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Purpose: Anti-inflammation is essential for dry eye disease. Traditional anti-inflammation 
agent corticosteroids applied in dry eye disease (DED) treatment could result in high 
intraocular pressure, especially in long-term treatment. Thus, we have prepared a liposome 
loading 1-bromoheptadecafluorooctane and tetrandrine (PFOB@LIP-Tet) to treat DED via 
anti-inflammation that hardly affects intraocular pressure in this study, which provided 
another therapy strategy for dry eye disease.
Methods: We firstly detected the physicochemical properties of PFOB@LIP-Tet. Next, we 
tested the biosafety of synthesized liposomes for corneal epithelium. Then, we explored the 
accumulations and distribution of PFOB@LIP-Tet both in cellular and animal models. And 
then, we assessed the therapeutic effects of PFOB@LIP-Tet formulations by laboratory and 
clinical examinations. Last, we examined the changes in eye pressure before and after 
treatment.
Results: PFOB@LIP-Tet and Tet showed a characteristic absorption peak at 282 nm while 
PFOB@LIP did not. Large amounts of PFOB@LIP-Tet remained on the ocular surface and 
accumulated in the corneal epithelial cells in DED rabbits. Corneal staining scores of DED 
rabbits respectively treated by ATS, PFOB@LIP-ATS, Tet-ATS and PFOB@LIP-Tet-ATS 
for seven days were 3.7±0.5, 3.2±0.4, 1.5±0.5 and 0.5±0.5. The expressions of related 
cytokines were correspondingly downregulated significantly, indicating that the inflammation 
of DED was successfully suppressed. The intraocular pressure changes of DED 
rabbits before and after treatment by PFOB@LIP-Tet showed no statistical significance.
Conclusion: We successfully synthesized PFOB@LIP-Tet, and it could effectively treat dry 
eye disease via anti-inflammation but hardly affected the intraocular pressure.
Keywords: tetrandrine, inflammation, liposomes, dry eye disease

Introduction
Dry eye is a multifactor-induced disease accompanied by increased osmolarity of 
the tear film and inflammation of the ocular surface.1 The pain, irritative symptoms, 
and burden on visual function resulting from dry eye disease have been disturbing 
the daily lives of adults of all ages around the world,2 especially women (female to 
male ratio nine to one) and elders,3,4 and could reduce their work productivity.5 The 
present main therapeutic strategies for DED include topical tear substitutes and 
lubrication, anti-inflammation, secretagogue, punctual occlusion, autologous serum, 
mucolysis and therapeutic contact lenses, and management of eyelid.6 Among 
them, artificial tear substitutes (ATS) is primarily and most often used for its 
functions of lubrication and evaporation alleviation with few side effects regardless 
of the severity of the disease.7 Inflammation plays an important role in the genesis 
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and development of dry eye disease, therefore, anti-inflam-
mation is essential for dry eye disease treatment.8 Topical 
anti-inflammation agents such as corticosteroids could 
break the cycle of surface damage, and therefore could 
significantly improve the symptoms and clinical signs of 
moderate to severe dry eye disease,9 but the attendant 
complications such as increasing ocular pressure and cat-
aract formation limit its use, especially for long-term 
application,10 so an effective anti-inflammatory agent 
with less impact on intraocular pressure is urgently needed 
for DED therapy.

Tetrandrine (6,6ʹ,7,12-tetramethoxy-2,2ʹ-dimethyl-ber-
baman, Tet), a plant alkaloid extracted from a Chinese 
traditional herb Han-fang-chi, is initially used to treat 
hypertension, rheumatoid arthritis and pulmonary 
fibrosis.11–14 As research moves along, other bioactivities 
of Tet including inducing cancer cells apoptosis,15 rever-
sing drug resistance in cancer therapy,16 anti-oxidizing17 

and suppressing inflammation18 have been gradually 
found. In ophthalmology, its therapeutic functions on 
conjunctivitis,19 ocular hypertension,20 Haze21 and 
uveitis22 have also been explored. Liposomes are artificial 
spherical vesicles consisting of one or more phospholipid 
bilayers with inner aqueous lumen from the external aqu-
eous environment,23 which resemble cell membrane, and 
have been studied as drug carriers for both water and 
liquid-soluble agents since 1970s.24,25 In ophthalmology, 
they have been widely studied for drug delivery not only 
due to their complete biodegradability and relative non-
toxicity in preparations,26,27 but also for prolonging the 
action time of encapsulated drugs by controlling release.28 

In addition it has been found that chemical modification 
such as cationization could provide greater duration of 
action and higher drug delivery on the cornea for 
liposomes.29 But for DED, tear secretion is seriously 
decreased and barrier function of tear film is unavoidably 
damaged,1 which we supposed would be convenient for 
conventional liposomes to reside on the ocular surface, so 
we planned to adopt a conventional liposome for this 
study. 1-Bromoheptadecafluorooctane (PFOB) is 
a soluble phase-change material used in PLV to improve 
oxygenation and pulmonary function in acute lung damage 
administration.30 As the study develops in depth, it has 
been found that PFOB could target the epithelium and 
locate inflammation in the injured region.31 We hypothe-
sized that anti-inflammation activation of Tet would be 
increased combined with PFOB loading on liposomes, 
and effectively treat dry eye disease via anti-inflammation.

Materials and Methods
Dipalmitoyl phosphatidyl ethanolamine (DPPE) was 
obtained from Corden (Liestal, Switzerland). Cholesterol 
was purchased from Ruixi Biological Technology (Xi’an, 
China). Soybean lecithin and benzalkonium chloride were 
supplied by Macklin (Shanghai, China). 
Lipopolysaccharide (LPS) and 1-bromoheptadecafluorooc-
tane (PFOB, 99%) were purchased from Sigma-Aldrich 
Co. (St Louis, MO, USAa). Tetrandrine (Tet, 99%) was 
purchased from Shanchuan Biotechnology (Xi’an, China). 
Artificial tear substitute (ATS) was purchased from 
Allergan Inc. (Irvine, CA, USA). PEG2, IL-1β, VEGF 
and TNF-α ELISA kits were purchased from Fine 
Biotech (Wuhan, China). DAPI, 1,1ʹ-dioctadecyl- 
3,3,3ʹ,3ʹ-tetramethylindocarbocyanine perchlorate (DiI), 
and 1,1-dioctadecyl-3,3,3,3-tetramethylindocarbocyanine 
iodide (DiR) were provided by Beyotime (Shanghai, 
China).

