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Background: The aim of this study is to develop a novel in situ gel of tacrolimus-loaded 
SLNs (solid lipid nanoparticles) for ocular drug delivery.
Methods: The optimal formulation was characterized by surface morphology, particle size, 
zeta potential, entrapment efficiency, drug loading and in vitro release behavior. In vivo 
studies were also conducted to evaluate the pharmacokinetic and pharmacodynamic results.
Results: In this study, TAC-SLNs ISG were prepared using homogenization followed by probe 
sonication method. The average particle size of TAC-SLNs ISG was observed to be 122.3±4.3 
nm. Compared with TAC-SLNs, in situ gel did not increase particle size, and there was no 
significant difference between them. The results of viscosity measurement showed that TAC 
SLNs-ISG were typical of pseudo plastic systems and showed a marked increase in viscosity as 
temperature increased and ultimately formed a rigid gel (32°C). In vitro and in vivo studies 
illustrated the sustained release model of the drug from TAC-SLNs ISG. Animal model showed 
that TAC-SLNs ISG had good pharmacodynamics when compared with eye drops and SLNs.
Conclusion: Our results demonstrated that TAC SLNs-ISG had the potential for being an 
ideal ocular drug delivery system.
Keywords: tacrolimus, in situ gel, SLNs, ocular drug delivery

Introduction
Immune mediated inflammatory anterior segment diseases (IIAODs) are a kind of 
common ophthalmic diseases, including conjunctivitis and anterior uveitis. This 
kind of disease may cause some serious complications and sequelae, which is one 
of the main causes of blindness. Conjunctivitis requires antibiotic treatment for 5–7 
days, which may lead to poor compliance with conventional dosage forms because 
of the higher frequency of administration, ie 2 drops per day. The reason for that is 
in the process of ophthalmic administration, due to the physiological constraints of 
eye protection mechanism, the drug absorption rate is low and the duration of 
treatment effect is short. When the drug solution drops into the eye, effective tear 
drainage and blinking can reduce the drug concentration by 10 times in 4–20 
minutes.1 We can improve the ocular therapy by improving the precorneal residence 
time of drugs. In order to slow down drug elimination and to prolong the resident 
time on the ocular surface, several new preparations have been developed for ocular 
use, such as liposomes, nanoparticles and nanocapsules.2–8

Many agents available for the treatment of conjunctivitis and tacrolimus (TAC) 
are the widely used novel macrolide immunosuppressants. However, TAC is 
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a highly lipophilic macrolide lactone and therefore shows 
very poor water-solubility of 1–2 µg/mL.9–13 Marketed as 
eye drops, rapid precorneal drainage requires frequent 
instillation or use of high drug concentration which usually 
leads to a pulse kinetics pattern of drug concentration. At 
the same time, another problem is easy hydrolysis, result-
ing in very low stability in aqueous solutions.14 Therefore, 
TAC was prepared as an eye drop dispersion containing 
nearly 100% undissolved TAC. However, drugs, such as 
TAC, should usually be dissolved to facilitate effective 
transport or penetration and reach the target site for ther-
apeutic effect.15 It is expected that dissolved TAC will 
penetrate into the eye tissue more quickly, thus improving 
bioavailability and reducing treatment failure.15

It can be seen that researchers need to develop a new 
drug delivery system to meet the better clinical effect, 
whether from the perspective of human physiology or of 
the physical and chemical properties of the drug itself. In 
situ gel is a hot spot in the research of ocular drug delivery 
system in recent years. It exhibits reversible phase transi-
tions (sol–gel–sol) and pseudoplastic behavior to minimize 
drainage from blinking.16 In situ gel is formulated as 
a liquid dosage form which is suitable to be administered 
as conventional eye drops which, upon exposure to eye 
physiological conditions, change to the gel phase, thus 
increasing the precorneal residence time of the delivery 
system and enhancing ocular bioavailability.

