of cycles such that they fall within the 
range highlighted by the yellow patch, the particle size will 
fall between 300 and 500 nm. By using this approach, we 
can reduce the highly variable impact of the listed CPPs 
on the particle size (Supporting table S9). Thus, the fac-
tors which were high risk in the risk assessment matrix, i.e., 

Fig. 2  Optimization graph highlighting the design space wherein the response is within the desired range
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homogenization pressure, number of cycles, and D:S ratio, 
were optimized to a set range and converted to low risk as 
summarized in Supporting table S11.

Optimization of GG concentration for in situ gelling

Viscosity determination

Anton Paar rheometer was used to determine the viscos-
ity of 0.2, 0.4, and 0.6% w/v GG solutions alone and when 
in contact with artificial tear fluid. Figure 3 gives viscosity 
measurements of the prepared nanosuspension with viscos-
ity represented on the X axis, shear rate on the Y axis, and 
shear stress on the Z axis. The rate at which the probe rotates 
was termed as shear rate and the stress applied by the rotat-
ing probe on the GG solution was termed as shear stress. As 
seen in Fig. 3a and c, 0.4% w/v GG solution shows higher 
viscosity compared to 0.2% GG solution. Also, GG solution 
when in contact with ATF (Fig. 3b, d, f) demonstrates higher 
viscosity when compared to GG solution in the absence of 
ATF (Fig. 3a, c, e). As a general trend, the viscosity was 
observed to decrease as the shear rate increased. Also, the 
shear stress applied on the substance by the probe increases 
as the shear rate increases. This corroborates the fact that 
cross-linking of GG occurs when it comes in contact with 
sodium and calcium ions present in the ATF which leads 
to increased viscosity in the presence of ATF [75]. Also, 
viscosity increases as the concentration of GG increases. 
This phenomenon would lead to cross-linking and gelling 
of GG when in contact with natural tear film, which would 
give rise to the enhanced retention time of the formulated 
eye drops when instilled.

Mucoadhesion testing

Texture analyzer was used to measure the mucoadhesion 
of the prepared formulations (with 0.2, 0.4, and 0.6% w/v 
solutions of GG) with freshly excised goat lens mucosa as 
the membrane. Numerous studies have utilized excised goat 
cornea to test the mucoadhesion of the prepared nanoformu-
lation [46, 54, 76, 77]. Mucoadhesion is measured in terms 
of the peak force (N) required by the probe to detach the 
formulation from the mucous membrane and the work of 
adhesion, i.e., the inter-particulate force of adhesion between 
the particles of the formulation.

As seen from Supporting table S12 and Supporting figure S6, 
peak force (N) and the work of adhesion (N.s) were 0.00866 N 
and 0.14 N.s for the 0.4% w/v GG ATF which therefore showed 

the maximum mucoadhesion. As per the viscosity results, 0.6% 
w/v GG ATF had maximum viscosity, i.e., it forms a more 
viscous system when in contact with the tear fluid. Although, 
when we studied the ease with which the solutions of various 
concentrations of GG were dispensed by an eye dropper bottle, 
we found that plain 0.6% w/v GG alone formed a very viscous 
system which restricted its smooth flow from the eye dropper 
bottle. Hence, 0.4% w/v was chosen as the optimized concentra-
tion of GG for in situ gelling. Higher mucoadhesion gives rise 
to enhanced retention of the formulation and more contact time 
with the cornea. Similarly, an optimum value of the mucoadhe-
sion is a balance between its ease to come out of the dropper 
bottle without any resistance to flow and enhancement in the 
contact time.