Synthesis of Liposomes
PFOB@LIP-Tet was synthesized through traditional film 
dispersion ultrasonic oscillation method32 (Figure 1): 
soybean lecithin: DPPE: cholesterol: Tet=7:1:2:6, 16 mg 
in total, dissolved evenly in trichloromethane, then eva-
porated reelingly in a rotary evaporator (50°C, 120 rpm/ 
min) until a uniform thin liquid film formed. Next it was 
dissolved with PBS, then PFOB (100 μL) was added. 
Finally, PFOB@LIP-Tet was obtained by ultrasound 
oscillation (55W, four minutes) with a sonicator 
(Sonics, USA) in an ice bath, and then centrifugation 
was performed at 6000 rpm/min. Supernatants were 
removed and sediments were collected and resuspended 
by PBS or artificial tear substitutes.

Observations of Physicochemical 
Properties of Liposomes
The absorbance spectra of free Tet, PFOB@LIP and 
PFOB@LIP-Tet were detected by a UV spectrophotometer 
(UV2600, Shimadzu, Japan). The morphology of 
PFOB@LIP-Tet and PFOB@LIP were observed under 
transmission electron microscopy (TEM). Average size, 
polydispersion index (PDI), and surface potential were 
detected by a Malvern particle size analyzer. The mean 
size of PFOB@LIP-Tet were detected with prolonged time 
duration (1, 2, 3, 4, 5, 6, and 7 days). In addition, the gross 
appearance differences were recorded by digital 
photograph.

https://doi.org/10.2147/IJN.S301717                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 3614

Huang et al                                                                                                                                                           Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Examinations of Tet Loading in Liposomes 
and Its Release Pattern
The standard curve of Tet (dissolved in methyl alcohol) 
was established with an UV-vis-NIR spectrophotometer at 
the wavelength of 282 nm. The encapsulation efficiency 
(EE) and loading capacity (LC) of Tet were determined by 
examining the content of Tet in the supernatant based on 
the corresponding absorbance of UV-spectrum at 282 nm. 
EE and LC were calculated according to the formulas: EE 
%=weight of free Tet entrapped the liposomes/total weight 
of Tet, LC%=weight of free Tet entrapped the liposomes/ 
weight of liposomes.

Drug release performance of Tet was determined in 
a dialysis bag in buffer solution (methyl alcohol, 
99.99%) at 4°C (storage temperature), 25°C (room tem-
perature) and 33°C (corneal temperature). Briefly, 2 mL of 
PFOB@LIP-Tet-ATS suspension in a dialysis bag 
(MWCO:8000 Da) immersed in 50 mL of a buffer solution 
with stirring rate at 160 rpm for 20 h. At specific time 
intervals, 1 mL of determining concentrations of Tet was 
replaced with an equal volume of fresh methyl alcohol. 
Then the cumulative release amount of Tet was calculated 

with high-performance liquid chromatography (HPLC, 
VP-ODS 150 mm*4.6 mm, flow rate: 1 mL/min, mobile 
phase: methyl alcohol: water: triethyl amine=750:250:0.5) 
according to the standard curve.

Cell Culture and Establishment of Animal 
Model
Statens Seruminstitut rabbit corneal (SIRC) epithelial cells 
line was provided by Procell (Wuhan, China), and cultured 
with DMEM (Gibco, USA) medium containing 10% FBS 
(EVERY GREEN, China) and 1% penicillin-streptomycin 
and incubated under a 5% CO2 atmosphere at 37°C.

Thirty-five New Zealand White rabbits (purchased 
from and nursed at Chongqing Medical University 
Animal Research Center) weighing from 2.0 kg to 2.5 kg 
were used for this study. All rabbits were quarantined and 
acclimatized for a week at the Animal Research Center of 
Chongqing Medical University before the experiments. 
The left eye of 28 rabbits was treated with 0.1% BAC, 
40 uL topically, three times a day for 14 days.33 The DED 
models in rabbits were established seriously subject to 
guideline of Animal Ethics Committee and approved by 

Figure 1 Schematic illustration of the synthesis of PFOB@LIP-Tet and the therapeutic process.
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Animal Ethics Committee of Chongqing Medical 
University. Then all rabbits were randomly divided into 
four equal groups, including ATS group, Tet-ATS group, 
PFOB@LIP-ATS group and PFOB@LIP-Tet-ATS group. 
The remaining seven rabbits without BAC applied to their 
left eye was the normal (control) group. All operations on 
cells and animals were approved by the Animal Ethics 
Committee of Chongqing Medical University.

Biosafety of Tet and PFOB@LIP-Tet
Toxicity of Tet and PFOB@LIP-Tet were detected by Cell 
Counting Kit-8 (CCK-8) and live/dead cell-staining test 
synergistically. In CCk-8 SIRC cells were seeded in 96- 
well plates at the density of 5.0×104 cells/mL and cultured 
for 24 h. Next the cells were divided into 10 groups, each 
group containing six wells, and 2.5, 5, 7.5 or 10 μg/mL Tet 
free in solution and 10, 20, 30, 40 or 50 μg/mL Tet 
encapsulated in liposomes were added to the wells that 
corresponded to each experimental group, while fresh 
culture medium was added to the wells in the control 
group. After 24 48 h co-incubation, the cells were washed 
with PBS three times, and 100 μL of 10% CCK-8 solution 
was added to each well and incubated for 30 min, then the 
96-well plates were analyzed spectrophotometrically at 
450 nm with a microplate reader (SpectraMax M3; 
Molecular Devices), and after being compared with the 
control-group cells, the percentage of viable cells were 
determined; In the live/dead cell-staining test, SIRC cells 
(5×105) were seeded into a laser confocal cell-culture dish, 
and after 24 h incubation, cells were washed twice with 
PBS and fresh culture medium containing various 
PFOB@LIP-Tet formulations were added. After 24 h co- 
incubation, cell culture was removed and cells were 
washed twice with PBS, next, dyes were added and co- 
incubated for 15 min. After being washed with PBS twice, 
all samples were observed under a confocal laser scanning 
microscope (CLSM, Nikon A1, Japan).