Meanwhile solid lipid nanoparticles (SLNs) have been 
used for ocular drug delivery amongst different lipid nano 
carriers. The biggest advantage of SLNs is that it has the 
capability to encapsulate lipophilic molecules inside the 
lipid matrix and improve the poor solubility or permeabil-
ity of the drug.17,18 Previously, SLNs have been used as an 
ocular delivery platform for the delivery of various drugs, 
including natamycin,19 triamcinolone,20 indomethacin,21 

atorvastatin,22 a platform that is more beneficial than 
other conventional preparation systems (solutions and sus-
pensions). However, TAC loaded SLNs in situ gel (TAC- 
SLNs-ISG) is still an unexplored area in the field of 
intraocular transport.

The objective of the present study is to develop an 
ocular system combining SLNs and in situ gel for TAC, 
and to compare the system with plain eye drops and SLNs 
formulations. The optimal formulation was characterized 
by surface morphology, particle size, zeta potential, 
entrapment efficiency, drug loading and in vitro release 
behavior. In vivo studies were also conducted to evaluate 
the pharmacodynamic results.

Materials and Methods
Materials
TAC was purchased from Kerui Pharmaceutical Co., Ltd 
(Fujian, China). Compritol® 888 ATO (glyceryl behenate) 
and glyceryl monostearate (GMS) were purchased from 
Gattefossé. Pluronic® F-68 (Poloxamer 188), Pluronic® 

F-127 (Poloxamer 407) and Tween® 80 were obtained 
from Sinopharm Chemical Reagent (Shanghai, China). 
All the other reagents used were of analytical grade and 
were used without further purification.

Preparation of TAC SLNs-ISG
TAC SLNs-ISG were prepared by using homogenization 
coupled with ultra-probe sonication method.23 Briefly, 
Compritol® 888 ATO (0.25%, w/v) and GMS (2%, w/v) 
were dissolved in the dichloromethane (2 mL) and were 
heated to 80 °C, after that TAC (0.1%, w/v) was added 
under magnetic stirring until a clear drug-lipid phase was 
obtained. The organic solvent was evaporated in vacuum 
at 45 °C to form the lipid film, which was further dried in 
the vacuum drying oven at 37 °C to remove the residual 
organic solvent. Simultaneously, the aqueous phase, con-
sisting of Tween-80 (0.5%, w/v) and glycerin (2%, w/v) in 
distilled water, was heated (30 °C) and transferred to the 
molten drug-lipid mixture under constant stirring, to form 
a pre-mixture. The mixture was homogenized with 
a probe-type ultrasonicator (S220, Covaris, USA) in the 
ice bath for 10 cycles to get the TAC SLNs. Then TAC 
SLNs-ISG was obtained by mixing TAC SLNs and 
Poloxamer 188 (12%, w/v)/Poloxamer 407 (26%, w/v) 
solution in the ice bath.

Characterization of System
Particle Size and Zeta Potential
Intensity-mean particle size, zeta potential and polydisper-
sity index of TAC SLNs-ISG were determined using 
a Zetasizer NanoZS (Malvern Instruments Ltd.). All mea-
surements were performed under automatic mode at 25°C. 
The hydrodynamic diameter was calculated from autocor-
relation function of the intensity of light scattered from 
particles with the assumption that the particles have 
a spherical form.

Entrapment Efficiency
The entrapment efficiency (% EE) was determined by measur-
ing the concentration of unentrapped drug in the lipid disper-
sion. Briefly, the SLNs-ISG dispersion was subjected to 
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centrifugation for 30 min, 4 °C at 6000 rpm and the amount of 
TAC in supernatant was determined by dissolving supernatant 
in acetone and 0.1% acetic acid (1:1) mixture by HPLC. The 
amount of free drug in the supernatant was determined spec-
trophotometrically at 210 nm. The entrapment efficiency was 
determined in triplicate and calculated as follows.

EE%=WTAC/(WSLNs-ISG+WTAC)×100%
WTAC represents the amount of TAC loaded in the 

SLNs-ISG,  
WSLNs-ISG represents the weight of the TAC SLNs-ISG.

Viscosity Experiments
The sol-gel transition temperature of TAC SLNs-ISG sol 
in water was measured by the tube transformation 
method.24 A vial containing 20 mL TAC SLNs-ISG sol 
was immersed in an oil bath at different temperatures to 
achieve equilibrium. When the flow rate was no longer 
visually observable within 30 s by inverting the vial, the 
temperature was increased by 2°C per step, and the sample 
was regarded as a “‘gel’”. The viscosity of TAC SLNs- 
ISG in solution or gel was then measured using a rotating 
viscometer (60 rpm, rotor 2) with suitable samples 
(20 mL). The appropriate number of spindles was used 
for measurement at different speeds. The viscosity was 
read directly from the viscometer display.