Ocular irritation studies (hen’s egg test–
chorioallantoic membrane—HET‑CAM)

HET-CAM is a widely used test to determine the irritancy 
potential of the developed formulations or test substances. 
Many studies have reported its use in studying the eye irri-
tancy potential of pharmaceutical formulations [78–80]. 
HET-CAM was performed in order to study the ocular irri-
tation of the prepared formulations which is dependent on 
the active as well as the excipients used at their respective 
concentrations. The potential irritancy score, which gives 
the intensity of irritation caused by the test substance, was 
calculated using the time required for the endpoints (hemor-
rhage, vascular lysis, and protein coagulation) to develop on 
the CAM surface based on the equation stated earlier. A PI 
score of 0–0.9 is deemed to be non-irritant; a score of 1–4.9 
is termed to be slightly irritant; a score of 5–8.9 causes mod-
erate irritation; and a score of 9–12 causes severe irritation 
[81]. Table 4 gives the scores for the respective groups and 
the inferences based on them.

As seen in Table 3, it is evident from the PI score that 
the positive control shows severe irritation, and the negative 
control shows no irritation indicating that the CAM surface 
is responsive to the tested substances and that the assay is 
reliable. Also, Posaconazole nanosuspension is found to be 
non-irritant with a PI score of 0.85. This study gives us a 
proof of concept that the developed formulation would be 
well tolerated by the eye at the respective quantities of the 
active and excipients used.

In vitro drug release

In vitro drug release was studied for the developed nano-
suspension with and without the surfactant Tween 20 in 
the external media (simulated artificial tear fluid). Tween 
20 was added in order to facilitate the release and dissolu-
tion of Posaconazole which is a BCS class II drug [51]. 
Various other studies have reported the use of Tweens as 

Fig. 3  Viscosity measurements of 0.2% w/v GG solution a with and 
b without the presence of ATF; 0.4% w/v GG solution c with and 
d without the presence of ATF; 0.6% w/v GG solution e with and f 
without the presence of ATF determined with a rheometer

◂
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surfactants to facilitate the in vitro release and dissolution 
of BCS class II dugs [82–84]. Figure 5a, b denote the % 
cumulative release v/s. time for both the suspension and 
the in situ gelling nanosuspension with and without Tween 
20. Herein, we wanted to compare the in vitro drug release 
from the prepared Posaconazole in situ gelling nanosus-
pension against the Posaconazole coarse suspension as the 
control. The aim was to obtain a discriminating release 
pattern to differentiate the release profiles of both the for-
mulations being tested. Our second aim was to determine 
whether Posaconazole formulated as an in situ gelling 
nanosuspension (nanosized Posaconazole) increases its 
release and dissolution as compared to its coarse (non-size 
reduced Posaconazole) counterpart. Ideally, particle size 
reduction is known to increase the dissolution and thus the 
bioavailability of the drug by increasing its surface area 
available for solvation [85].

As seen in Fig. 4a, it is evident that in the absence of 
the surfactant, the drug release is comparatively less (~ 2% 
for the coarse suspension and ~ 10% for the in situ gelling 
nanosuspension); however, a discriminating release pat-
tern is observed between the coarse suspension and the 
in situ gelling nanosuspension. From Fig. 4b, it can be 
concluded that with the addition of a surfactant, the release 
is enhanced but the release pattern is not discriminating 

(~ 10% for the coarse suspension and ~ 25% for the in situ 
gelling nanosuspension). The reason being that the sur-
factant increases the dissolution of the drug from both the 
coarse suspension and the in situ gelling nanosuspension 
at a similar rate. It should also be noted that we observed a 
tenfold and a threefold increase in the dissolution of Posa-
conazole in both the scenarios, i.e., with and without the 
addition of Tween 20 in the external media respectively, 
by the in situ gelling nanosuspension as compared to the 
coarse suspension. This observation further corroborates 
the finding that nanosizing aids in increasing the dissolu-
tion of a poorly soluble BCS class II drug.