Cellular Uptake of PFOB@LIP-Tet
The cellular uptake of PFOB@LIP-Tet in SIRC cells was 
detected by CLSM and flow cytometry (FCM, FACS 
Vantage, Becton Dickinson, USA). SIRC cells (5×103) 
were seeded into laser confocal culture dishes and divided 
into two groups randomly, including normal cell group and 
inflamed cell group, and after 12 h incubation, culture med-
iums in the normal cell group were replaced by fresh culture 
mediums and culture mediums in inflamed cell group were 
replaced by culture mediums containing LPS (500 ng/mL). 

After six hours incubation, culture medium of two groups 
were discarded and cells were washed twice with PBS, and 
next new cell culture mediums containing DiI (λexcitation/ 
λemission=549 nm/565 nm) labeled PFOB@LIP-Tet (100 μg/ 
mL) were added. After different intervals of co-incubation, 
the nucleus of all SIRC cells was stained with DAPI 
(λexcitation/λemission=364 nm/454 nm), then the extent of cel-
lular in two groups were observed and recorded with CLSM. 
Furthermore, the quantitative uptake of PFOB@LIP-Tet in 
SIRC cells of both groups at different intervals was retested 
and analyzed by FCM.

Dispersion and Retention of 
PFOB@LIP-Tet on Ocular Anterior 
Segments
Dispersion and retention of PFOB@LIP-Tet on ocular ante-
rior segments in normal eye and dry eye were detected by 
FLI system (Cri Inc., Woburn, MA, USA). Typically, rabbits 
were divided into two groups, normal eye group and DED 
eye group, next pentobarbital sodium (3%, 1 mL/kg) was 
used to sedate rabbits, then 30 μL ATS containing DiR 
(λexcitation/λemission=748 nm/780 nm) labeled PFOB@LIP- 
Tet (1 mg/mL) was dropped onto the ocular surface, then 
the relative fluorescence intensity of nanoparticles, which 
flew out with tears, were observed and recorded with 
a in vivo imaging system (IVIS) Spectrum (LB983, Bold, 
Germany). Then we could compare the quantity of the nano-
particles in normal eyes and DED eyes immediately at dif-
ferent intervals. Various segments of eyes in two groups were 
extracted and detected at 2 h. In addition, rabbits from the 
two groups also were treated with the ATS that contained the 
same concentration of DiI-labeled liposomes and placed in 
a dark environment. Two hours later, the corneas were dis-
sected, put into a tissue well and soaked in tissue-Tek opti-
mum cutting-temperature compound. Sequentially, tissue 
wells were frozen on dry ice and stored at −70°C. The frozen 
samples were cut into 10 μm sections with a cryostat micro-
tome (CM1860, LEICA, Germany). Next, the cornea cells 
were fixed by paraformaldehyde (4%) and the sections were 
fixed in mounting medium and sealed. Samples were 
observed and photographed with a CLSM.

Anti-inflammation Effects of Liposomes 
in vitro
The anti-inflammation effects of PFOB@LIP-Tet formula-
tions in vitro were synthetically assessed by the related 
inflammatory cytokines release and the survival rates of 
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cells after treatment. SIRC cells (5×104) were seeded in 
six-well plates and cultured for 24 h. To induce inflamma-
tion, culture mediums containing LPS (500 ng/mL) were 
added and co-incubated for six hours. After stimulation by 
LPS, culture mediums were removed, and cells were 
washed twice with PBS, then fresh culture medium (with-
out LPS) containing free Tet, PFOB@LIP and 
PFOB@LIP-Tet were added. The cells that were stimu-
lated by LPS but not treated by free Tet or liposomes were 
used as the control group. The concentration of Tet in the 
Tet group and PFOB@LIP-Tet group was the same (5 ug/ 
mL). All cells in every group were halved. One half of 
cells were detached from the plates after being incubated 
for 24 and 48 h, washed with PBS and resuspended into 
500 μL binding buffer, and incubated with FITC-conju-
gated annexin V (Sanjian, Hangzhou, China) and propi-
dium iodide (PI, Sigma) at room temperature in dark for 
15 min, then the survival cells were detected by flow 
cytometry. The other half of cells were harvested from 
the plates after 24 h culture for RNA extraction and the 
culture medium was collected too. Total RNA was isolated 
through reacting with TRIzol reagent following the man-
ufacturer's protocol. The extracted RNA was stored at 
−80°C for reverse-transcription PCR. Next, RNA (2 μg) 
of every group was used and the first-strand cDNA was 
synthesized subject to instructional protocols with the 
high-capacity cDNA reverse-transcription kit (Servicebio, 
Wuhan, China), then real-time PCR was performed using 
a LightCycler 96 real-time PCR system (Bio-rad, CA, 
USA). Specific primers (PEG2 [NM_001171406.1], 
VEGF [XM_017345155.1], IL-1β [NM_001082201.1], 
TFN-α [NM_001082263.1]) were used. In addition, the 
collected culture mediums were centrifuged at 1000 g to 
remove the cell formulations, then ELISA was performed 
as soon as possible.

Therapeutic Efficacy Evaluation
Animals from all groups were respectively treated with 30 
μL ATS, PFOB@LIP-ATS suspension, Tet-ATS and 
PFOB@LIP-Tet-ATS suspension topically, three times 
a day. The concentration of Tet provided to every rabbit in 
Tet-ATS group and PFOB@LIP-Tet was same (0.1 mg/mL). 
At different intervals, rabbits were sedated by pentobarbital 
sodium (3%, 0.8 mL/kg), then 2 μL 1% fluorescein sodium 
or rose bengal was dropped into the conjunctival sac. The 
fluorescence intensity on the cornea was quantified under 
slit-lamp (LS-6, Sunkingdom Medical Instrument, 
Chongqing, China). Furthermore, for analyzing the staining 