In vitro Release
The in vitro release studies were conducted by a dynamic 
dialysis method. Briefly, TAC SLNs-ISG containing 20 mg 
were placed into dialysis bags, which were then placed into an 
end-sealed vial. The release medium was 2000 mL simulated 
tear fluid (STF; made with sodium chloride-0.67g, sodium 
bicarbonate-0.20g, calcium chloride dihydrate −0.008g in 
distilled water q.s 100 mL). The sealed vials were maintained 
at 37°C and 75 rpm in a gas bath thermostatic oscillator. 
Aliquots (1 mL) were withdrawn at intervals of 0.25, 0.5, 1, 
2, 4, 6, 8, 12, and 16 h, and the same replacement volume was 
supplied as the release medium. The collected samples were 
determined by HPLC. An equal amount of free TAC and TAC 
SLNs was used for comparison.

Stability Studies
Stability studies were carried out on TAC SLNs-ISG accord-
ing to ICH (International Conference on Harmonization) 
Guidelines at 40°C, 75% relative humidity. Three packs of 
formulations were subjected to these stability studies. The 
samples were withdrawn at the 0th, 1st and 3rd month. 
Every time 0.1 mL of samples were withdrawn and analyzed 

for the assay with HPLC for the drug content. At the same 
time, some other stability parameters were also determined.

In vivo Kinetics
In vivo ocular disposition studies of TAC SLNs-ISG and 
TAC SLNs in comparison with TAC eye drops, were carried 
out in New Zealand rabbits, weighing between 2 to 3 kg. 
The rabbits were allowed to acclimatize to the new sur-
roundings for one week, and the ocular disposition studies 
were then performed. A formulation of 50 µL of the TAC 
SLNs-ISG, TAC SLNs and TAC eye drop (0.1% w/v) was 
dripped into the cul-de-sac of the right eye while the left eye 
served as the control. Approximately five microliters of tear 
were collected from the cul-de-sac of the test eye, using 
a micropipette, at 15th, 30th min, 1st, 2nd, 4th, 5th, 6th, 
8th and 10th h. Ten hours later, the rabbits were euthanized 
by intravenous injection of pentobarbital. Rinse eyes with 
cold DPBS and remove them immediately. The eye tissues 
were carefully separated and stored at −80°C until further 
analysis. Tear samples were collected in acetone: 0.1% 
acetic acid = (1:1) and analyzed by HPLC. The ocular tissue 
samples were extracted using acetone precipitation method 
and analyzed using LC-MS/MS system. Separation was 
achieved on a Genesis C18 column with a gradient mobile 
phase elution. Ammonium-adduct ions formed by a Turbo 
Ionspray in positive ion mode were used to detect each 
analyte. The MS/MS detection was traced by monitoring 
the fragmentation of 807.5 → 772.4 (m/z) for TAC on 
a triple quadrupole mass spectrometer (Sciex API 3000). 
The above method was simple, fast, and specific. The cali-
bration curve of the LC assay for TAC in neat solution has 
good linearity (r2=0.996) over the range of 10–10,000 ng/ 
mL. The lower limit of the quantitation of TAC in the LC- 
MS/MS assay was found to be 0.1 ng/mL. These results 
indicated that the assays provided good linearity and sensi-
tivity for their specific applications.

Pharmacodynamic Evaluation
BALB/c mice were used to investigate the pharmacody-
namic effect of TAC SLNs-ISG in this study. The grouping 
information was as follows: A: Normal (without any treat-
ment, positive control); B: PBS (negative control); C: 0.1% 
(w/v) TAC eye drop; D: 0.1% (w/v) TAC-SLNs; E: 0.1% 
(w/v) TAC-SLNs ISG. ①Sensitization stage: BALB/c mice 
were intraperitoneal injected with Ovalbumin (OVA, 100 µg 
and 35 µg Al(OH)3 in 200 µL PBS) on immun-day 1. 
②Immune intervention stage: on immun-day 7, the eyes 
were challenged with different formulations three times 