Ex vivo corneal retention study

Franz diffusion cell assembly was used to determine the 
localization of Posaconazole in various chambers of the 
diffusion cell. This was done to simulate in vivo conditions 
to study whether Posaconazole would be retained in the 
corneal tissue, above the tissue, or in the receptor cham-
ber (penetrates from the tissue into the receptor chamber). 
Our major aim was to determine the corneal retention of 
Posaconazole to serve as a drug depot and hence provide 
sustained effect in conditions like fungal keratitis. To our 
advantage, albumin is one of the major components of the 

Table 3  HET-CAM potential irritancy score and inference deduced based on the time required for the endpoints to develop

Groups Time for  
hemorrhage (s)

Time for lysis (s) Time for  
coagulation (s)

PI score Inference

Group 1 Negative control (0.9%) 300 ± 0 300 ± 0 300 ± 0 0.07 Non-irritant
Group 2 Positive control (10% KOH) 5.17 ± 0.75 15.17 ± 2.32 31.50 ± 2.35 19.68 Severe irritation
Group 3 Posaconazole in situ gelling 

nanosuspension
253 ± 3.66 300 ± 0 300 ± 0 0.85 Non-irritant

Group 4 Placebo 266.67 ± 4.16 300 ± 0 300 ± 0 0.62 Non-irritant

Fig. 4  % Cumulative drug release vs time graph for the coarse and in situ gelling nanosuspension without surfactant a and with 1% w/v Tween 
20 b 
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corneal tissue and Posaconazole predominantly binds to 
albumin [86, 87]. This essentially implies that Posacona-
zole would preferentially bind to the cornea. Firstly, reten-
tion of Posaconazole above the cornea would imply that 
under in vivo conditions, it would be cleared off via tear 
drainage. This would ultimately result in the loss of the 
drug. Secondly, if Posaconazole was found to traverse the 
cornea (isolated goat cornea in this case) and reach the 
receptor chamber, it would possibly mimic the same route 
in in vivo conditions and be localized in the posterior cham-
ber of the eye. In the third scenario, Posaconazole could be 
localized in the cornea. We aimed at achieving this condi-
tion, wherein, maximum localization of Posaconazole in 
the corneal tissue would give efficacious corneal clearing 
in fungal keratitis in both prophylactic and treatment con-
ditions. The percentage amount of drug permeated in the 
receptor chamber, in the tissue, and above the tissue was 
calculated and a graph was plotted denoting the % distribu-
tion of the drug. Figure 5 denotes the retention of the drug 
in the coarse suspension and the in situ gelling nanosuspen-
sion. The majority of the drug from the nanosuspension 
(~ 70%) is retained in the tissue followed by retention of 
drug above the tissue (~ 20%) and a minimum amount of 
the drug permeated in the receptor chamber (< 10%). The 
imperative function of the prepared formulation is prophy-
laxis and treatment of fungal keratitis. In order to serve 

this purpose, the prepared formulation should deposit the 
majority of the drug in the cornea so as to inhibit the fungus 
from penetrating it. Deposition of the drug above the cornea 
would also aid the intended function; however, due to the 
high clearance rate of the cornea, establishing an enhanced 
drug concentration would be a problem. Also, permeation 
of the drug in the receptor chamber would imply permeation 
inside the cornea into the posterior chamber in vivo. This 
would also not serve the desired property of the prepared 
formulation acting as a prophylactic aid.

Antifungal assay

Antifungal assay was carried out using the optimized for-
mulation and the activity was compared with the available 
marketed formulation. The agar cup diffusion method was 
used to find the antifungal efficacy of the prepared formu-
lation. This was done by measuring the zone of inhibition 
(ZOI) of the Posaconazole nanosuspension against Can-
dida albicans. Studies have reported the use of the agar 
cup diffusion method to determine the antifungal efficacy 
by the zone of inhibition method [88–90]. The antifungal 
efficacy of the formulation was calculated in terms of the 
ZOI (mm).