results, a standardized score scale (0=absent, 1=minimal, 
2=mild, 3=moderate, 4=marked and 5=severe) was 
applied.34 After seven days’ treatment, Schirmer test was 
performed to measure the tear secretion: insert a Schirmer 
tear test trip (TQM Schirmer, Indian) into the external third 
of the lower eyelid for five minutes without topical anesthe-
sia and record the length of strips wetted by tears. After 
seven days’ therapy, trapezoidal desk of acetate fiber filter 
membrane was placed on the nasal and temporal bulbar 
conjunctiva to collect conjunctival impression cytology spe-
cimens. Samples were stained with hematoxylin and peri-
odic acid-Schiff (PAS) for identification of goblet cells. The 
number of goblet cells was counted under a light microscope 
(DMi1, LEICA, Solms, Germany). Then all rabbits were 
sacrificed, and corneal tissues of model eyes were exacted. 
Each cornea was halved. One half was stored at −80°C for 
further RNA isolation and PCR performance to certify the 
translations of gene VEGF, IL-1β, TNF-α and PEG2 in line 
with the procedure introduced above. The other half was 
fixed in paraformaldehyde (4%), dehydrated in a graded 
ethanol series, and embedded in paraffin. Thin sections (5 
μm) were obtained and stained with H&E, and then were 
observed and recorded under a light microscope (DMi1, 
LEICA, Solms, Germany). In addition to analysis of corneal 
epithelial thickness, apoptotic cells were analyzed by 
TUNEL assay. Following fixation and permeabilization, 
samples were incubated with mixtures of TdT solution and 
fluorescein isothiocyanate dUTP solution from a TUNEL 
assay kit (Servicebio, Wuhan, China). After two hours incu-
bation at 37°C in a humidity chamber, samples were coun-
terstained with DAPI for identification of cell nuclei. Under 
a fluorescence microscope (ECLIPSE C1, Nikon, Japan), the 
number of TUNEL-positive apoptotic cells were counted at 
three randomly selected fields.

Eye Pressure Measurement
To further clarify the impact of PFOB@LIP-Tet formula-
tions on eye pressure, administration time was prolonged to 
14 day. At the time of 0, 7 and 14 days, one drop of 
ropivacaine hydrochloride (0.4%) was given to the model 
eyes to alleviate the discomfort resulting from operation, 
then a contact tonometer (Tono-Pen AVIA, Reichert, CA, 
USA) was used to detect the eye pressure of each model eye.

Statistical Analysis
Data were presented as the means ±SD. Statistical analysis 
was performed with GraphPad Prism version 8.3.0 
(GraphPad Software, CA, USA) through multiple T-test, 

International Journal of Nanomedicine 2021:16                                                                                   https://doi.org/10.2147/IJN.S301717                                                                                                                                                                                                                       

DovePress                                                                                                                       
3617

Dovepress                                                                                                                                                           Huang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


row mean with SD, Simple linear regression, ordinary one- 
way ANOVA and two-way ANOVA. Statistical signifi-
cance was set to P<0.05.

Results
Observations of Physicochemical 
Properties of Liposomes
As showen in Figure 2A, we prepared the PFOB@LIP and 
PFOB@LIP-Tet, which were resuspended in PBS at same 
concentration and the transparency of Tet solution, 
PFOB@LIP and PFOB@LIP-Tet suspension was differ-
ent. Diameters of PFOB@LIP and PFOB@LIP-Tet, 
respectively were measured. The average size of 
PFOB@LIP was 79.4±7.7 nm and that of PFOB@LIP- 
Tet was 103.4±7.8 nm (Figure 2B). Their PDI both in PBS 
and ATS was <0.25. Under TEM, PFOB@LIP and 
PFOB@LIP-Tet had a relatively regular spherical core- 
shell structure: the lipid bilayer with or without Tet 

inserted served as the shell while the liquid phase-change-
able PFOB was the core. The transparency of PFOB@LIP- 
Tet was decreased compared with PFOB@LIP (Figure 2C) 
and with PFOB wrapped in liposomes, the liquid could 
easily be phase-changed in a vacuum when a high-speed 
electron beam was used during TEM, so the diameter of 
liposomes may be discordant with that measured by parti-
cle size analyzer. Meanwhile, the size change of 
PFOB@LIP-Tet in PBS was detected for seven days in 
succession (Figure 2D). Besides, the zeta potential of 
PFOB@LIP and PFOB@LIP-Tet was respectively −6.0 
±1.2 mV and −21.8±0.6 mV (Figure 2E), and UV–vis– 
NIR spectrum showed that PFOB@LIP-Tet and Tet were 
featured with a characteristic absorption peak at 282 nm, 
while PFOB@LIP exhibited no such characteristic absorp-
tion peak (Figure 2F). All these differences between 
PFOB@LIP and PFOB@LIP-Tet implied successful load-
ing of Tet on liposomes. Then it was calculated that Tet 
encapsulation efficiency and loading capacity were about 

Figure 2 (A) Digital photographs of properties of PFOB@LIP-Tet formulations (1 mg/mL). (B) Size of PFOB@LIP and PFOB@LIP-Tet (100 μg/mL). (C) TEM of PFOB@LIP 
and PFOB@LIP-Tet (250 μg/mL). (D) PFOB@LIP-Tet size distribution with prolonged time duration. Insert: digital photos of the PFOB@LIP-Tet suspended in PBS (2.5 mg/ 
mL). (E) Zeta potential of PFOB@LIP and PFOB@LIP-Tet (100 μg/mL). (F) UV-vis–NIR absorbance spectra of free Tet, PFOB@LIP, and PFOB@LIP-Tet (50 μg/mL). T-test 
and Row mean with SD were performed for analysis (P 0.0001).
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79.9% and 49.4%, respectively, according to the standard 
curve of Tet absorption spectra (Figure 3A and B). The 
cumulative Tet release was calculated according to the 
calibration curve of Tet performed by HLPC (Figure 3C), 
and results showed a slow release of up to 2.2±0.1%, 4.2 
±0.1% and 76.2±0.2% at 480 min respectively at 4°C, 25° 
C and 33°C (Figure 3D), meaning that Tet was easily 
released from PFOB@LIP-Tet at corneal temperature and 
terribly hard for that performance at storage temperature 
and room temperature.