Drug Design, Development and Therapy 2021:15                                                                       submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                         
143

Dovepress                                                                                                                                                           Sun and Hu

http://www.dovepress.com
http://www.dovepress.com


a day for 5 days of the B, C, D, E group. ③Stimulation 
stage:

Ova (10 µL, 5 mg/mL) was dissolved in PBS (pH=7.0) 
after drug immune intervention treatment. The mice in groups 
B, C, D, E were injected with a micro sampler to induce the 
clinical symptoms of immune conjunctivitis. The clinical 
symptoms of immune conjunctivitis were observed and 
scored once a day for one week. Then the eyes were exam-
ined under microscope, and the scoring was performed at the 
same time every day and carried out once daily from day 1 
to day 7. As shown in Table 1, mice were examined biomi-
croscopically based on 3 independent parameters. Each para-
meter was ascribed 0 (none) to 3+ points (serious) and was 
summed to yield a maximum score of 9+. ④After OVA 
challenge induced immune conjunctivitis, mice in groups B, 
C, D, and E were treated with PBS, 0.1% TAC eye drop, 
0.1% TAC-SLNs, 0.1% TAC-SLNs ISG one time a day for 5 
days. Scores of various systems in different groups were 
calculated and graphed. After pharmacodynamic study, 
OVA-s IgE, IFN-γ and IL-4 concentration in different treat-
ment groups of mice were determined, respectively.

Meanwhile the pathological sections of corneal tissue of 
all groups were also observed. All animal experiments were 
performed in accordance with institutional guidelines, fol-
lowing the protocol approved by the Ethics Committees of 
Chongqing Medical University (19A2040). Strictly follow 
the National Institutes of health laboratory animal care and 
use guidelines.

Permeability Studies
Permeability studies were performed on the corneas isolated 
from rabbit whole eyes. The eyes were stored in Hanks’ 
balanced salt solution under ice-cold condition and shipped 
overnight. Immediately upon their receipt, the corneas were 
carefully separated, and used for the permeability studies. 
The isolated corneas were washed in ice-cold Dulbecco’s 
phosphate buffer saline (DPBS) solution, pH 7.4. The tissues 

were then mounted on Valia-Chien diffusion cells with the 
epithelial surface towards the donor chamber. The tempera-
ture of the diffusion cells was maintained at 32 °C with 
a circulating water bath, throughout the studies.

TAC concentration in eye drops, SLNs and SLNs- 
ISG were kept at 0.1% w/v, and about 1 mL of the 
formulation was added to the donor chamber of the 
respective diffusion cells. Five milliliters of DPBS 
with 5% w/v hydroxyl propyl beta cyclodextrin 
(HPßCD) solution was used as the receiver medium 
and stirred continuously with magnetic stirrer. Samples 
(500 µL) were withdrawn from the receiver chamber at 
the predetermined time points up to 2 h and replaced 
with an equal amount of DPBS-5% HPßCD solution to 
maintain sink conditions. The samples were stored at 
−80 °C until further analysis by HPLC. The analyses for 
all the samples were carried out in triplicate.

The cumulative amount of TAC was calculated as per 
the equation:

Mn ¼ VrCr nð Þ þ ∑
x¼n

x¼1
Vs x� 1ð ÞCr x� 1ð Þ

where n is sampling time point; Vr and Vs are the volume 
in the receiver chamber (mL) and the volume of the 
sample collected at the nth time point (mL), respectively; 
and Cr(n) is the concentration of the drug in the receiver 
chamber medium at nth time point (µg/mL).

The rate of TAC transported across rabbit cornea was 
calculated using the slope of the cumulative amount of 
TAC transported versus time plot. The steady state flux of 
TAC was determined using the following equation:

Flux(J) = (dM/dt)/A
where M is the cumulative amount of drug transported 

and A is the surface area of the cornea (0.625 cm2).
The transcorneal permeability of TAC was calculated 

by the following equation:
Permeability =Steady state flux/Donor concentration.