0.9% NaCl and placebo were used as controls along with 
a widely used marketed ophthalmic nanosuspension of 
itraconazole (0.5% w/v). We compared our Posaconazole 
nanosuspension at the same concentration as the marketed 
itraconazole preparation, i.e., 0.5% w/v. The ZOI is a circu-
lar area surrounding the cup, in which when the antifungal 
is instilled, the fungi do not grow. Hence, the higher the 
ZOI higher is the susceptibility of the fungi to the antifungal 

Fig. 5  Region of drug retention in Franz diffusion cell for the coarse 
suspension and in situ gelling nanosuspension

Table 4  Zone of inhibition of different groups in the antifungal assay

Groups Zone of 
inhibition 
(mm)

Negative control (0.9% NaCl) 0 ± 0
Placebo 0 ± 0
Posaconazole nanosuspension (0.5%) 15.5 ± 0.07
Itraconazole nanosuspension (marketed 0.5%) 11 ± 0

Table 5  Characterization 
and stability results of the 
Posaconazole nanosuspension

Room conditions
(30 °C/65% RH)

Accelerated conditions 
(40 °C/75% RH)

Parameter Day 0 Day 30 Day 90 Day 30 Day 90
Appearance Opaque Opaque Opaque Opaque Opaque
Drug content (%) 99.6 ± 2.82 98.2 ± 3.43 96.3 ± 4.62 98.8 ± 5.63 94.17 ± 8.95
Particle size (nm) 417.1 ± 6.2 417.1 ± 7.5 428.6 ± 8.5 428.6 ± 7.8 458.1 ± 8.7
pH 6.6 ± 0.09 6.5 ± 0.1 5.6 ± 0.3 6.6 ± 0.1 5.8 ± 0.4
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formulation [91]. As seen in Table 4, the ZOI of the Posa-
conazole nanosuspension was greater as compared to that of 
the marketed itraconazole nanosuspension. It can be deduced 
that the prepared Posaconazole nanosuspension has a greater 
efficacy against C. albicans as compared to that of the mar-
keted antifungal nanosuspension available for ocular use.

Stability of the nanosuspension

We further performed stability studies on the developed 
Posaconazole in situ gelling nanosuspension. We checked 
for parameters like appearance, drug content, particle size, 
and pH of the nanosuspension for a period of 3 months on 
storage at the mentioned conditions. Table 5 represents the 
stability data for 1 month, 2 months, and 3 months of the 
Posaconazole nanosuspension which was kept at room con-
ditions (30 °C/65% RH) and at accelerated conditions (40 
ºC/75% RH) of temperature and humidity. The nanosuspen-
sion was observed to be stable for a period of 3 months at 
both room and accelerated stability conditions.

Conclusion

A stable in situ gelling nanosuspension of Posaconazole was 
developed using the QbD approach with microfluidization as 
the size reduction mechanism. The in situ gelling nanosus-
pension was tested for its efficacy and ocular tolerability. A 
robust analytical method for the routine analysis of Posacona-
zole was developed and validated. The in situ gelling polymer 
used was GG which uses ion-induced gelling as the gelation 
mechanism as evident in the changes in viscosity. Ocular irri-
tation studies were carried out using the HET-CAM method 
in order to ascertain the ophthalmic tolerability of the pre-
pared formulations. Ex vivo ocular retention study confirmed 
the localization of Posaconazole in the corneal tissue for up 
to 24 h. The prepared formulation was tested for stability as 
per ICH guidelines for short-term, long-term, and accelerated 
stability at 30 °C/65% RH and 40 °C/75% RH conditions.

The future scope with respect to Posaconazole as an API 
in treating fungal infections is very strong considering the 
potency of the moiety. The challenge lies in the formulation 
of this active being a BCS class II molecule; various oily type 
formulations could be explored for different fungal conditions. 
Also, intraocular formulations could be studied to treat fungal 
infections manifesting in the posterior chamber of the eye.
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tary material available at https:// doi. org/ 10. 1007/ s13346- 022- 01155-0.
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