Cell Viability of SIRC Cells Treated with 
PFOB@LIP-Tet Formulations
Evaluation of possible cytotoxicity of free Tet and 
PFOB@LIP-Tet was done by assessing the viability of 
SRIC cells using CCK-8. As the results showed, the cell 
viability was dose-dependently decreased as the 

concentrations of Tet increased, no matter free in solution 
or encapsulated in PFOB@LIP-Tet. For concentration of 
Tet free in solution from 2.5 to 10 µg/mL cell viability, 
respectively was 93.1±5.3%, 84.8±0.9%, 74.9±0.7% and 
57.7±0.6% after 24 h incubation, and that was 88.2±4.6%, 
82.1±3.0%, 69.3±4.8% and 54.6±2.9% after incubation for 
48 h. For concentration of Tet encapsulated in 
PFOB@LIP-Tet from 10 to 50 µg/mL, cell viability was 
respectively 91.6±6.7%, 73.4±2.7%, 68.8±1.1%, 64.3 
±1.7% and 51.9±4.2% after 24 hco-culture, and that is 
77.3±2.8%, 67.3±6.0%, 52.4±4.9%, 41.1±2.0% and 35.5 
±1.7% after for 48 h co-culture. Comparing the cell viabi-
lity of Tet free in solution and encapsulated in 
PFOB@LIP-Tet at the concentration of 10 µg/mL 
(Figure 4A), statistical significance was evident. The con-
centration of Tet was fixed at 5 µg/mL, and in live/dead 
staining images, the prevalence of green fluorescent cells 

Figure 3 (A) UV–vis–NIR absorbance spectra of Tet at elevated concentrations. (B) A calibration curve of Tet for the quantitation of its loading efficiency. (C) A calibration 
curve of Tet with concentration from 0.8125 to 100 µg/mL for the quantitation of its cumulative releases. (D) In vitro cumulative release of Tet from PFOB@LIP-Tet in ATS 
solution at 4°C, 25°C and 33°C. Linear regression was performed.
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(live cells) was the evidence that this concentration of Tet 
was safe for SIRC cells, no matter encapsulated in lipo-
somes or free in solutions (Figure 4B).

PFOB@LIP-Tet Accumulation in SIRC 
Cells
The cellular uptake of PFOB@LIP-Tet between normal 
cells and inflamed cells was compared with CLSM and 
FCM. As shown in CLSM images, almost all inflamed 
SIRC cells were DiI-positive while a small number of 
normal SIRC cells were DiI-positive after incubation 
with DiI-labeled PFOB@LIP-Tet for 30 min (Figure 5A). 
After being analyzed by FCM, it was calculated that about 
91.1% of inflamed SIRC cells were DiI-positive, while for 
normal SIRC cells, that number was just 7.6% (Figure 5B 
and C). All these results suggested that the uptake ability 
of SIRC cells was significantly increased after stimulation 
by LPS, in other words, it is much easier for inflamed 
SIRC cells to take in PFOB@LIP-Tet compared to normal 
SIRC cells.

PFOB@LIP-Tet Accumulation and 
Penetration in Rabbit Eyes
PFOB@LIP-Tet accumulated in normal eyes and dry eyes 
was compared indirectly. The DiR-labeled PFOB@LIP- 
Tet suspended in ATS were dropped onto the ocular sur-
face to explore the distribution of liposomes in the anterior 
parts of eyes, and as the relative fluorescent images 
showed (Figure 6A), the liposomes flowed out of canthus 
and eyelids as soon they were dropped into normal eyes, 
but those dropped into dry eyes remained, and began to be 
cleared out at 20 min, and for the DiR fluorescent intensity 
of liposomes out of normal eyes highest at this time, we 
guessed that DiR-labeled liposomes may have been 
washed out entirely. At 30 min, fluorescent intensity out-
side the dry eye ascended to a peak (Figure S1A), we 
supposed that the liposomes that had not resided in or 
adhered to ocular surface may have been cleared totally. 
Then aqueous humor, cornea, conjunctiva, crystalline lens, 
vitreous body and iris were exacted and observed by FLI 
system (Figure 6B), and after analysis (Figure S1B), the 
results corresponded to our hypothesis: only the conjunc-
tiva of normal eyes had feeble fluorescent intensity but 
both cornea and conjunctiva of dry eyes showed fluores-
cent signals, especially the iris, which showed strong 
fluorescent intensity. Then DiI-stained PFOB@LIP-Tet 
were used to verify the accumulation of liposomes in 

corneal epithelium. CLSM results showed strong Dil fluor-
escent intensity in corneal epithelium of dry eye, but 
almost none in the normal corneal epithelium (Figure 6C)

Assessments of Anti-inflammation Effects 
in vitro
The anti-inflammation activations of PFOB@LIP-Tet for-
mulations were detected by analyzing the expression of 
related inflammatory cytokines including VEGF, IL-1β, 
TNF-α and PEG2 directly. From PCR results, we could 
find that the translations of gene VEGF, IL-1β, TNF-α and 
PEG2 of the inflamed cells were significantly downregu-
lated compared with those in the control group after being 
treated by PFOB@LIP-Tet formulations (Figure 7A). 
Furthermore, the corresponding cytokines released into 
culture medium were detected by ELISA, and the results 
showed the concentrations of cytokines were decreased by 
PFOB@LIP-Tet formulations (Figure 7B). Besides, trans-
plantation and expression level of all four cytokines in the 
PFOB@LIP-Tet group was shown to be significantly the 
lowest by analyzing the PCR and ELISA results (Figure 
7A and B). Then we examined the survival rates of the 
cells treated by PFOB@LIP-Tet after stimulation by LPS. 
The survival rate of inflamed cells treated by PBS, 
PFOB@LIP, Tet and PFOB@LIP-Tet for 24 h was 59.97 
±0.566%, 66.67±0.628%, 74.7±0.9%, and 80.9±0.9% 
(Figure S2A), and for 48 h, that was 22.4±0.4%, 27.5 
±0.5%, 40.9±0.3% and 65.5±0.6%, respectively (Figure 
S2B). The survival rate of normal cells was respectively 
81.5±0.8% and 77.6±0.6% after being incubated with PBS 
for 24 h and 48 h. The survival rate of inflamed SIRC cells 
was increased after treatment by PFOB@LIP-Tet formula-
tions, and among them, the survival rate of SIRC cells in 
the PFOB@LIP-Tet group was highest (Figure S2A and 
S2B). By decreasing the cytokines concentration and 
increasing the survival rates of inflamed cells effectively, 
the anti-inflammation function of PFOB@LIP-Tet was 
achieved effectively.