Table 1 Scoring of Conjunctivitis Signs and Symptoms

Conjunctivitis 
Symptoms (Score)

None 
(0)

Slight (1) Medium (2) Serious (3)

Conjunctival congestion (-) Pink Red Dark red

Blepharoptosis (-) Edema of lower 

eyelid only

The upper and lower eyelids are edema, and 

the eyelids are partially closed

The eyelid is ectropion, edema is 

obvious, and the eyelids are closed

Secretion (-) Mucilaginous 

liquid

The hair around the eyelids is moist The hairs on the eyelids and around 

them are moist and sticky
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Statistical Analysis
The results were analyzed by extreme value analysis and 
ANOVA. SPSS software was used for statistical analysis. 
The difference was significant when p < 0.05.

Results and Discussion
Preparation and Characterization
The main purpose of the study is to develop SLNs and its 
corresponding in situ gel to retard the clearance of TAC in 
the eyes and increase drug absorption. According to the 
solubility of the drug in the lipid phase (using GMS, and 
Compritol 888 ATO as the lipid phase), Tween80 and 
glycerol were selected as the aqueous phase to design, 
prepare and optimize the SLN formulation.

TAC-SLNs ISG were prepared using homogenization 
followed by probe sonication method. The physico-
chemical properties including particle size, encapsula-
tion efficiency (EE%) were listed in Table 2. The 
average particle size of TAC-SLNs ISG was observed 
to be 122.3±4.3 nm. Compared with TAC-SLNs, in situ 
gel did not increase particle size, and there was no 
significant difference between them. Some researchers 
think that PDI value in the range of 0.01–0.5 represents 
a sufficiently narrow distribution range. In the case of 
TAC SLNs ISG, the PDI value of 0.21 was in this 
range, so it was considered to be a more uniform high- 
throughput and high permeability formulation, as shown 
by in vitro release data.25

Viscosity Experiments
The residence time of the ophthalmic formulation at the 
precorneal surface is affected by its viscosity that is of 
importance for enhancing the residence time. In context to 

ocular physiology, the range of shear rate experienced 
during relative movement of eyelids and globe is extre-
mely wide ranging from 0.03 to 0.14 s−1 during inter 
blinking period to 4250–28,500 s−1 during a blink. Thus 
the viscosity of formulation should not be such that it 
disturbs the pseudoplastic behavior of tear film in the 
eye.26 Hence it is advisable to use a polymer with pseu-
doplastic character.27 Many literatures have confirmed that 
the gel prepared by poloxamer has the characteristics of 
pseudoplastic fluid.28,29 In order to study the effect of 
temperature on gelation, the viscosity of the gel was 
determined. The results of viscosity measurement showed 
that TAC-SLNs-ISG was a typical pseudoplastic system. 
With the increase of temperature, the viscosity increased 
obviously, and finally the rigid gel was formed. The gela-
tion temperature of the prepared thermogelling gels was 
32°C (Figure 1). At the same time, the viscosity of TAC- 
SLNs system did not increase with the change of tempera-
ture, and it always maintained at a relatively low viscosity 
level.

In vitro Release
The in vitro drug release curve of TAC SLNs-ISG, TAC 
SLNs and free TAC were shown in Figure 2. At the end of 
the experiment, nearly 80% of the drug was released in 
TAC SLNs group, while only 56% in TAC SLNs-ISG 
group did so. The release curve of TAC SLNs-ISG was 
a two-phase model. TAC SLNs-ISG released quickly at the 
early stage (about 30% TAC was released within 1 hour), 
and then released slowly. This phenomenon is mainly 
caused by the release of drugs dispersed in the gel. In 
the late stage, the sustained release was due to the fact 
that with the dissolution and diffusion mechanisms on the 
lipid matrices and polymer material, the solubilized or 
dispersed drug can only be released slowly. As was 
shown in Table 3, the Higuchi equation: Q =9.287t1/ 
2-2.263 (r=0.994) was the best fit well with the release 
kinetic model of TAC SLNs-ISG. Therefore, it was specu-
lated that the sustained-release characteristics of TAC 
SLNs-ISG may enhance the ocular absorption of TAC.

Stability Studies
There were negligible alterations in the initial values of 
viscosity of the formulations over a storage of 3 months. 
The samples were also analyzed for drug content by HPLC 
analysis (data not shown). Again the drug degraded to 
a negligible extent, and the percentage of drug degradation 
is < 5%. Other stability parameters are shown in Table 2.