Assessment of Therapeutic Effects and 
Side Effects on DED in vivo
The therapeutic effects of PFOB@LIP-Tet-ATS were eval-
uated by the recovery of corneal epithelium and the tear 
secretions. As the corneal staining images showed, corneas 
with DED in the ATS, PFOB@LIP-ATS, Tet-ATS and 
PFOB@LIP-Tet-ATS groups showed different recovery 
progress: the DED cornea treated by PFOB@LIP-Tet- 
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Figure 4 (A) Cell viability of SIRC cells after treated with Tet free in solution or encapsulated in PFOB@LIP-Tet at various concentrations after 24 h and 48 h incubation. 
(B) Live/dead staining images of SIRC cells treated for 24 h with variant PFOB@LIP-Tet (Tet: 5 µg/mL). Ordinary one-way ANOVA was performed (*P<0.05, **P<0.01, 
***P<0.0001).
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ATS showed less staining area and slighter dyeing inten-
sity than those in the ATS, PFOB@LIP-ATS, and Tet-ATS 
groups at any detection timing, no matter fluorescein 
sodium staining or rose Bengal staining (Figure 8A and 
B). Corneal staining of DED rabbits respectively treated 
by ATS, PFOB@LIP-ATS, Tet-ATS and PFOB@LIP-Tet- 
ATS for seven days was scored at 3.7±0.5, 3.2±0.4, 1.5 
±0.5, and 0.5±0.5 according to the standard score scale, 
and the analysis results of staining scores in succession 
showed meaningful difference (Figure 8C). Then Schirmer 
tests were performed to detect the tear secretion. The tear 
secretions volumes of DED eyes in the ATS, PFOB@LIP- 
ATS, Tet-ATS, and PFOB@LIP-Tet-ATS groups were 7.3 

±1.1 mm, 8.5±0.9 mm, 11.5±1.5 mm, and 11.8±1.3 mm, 
respectively after seven days administration, and that of 
the normal group was 15.8±1.1 mm. Next, H&E and 
TUNEL staining were performed on the corneas dissected 
from all rabbit groups on the eighth day to detect the 
corneas in pathology, including corneal epithelium thick-
ness and apoptosis of epithelial cells. After staining with 
H&E, measured thickness of corneal epithelium respec-
tively from the normal, ATS, PFOB@LIP-ATS, Tet-ATS, 
and PFOB@LIP-Tet-ATS groups was 68.3±2.7 μm, 19.1 
±1.1 μm, 26.2±1.6 μm, 36.8±0.7 μm, and 54.2±1.9 μm 
(Figure 9A). TUNEL staining results told us that number 
of the apoptosis cells in the same corneal acreage from the 

Figure 5 (A) Intracellular uptake of Dil-labeled PFOB@LIP-Tet by SIRC cells with or without being stimulated by LPS observed by CLSM at different intervals (PFOB@LIP- 
Tet: 100 μg/mL). (B) Flow cytometry detection of intracellular uptake of Dil-labeled PFOB@LIP-Tet (100 μg/mL). (C) Quantitative analysis of flow-cytometry. Multiple t-tests 
were performed (*P<0.01).
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normal, ATS, PFOB@LIP-ATS, Tet-ATS, and 
PFOB@LIP-Tet-ATS groups was 2.7±0.9, 360.0±23.6, 
236.3±39.0, 113.7±14.4, and 14.0±4.3, respectively 
(Figure 9B). Stained by PAS, counted number of PAS- 
positive cells in impression cytology collected from of 
DED rabbits of the normal, ATS, PFOB@LIP-ATS, Tet- 
ATS, and PFOB@LIP-Tet-ATS groups was 2369.7±359.8, 
261±14.9, 936.7±79.8, 1772.3±34.5 and 2414±179.8 
(Figure 9C). Translations of gene VEGF, IL-1β, TNF-α, 

and PEG2 in DED rabbit corneas were analyzed by PCR, 
and as the results showed, all these genes were down-
regulated after treatment by PFOB@LIP-Tet formulations 
(Figure 10). By analyzing the data of corneal staining 
scores, corneal epithelium thickness, tear secretion test, 
apoptotic cells number and goblet cell number, statistical 
significances were evident among the experimental 
groups. At last, we detected the eye pressure changes 
before and after treatment. The measured eye pressure in 

Figure 6 (A) Fluorescence images of DiR-labeled liposomes (PFOB@LIP-Tet: 1 mg/mL) flowed out of eyes at different time intervals. Insert: Schirmer test results of normal 
rabbit and DED rabbit. (B) Ex vivo fluorescence images of major eye segments dissected from rabbits two hours after DiR-labeled liposomes (PFOB@LIP-Tet: 1 mg/mL) was 
dropped. (C) Fluorescence images of DiI-labeled liposomes (PFOB@LIP-Tet: 1 mg/mL) in corneal epithelium two hours after liposomes were provided.
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Figure 7 (A) Gene translations of IL-1β, PEG2, VEGF, and TNF-α in normal SIRC cells and inflamed SIRC cells after incubated with PBS PFOB@LIP, Tet and PFOB@LIP-Tet 
(Tet: 5 μg/mL) for 24 h. (B) Expression of IL-1β, PEG2, VEGF, and TNF-α in normal SIRC cells and inflamed SIRC cells after incubation with PBS PFOB@LIP, Tet and 
PFOB@LIP-Tet (Tet: 5 μg/mL) for 24 h. The SIRC cells that were stimulated by LPS but not treated by free Tet or liposomes were used as the control group and the SIRC 
cells that were neither treated with LPS or liposomes were surveyed as normal group. Ordinary one-way ANOVA was performed (*P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001).
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the ATS, PFOB@LIP-ATS, Tet-ATS, and PFOB@LIP-Tet 
groups was 16.2±3.3 mmHg, 12.8±2.2 mmHg, 12.5±1.7 
mmHg, and 14.8±1.7 mmHg, respectively before treat-
ment, then corresponding eye pressure after treatment 
was 16.2±2.315 mmHg, 13.0±2.0 mmHg, 12.6±1.6 
mmHg, and 15.0±2.7 mmHg, and then we prolonged ther-
apy time to 14 days further observe the effect of 
PFOB@LIP-Tet-ATS formulations on eye pressure, the 
measured eye pressure was 14.8±1.3 mmHg, 11.8±1.5 
mmHg, 10.2±0.7 mmHg, and 13.3±0.4 mmHg (Figure 10 
and 11). By analyzing the data, changes of eye pressure in 
the ATS and PFOB@LIP-Tet-ATS groups showed no 

statistical significance in the whole treatment course, 
while statistical difference was found between the ATS 
and Tet-ATS groups, for eye pressure was decreased after 
being treated by Tet-ATS for 14 days.

Discussion
Ocular inflammation is an important factor in occurrence 
and development of dry eye disease.8 Cytokines, including 
Il-1β, TNF-α, and PEG2 and VEGF, have been certified to 
play an important role in DED, and by inhibiting expres-
sion of those cytokines, symptoms of DED could be sig-
nificantly alleviated.35–39 Traditional anti-inflammatory 

Figure 8 (A) Fluorescein staining images of rabbit cornea after respectively treated by ATS, PFOB@LIP-ATS, Tet-ATS and PFOB@LIP-Tet-ATS for one, three, five, and 
seven days (Tet: 0.1 mg/mL). (B) Rose Bengal stained images of rabbit corneas after respectively being treated by ATS, PFOB@LIP -ATS, Tet-ATS and PFOB@LIP-Tet-ATS for 
one, three, five, and seven days (Tet: 0.1 mg/mL). (C) Analysis of staining scores of (A and B) with PFOB@LIP-Tet-ATS serving as the control group. (D) Schirmer test 
results after a weeks treatment. Ordinary one-way ANOVA and two-way ANOVA were performed (*P<0.05, **P<0.01, ***P<0.0001).
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Figure 9 (A) H&E staining of corneas dissected from rabbits of experimental groups and control group and corneal epithelial thickness analysis. (B) TUNEL staining of 
corneal sections from groups and apoptosis counts analysis. (C) Conjunctival impression cytological images and goblet cell number analysis. Ordinary one-way ANOVA was 
performed (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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agents like corticosteroids would result in disastrous inci-
dence if inappropriately applied, including intraocular 
hypertension and cataract,10 which narrows its use in 
DED therapy. Therefore, an effective anti-inflammation 
agent with less impact on intraocular pressure is worthy 
of exploration. Tet, a plant alkaloid isolated from 
a traditional Chinese herb,11 is initially used as an anti- 

inflammation agent to treat rheumatoid arthritis. It has 
been demonstrated that Tet could suppress the release of 
IL-1β, TNF-α, VEGF and PEG2

40–43 and in ophthalmol-
ogy, it has been studied to use Tet to cure inflammatory 
diseases including conjunctivitis and uveitis,19,22 what 
is more, the effect of Tet on eye pressure has been 
studied.20 Therefore, we hypothesized that Tet could treat 

Figure 10 Translation level of gene IL-1β, PEG2, VEGF, and TNF-α in corneas dissected from the rabbits of ATS, PFOB@LIP-ATS, Tet- ATS and PFOB@LIP-Tet- 
ATS (Tet: 0.1 mg/mL) group after seven days treatment. Ordinary one-way ANOVA was performed (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)
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dry eye disease by inhibiting the expression of 
cytokines IL-1β, TNF-α, VEGF and PEG2.

Liposomes as drug carriers, for plant alkaloids,44 have 
long been studied and their advantage of reducing toxicity 
and prolonging action time of the encapsulated drug has 
been fully used to carry drugs to treat anterior eye 
disease.25,45 For low secretion of tears and tear barriers 
was broken in DED, it was thought conventional to settle 
on the ocular surface without difficulty, so we thought it 
was not necessary for this study to modify the liposomes 
to obtain better adherence and longer residence time. 
PFOB, a phase-change material, has been certified for 
the function of targeting epithelial cells and locating 
inflammation.31 In addition, for the preparation of lipo-
somes in this study, PFOB could significantly increase the 
encapsulation efficiency of Tet (Figure S3). Here, PFOB 
was used as a core in the synthesis of liposomes. ATS is 
the baseline medicine and widely used in DED therapy, no 
matter the severity of the disease, so it is employed to 
suspend the liposomes in this study.

In this study, we firstly detected the physicochemical 
property of PFOB@LIP-Tet immediately after its prepara-
tion. Diameter, morphology, zeta potential, and ultraviolet 
absorption spectrum suggested that Tet and 1-bromohep-
tadecafluorooctane were successfully loaded on liposomes, 
with Tet inserted into the shell and PFOB serving as the 
core (Figure 2A–C, E and F). Then the mean size with 
prolonged time duration was detected to certify the stabi-
lity of PFOB@LIP-Tet and results showed that it could 
exist stably when stored at 4°C (Figure 2D). Next, the 
standard curve of free Tet was drawn according to its 
ultraviolet absorbance at different concentrations (Figure 
3A and B), and then the encapsulation efficiency and 
loading capacity of Tet were calculated with the help of 
a standard curve. The release of Tet in ATS was examined 
at 4°C, 25°C, and 33°C. Its releasing pattern at 4°C and 
25°C also suggested stability of PFOB@LIP-Tet, and its 
controlled release performance at 33°C (Figure 3C and D) 
combined with its encapsulation efficiency and loading 
capacity indicated the successful preparation of 
a sustainable release system.

After the controlled release system was successfully 
synthesized, we tested the biosafety of PFOB@LIP-Tet 
formulations using CCK-8 and live/dead staining. 
Comparing the cell viability of Tet free in solution and 
encapsulated in PFOB@LIP-Tet at the concentration of 10 
µg/mL, results indicated that the cell was increased after it 
was loaded onto PFOB@LIP-Tet (Figure 4A). The cell 