Table 2 The Characteristics of TAC-SLNs ISG and TAC-SLNs

Parameters TAC- 
SLNs

TAC-SLNs ISG

0 m 1 m 3 m

Particle size 

(nm)

121.5 ± 3.8 122.3 ± 4.3 125.5 ± 5.1 127.4 ± 5.4

Encapsulation 

efficiency (%)

84.6±6.2 85.9±7.2 84.4±6.7 82.6±4.3

Polydispersity 

index

0.24 0.21 0.24 0.26

Zeta potentials 

(mV)

−23.7±3.8 −26.8±3.4 −28.4±4.1 −29.3±4.5

Note: (n=3).
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In vivo Kinetics
The concentration in tear-time plots, in rabbits after 
ophthalmic administration of test formulations are 
shown in Figure 3 and the AUC parameters are 

Figure 1 (A) Photographs of in situ gels formed before (4°C) and after (37°C) gelation. (B) Mean viscosity-temperature trends profiles of TAC SLNs and TAC SLNs-ISG. 
(n=3).

Figure 2 The in vitro drug release profiles of TAC eye drops, TAC SLNs and TAC 
SLNs-ISG. Number represents the percentage of release. (n=6).

Table 3 Release Kinetic of TAC SLNs-ISG

TAC SLNs-ISG

Equation Correlation 
Coefficient (R)

Zero-order Q =4.312t+0.217 0.931

First-order Ln(1–Q) =−3.287t+0.673 0.971

Weibull lnln(1/(1–Q)) =4.938 lnt 

+1.332

0.954

Higuchi Q =9.287t1/2-2.263 0.994

Note: (n=6).
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tabulated in Table 4. The Tmax was 30 min and the 
Cmax was 4657.7 ng/mL after ophthalmic administra-
tion of TAC eye drops. However, the time to achieve 
maximum concentration of TAC was delayed in the 
form of ISG. For TAC-SLNs, highest drug concentration 
of 1892.6 ng/mL was observed at the 30th min, whereas 
TAC-SLNs-ISG showed maximum concentration 
(2132.3 ng/mL) at the second hour. The Cmax of TAC- 
SLNs and TAC-SLNs-ISG was significantly (p < 0.05) 
lower than that obtained within the TAC eye drops. The 
AUC0–t of TAC-SLNs-ISG was 590,355.9 ng·min/mL, 
2.65 folds higher than AUC0–t of 222,382.5 ng·min/mL 
for TAC eye drops, clearly defining performance super-
iority of in situ gels over drops. SLNs are believed to be 
actively engulfed by the corneal and conjunctival cells. 
This is considered to be the main advantage of colloidal 
dispersion. In addition to passive diffusion out of the 
SLNs, the lipases in the tear film and in the epithelial 
cells are also responsible for the controlled release of 
TAC. Release occurs both in the tear as well as in the 

corneal matrix. Therefore, in vivo kinetics studies can 
show the slow release characteristics of drugs from gels.

Figure 3 Concentration-time curve of TAC in different formulations (TAC eye 
drops, TAC SLNs and TAC SLNs-ISG). (n=6).

Table 4 Ocular Tear Pharmacokinetic Parameters of TAC in Tear versus Time Profiles in 600 Min for Various Formulations

Formulation Cmax 
(ng/mL)

Tmax 
(h)

MRT 
(h)

T1/2 
(h)

AUC0–t 
(ng·min/mL)

AUC 0-t 
Ratio

TAC eye drops 4657.7±412.2 30.2±4.3 1.28±0.45 1.84±0.76 222,382.5 ± 20,192.5 –

TAC-SLNs 1892.6±206.4* 33.6±8.9 2.07±0.92 3.72±0.88* 339,555.4 ± 31,927.2* 1.53
TAC-SLNs-ISG 2132.3±241.6* 120.6±11.6* 2.82±1.21* 3.92±0.94* 590,355.9 ± 57,281.7* 2.61

Notes: Each value represents the mean ± SD of three determinations. *p<0.05 (compared to TAC eye drops). (n=6).

Figure 4 The pharmacodynamic scores in different groups. Group A: Normal 
(untreated, positive control); Group B: PBS (negative control); Group C: 0.1% 
TAC eye drop; Group D: 0.1% TAC-SLNs; Group E: 0.1% TAC-SLNs ISG. (n=6).