viability and prevalence of green fluorescent cells showed 
that 5 μg/mL was the safe concentration for Tet, regardless 
free in solution or encapsulated in liposomes, whatis more, 
Tet becomes safer when loaded on liposomes (Figure 4A 
and B). Then we examined the accumulations of lipo-
somes with fluorescent tags in vitro and in vivo. In order 
to verify our hypothesis, its distributions respectively in 
normal cells and normal eyes were used as the control 
group. Though comparing CLSM images and analyzing 
FC results (Figure 5A–C), the outstanding ability of 
inflamed SIRC cells to take in PFOB@LIP-Tet was 
proved, but that of normal SIRC cells was not evident. 
Then according to the intensity of DiR-labeled 
PFOB@LIP-Tet flowing out with tears, we could compare 
the quantity of liposomes remaining in the normal eyes 
and DED eyes, after analyzing the relative fluorescence 
intensity (Figure 6A and S1A), we could find that there 
were much more liposomes residing in the DED eye, and 
then we detected the fluorescence intensity of different eye 
segments dissected from the normal eyes and DED eyes, 
we found that the liposomes staying in DED eyes mostly 
assembled in the conjunctiva and cornea (Figure 6B and 
S1B). In addition, DiI-tagged liposomes were used to 
detect the penetration of PFOB@LIP-Tet in the corneal 
epithelium, and from the CLSM images, we could see that 
the corneal epithelium with DED was full of DiI fluores-
cence signal, and that in normal corneal epithelium there 
was almost none (Figure 6C). All those results demon-
strated that only inflamed corneal cells take in 
PFOB@LIP-Tet easily, but it is hard for normal corneal 
epithelial cells to do that. Namely, it is possible for con-
ventional liposomes to settle down on the DED cornea 
easily, which proved our assumption. What is more, tear 
secretions of rabbits were suppressed when anesthetized, 
which means that the speed of PFOB@LIP-Tet flowing 
out of normal eyes would be quicker when rabbits were 
under normal conditions. The difference of the accumula-
tion of PFOB@LIP-Tet between in DED corneal cells and 
normal corneal cells, both in vitro and in vivo, also indi-
cated that accumulation of PFOB@LIP-Tet would be 
decreased as the inflammation alleviated, in other words, 
PFOB@LIP-Tet is safer with the improvement of dry eye 
disease.

Then we assessed the anti-inflammation effects of 
PFOB@LIP-Tet formulations both in vitro and in vivo. 
In vitro, expressions of cytokines including VEGF, IL-1β, 
TNF-α and PEG2 were tested both in normal SIRC cells 
and inflamed SIRC cells treated by PFOB@LIP-Tet 
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formulations. As RT-PCR and ELISA results showed 
(Figure 7A and B), the expressions of VEGF, IL-1β, 
TNF-α and PEG2 were downregulated in inflamed SIRC 
cells after being treated by FOB@LIP-Tet formulations, 
especially by PFOB@LIP-Tet. Then the rates of SIRC 
cells surviving from inflammation was analyzed by flow 
cytometry after being treated by PFOB@LIP-Tet formula-
tions. As shown in FCM results (Figure S2A and S2B), 
survival rates of inflamed SIRC cells were significantly 
increased after incubation with FOB@LIP-Tet elements 
for 24 and 48 h, which was consistent with PCR and 
ELISA results. Next, the therapeutic effects of 
PFOB@LIP-Tet were evaluated relied on clinical and 
pathological examinations on DED models. Suspended in 
ATS, PFOB@LIP-Tet showed outstanding remedial func-
tion on DED while observing the stained cornea with DED 
at different intervals (Figure 8A and B). By compiling 
statistics of staining scores, statistical significance was 
evident (Figure 8C). The Schirmer test was also performed 
to detect the quantity of tear secretions of DED rabbits 
from all groups, and by gathering statistics, tear secretions 
of DED rabbits were significantly increased after being 
treated by PFOB@LIP-Tet-ATS (Figure 8D), but still 
lower than that of normal rabbits, which meant that lachry-
mal glands were not completely recovered. Then PAS, 
H&E and TUNEL staining were performed to observe 
the conjunctival goblet cells, corneal epithelial thickness 
and apoptosis of corneal epithelial cells. From staining 
images, we found that goblet cell number and corneal 
epithelium thickness were increased while corneal epithe-
lial cell apoptosis was decreased after treatment, especially 
treatment by PFOB@LIP-Tet-ATS, and the measured 
thickness and the counted number of apoptosis cells and 
goblet cells were analyzed, and statistical difference was 
significant (Figure 9A–C). Translations of gene VEGF, IL- 
1β, TNF-α and PEG2 in corneas were downregulated after 
DED rabbits were treated by PFOB@LIP-Tet-ATS ele-
ments, especially by PFOB@LIP-Tet-ATS, from which 
significance could be easily found (Figure 10). PCR also 
declared that the anti-inflammation function of 
PFOB@LIP-Tet was performed by inhibiting the expres-
sion of VEGF, IL-1β, TNF-α and PEG2. At last, the eye 
pressure changes were examined before and after treat-
ment. In order to further observe effects of liposome ele-
ments on intraocular pressure, administration time was 
prolonged to 14 days. By analyzing the change of eye 
pressure, no meaningful statistical difference was found 
between the ATS and PFOB@LIP-Tet-ATS groups but 

significance existed between the ATS and Tet-ATS 
groups (Figure 11), meaning that PFOB@LIP-Tet-ATS 
has less influence on eye pressure than Tet. To sum up, 
PFOB@LIP-Tet is more effective than Tet for dry eye 
disease treatment, but has less impact than Tet on intrao-
cular pressure.

Conclusions
Liposome was successfully synthesized using a traditional 
film dispersion ultrasonic oscillation method in one-step. Tet 
and PFOB were loaded onto the liposome with success, with 
Tet inserted into shell and PFOB serving as the core of lipo-
some. It is certified that PFOB@LIP-Tet is superior in biosaf-
ety and controlled release compared to Tet. As drug carriers, 
liposomes were long criticized for leakage of encapsulated 
molecules and disintegration automatically,25 but we coinci-
dentally utilized those characters of liposomes to realize the 
release of Tet and PFOB from liposomes without exerting 
additional force in this study. Our assumption has been con-
firmed, for conventional liposome PFOB@LIP-Tet showed 
obvious accumulation on DED corneal epithelium. After com-
bining with PFOB and loading onto the liposome, the anti- 
inflammation function of Tet was increased and its impact on 
intraocular pressure was decreased. PFOB@LIP-Tet could 
effectively treat dry eye disease via anti-inflammation, which 
was realized by inhibiting the expression and release of VEGF, 
IL-1β, TNF-α and PEG2, but had little impact on intraocular 
pressure. What is more, the role of PFOB@LIP-Tet will be 
gradually weakened along with the prosperity of tear film 
barrier and the elimination of inflammation in ocular surface.

Figure 11 Eye pressure of model eyes detected at 0, 7 and 14 d. Two-way ANOVA 
was performed for analysis with ATS group serving as the control group (*P<0.05).
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In addition, antioxidant action of Tet has been found,17 

which we supposed also plays an important role in treat-
ment of Tet on dry eye disease. We will verify this role of 
Tet and PFOB@LIP-Tet in the improvement of dry eye 
disease in the following study.
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