Figure 5 OVA-s IgE, IFN-γ and IL-4 concentration of different treatment groups in 
mice after pharmacodynamic study. Group A: Normal (untreated, positive control); 
Group B: PBS (negative control); Group C: 0.1% TAC eye drop; Group D: 0.1% 
TAC-SLNs; Group E: 0.1% TAC-SLNs ISG. (n=6). bp<0.05, Group E vs Group B; 
cp<0.05, Group E vs Group C; dp<0.05, Group E vs Group B.
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Pharmacodynamic Evaluation
The establishment of the animal model in this study was 
completely successful, and there were significant differ-
ences between the positive control group and the negative 
control group (Figure 4).

In the untreated group (Group A), there were almost 
no symptoms, so the score remained at a relatively low 
level during the observation period. The symptoms of 
the positive control group (Group B) were more 
obvious, and the score was always at a high level. In 
this experiment, the unified administration time of each 
group was morning, and the unified time of scoring 
statistics was afternoon, so on the first day after treat-
ment, there was a significant difference between the 
three groups. The scores of the three experimental 

groups (Group C, D, E) showed different degrees of 
decline from the first day. The effect of group E was 
the most obvious, and the improvement of symptoms 
was the most obvious on the fifth day of the experiment. 
The reason for the relatively short retention time of the 
eye drops and TAC-SLNs is that they are not completely 
observed by the naked eye. Through the detection of 
three biochemical indexes (OVA-s IgE, IFN-γ and IL-4), 
Group E has significant curative effect on conjunctivitis 
compared with other control groups (p<0.05, Figure 5). 
The mechanism of TAC’s action is to inhibit the activa-
tion and degranulation of conjunctival mast cells, inhibit 
the release of inflammatory mediators by mast cells, and 
down regulate IL-4 in serum, thus inhibiting the anti-
body response of B cells from IgM to IgE and reducing 

Figure 6 Histopathological studies of corneal tissue of different groups. (A) normal; (B) TAC SLNs (C) TAC SLNs-ISG. Left: treatment eye; Right: un-treatment eye.
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the synthesis of IgE. Through up regulating IFN - γ in 
serum, the proliferation of Th2 cells and the function of 
IL-4 are inhibited, and the transformation of Th1 to Th2 
is inhibited, so that Th1 and Th2 are in a dynamic 
balance state. Through this mechanism, type I allergy 
can be controlled and immune conjunctivitis can be 
treated. Through the optimization of dosage forms 
(SLNs or in situ gel), the therapeutic effect is further 
expanded. Corneal histopathology of showed that TAC- 
SLNs-ISG had good safety (Figure 6).

Permeability test
The permeability coefficient and flux for TAC in eye 

drops, SLNs and SLNs-ISG is calculated in Table 5. The 
transcorneal permeability and flux of TAC from SLNs was 
significantly higher compared to that of the eye drops. This 
indicates that the lipid nanoparticles enhance the permea-
tion of the drug through intact corneal tissues. The slightly 
lower flux and permeability of TAC from the SLNs-ISG 
compared with SLNs indicates the controlled release of the 
drug from the higher viscosity formulation.

Conclusion
The aim of this study is to develop a novel in situ gel of 
tacrolimus-loaded SLNs for ocular drug delivery. In this 
study, TAC-SLNs ISG were prepared using homogenization 
followed by probe sonication method. The average particle 
size of TAC-SLNs ISG was observed to be 122.3±4.3 nm. 
Compared with TAC-SLNs, in situ gel did not increase 
particle size, and there was no significant difference between 
them. The results of viscosity measurement showed that TAC 
SLNs-ISG were typical of pseudo plastic systems and 
showed a marked increase in viscosity as temperature 
increased and ultimately formed a rigid gel (32°C). In vitro 
and in vivo studies illustrated the sustained release model of 
the drug from TAC-SLNs ISG. Animal model showed that 
TAC-SLNs ISG had good pharmacodynamics when com-
pared with eye drops and SLNs. Our results demonstrated 

that TAC SLNs-ISG has potential as an ideal ocular drug 
delivery system.
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