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In the treatment of heart disease, strategies for the targeted delivery of protein therapeutics to the heart by
inhalation are still immature. Perfluorocarbons (PFCs) are inert chemicals with good biocompatibility, and
unique physico-chemical properties that have recently led to their applications in numerous fields. In this study,
we combined the advantages of protein-phospholipid complexes and PFC emulsions and then synthesized
protein-loaded PFC nanoemulsions (PNEs) to test whether, after inhalation, these nanoemulsions could deliver
therapeutic proteins to the heart. After preparing protein-phospholipid complexes by lyophilization, we obtained
PNEs by extrusion. The particle size and surface charge of PNEs were about 140 nm and -50 mV, respectively. In
vitro results showed that the PNEs had a fine particle fraction of 35% and exhibited sustained protein release.
Translocation studies were done using three types of pulmonary epithelial cells, and ~7% translocation was
observed in the Calu-3 cell line. Further, they were easily absorbed by cells and had therapeutic effects in culture.
In vivo results showed that the PNEs successfully delivered proteins to the myocardial tissue of rats and reduced
ischemic myocardial injury caused by acute myocardial infarction (AMI). This study suggests that inhalation of

PNEs is a new potential strategy to deliver proteins to cardiac tissues for treating heart diseases.

1. Introduction

With the advent of proteomics, the development of therapeutics
based on proteins/peptide drugs (hereafter called proteins) has attracted
significant academic and commercial attention (Bull and Doig, 2015).
Through the research and development of macromolecular drugs, the
potential clinical value of protein drugs has become increasingly evident
(Lagasse et al., 2017). Cardiovascular diseases are the leading contrib-
utors to disease burden in older people (30.3% of the total burden in
people aged 60 years and older) (Prince et al., 2015). However, in the
treatment of heart disease, the targeted delivery of drugs, especially
protein drugs, requires further study (Liu et al., 2014).

On the basis of anatomy, after inhaled drugs such as nanomaterials
are absorbed, they can cross respiratory barrier to reach systemic

circulation and secondary organs. (Puisney et al., 2018) (Miragoli et al.,
2018). The ideal carrier is necessary for pulmonary administration
(Asmawi et al., 2019) (Arbain et al., 2019). Aerosols have their limita-
tions, it is difficult to deliver drugs deep into the lungs or in places filled
with fluid (Jaafar-Maalej et al., 2009). Nanoparticles can cross the
alveolar-capillary barrier, demonstrating that inhalation therapy could
be used for the treatment of heart disease (Miragoli et al., 2018)
(Braakhuis et al., 2015). However, there are also some disadvantages to
the use of nanoparticles. For example, strong interactions between in-
dividual nanoparticles can lead to agglomeration (Naahidi et al., 2013).
Further, there is a risk that they might deposit deep in the lungs and
might cause damage (Braakhuis et al., 2014).

Perfluorocarbons (PFCs) are a promising carrier for pulmonary
administration. PFCs are not metabolized in the body and can be
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excreted by breathing (Li et al., 2018). PFC’s low surface tension, high
density, and high diffusion coefficient allows PFC-based particles to flow
through extremely narrow airways (Lehmler, 2007). More importantly,
oxygen is dissolved in PFCs at a concentration of about 40%-50%, which
is 20 times higher than the capacity of water and 2 times higher than
plasma (Lowe, 1999). We speculate that these properties allow PFCs to
enhance blood gas exchange and enable drug delivery. Pigment
epithelium-derived factor (PEDF) is a highly conserved secreted pleio-
tropic monomeric glycoprotein naturally present in the body (Tom-
bran-Tink and Barnstable, 2003). It has been shown to play a central role
in mediating cellular protection against oxidative stress, by promoting
cell survival, reducing inflammation, and inhibiting pathological
angiogenesis in a range of cell types and tissues (Brook et al., 2020).
PEDF is thought to exert its biological activity by interacting with its
receptor on cell surface (Yuan et al., 2019). Our previous studies have
shown that PEDF has protective effects on the myocardium during acute
myocardial infarction (AMI) in rats (Yuan et al., 2019) (Qiu et al., 2018).
However, the cardiac delivery of PEDF as well as the suitable drug
carrier are in great need to induce this effect.

To date, PFCs have rarely been reported as carriers for protein drugs
(Li et al., 2018). Because PFCs are immiscible with water, they are often
applied in the form of emulsions. PFC emulsions are classified into
oil-in-water (O/W) type and water-in-oil (W/O) type, and proteins are
usually hydrophilic and thus present in the aqueous phase. For O/W
emulsions, the proteins will quickly diffuse into the external aqueous
environment, leading to burst release and only a small remaining
amount of protein drug by the time the carrier gets to the target. For
W/O emulsions, phase inversion may happen in vivo, also leading to
drug loss (Rao and Shao, 2008). Some studies have shown that
protein-phospholipid complexes can enhance the lipophilicity of pro-
teins (Zhang et al., 2012). Considering that O/W nanoemulsions are
easily atomized and have higher patient compliance, enhancing the
lipophilicity of the protein and loading it into the oil phase of the O/W
nanoemulsion is highly desirable.

The purpose of this study was to develop a new type of protein-
loaded PFC nanoemulsion (PNE), with a goal of testing whether PFC
nanoemulsions can cross the alveolar-capillary barrier and deliver pro-
teins to cardiac tissues for the treatment of heart diseases.

2. Materials and Methods
2.1. Materials

Hydrogenated Soybean Phospholipids (HSPC) were purchased from
Ai Weituo (Shanghai) Pharmaceutical Technology Co., Ltd. (Shanghai,
China). Bovine Serum Albumin (BSA) was purchased from Shanghai
Huixing Biochemical Reagent Co., Ltd. (Shanghai, China). Recombinant
rat PEDF (GenBank accession number: NM_177927) was synthesized by
Cusabio Biotech, Co, Ltd (Wuhan, China). Perflubron (PFOB) was pur-
chased from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). All the other reagents were of analytical grade.

2.2. Preparation and Characterization of PNEs

2.2.1. Preparation and Oil-water Partition Determination of Protein-
phospholipid Complex

The protein-phospholipid complexes was prepared with proteins
(BSA, bovine serum albumin, molecular weight: 66 kDa, molecular
diameter: 14 nm (Tencer et al, 2007); PEDF, pigment
epithelium-derived factor, molecular weight: 50 kDa, molecular diam-
eter: 7 nm (Becerra, 2006)) and HSPC at various weight ratios (1:0, 1:1,
1:5, 1:10, 1:15, 1:20). HSPC was dissolved in absolute ethanol (100
mg/ml), and proteins were dissolved in sodium dihydrogen phosphate
(NaH3PO4) buffer at pH = 6.5 (1 mg / ml) to enhance charge transfer
effect (The isoelectric point of PEDF is 6.0 and that of BSA is 4.7. The
isoelectric point of phospholipid used in this study (HSPC) is 7.0. When
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pH of the buffer was set at 6.5, the proteins possessed negative charges
and phospholipid possessed positive charges, inducing the charge effect
to form the protein-phospholipid complex) (Khan et al., 2013). After
mixing, solutions were stirred for 2 h and put it in a refrigerator at -20°C
overnight. The protein-phospholipid complexes was freezed at -40°C for
12h, and then lyophilized (FD-1C-50, Beijing Boyikang Experimental
Instrument Co., Ltd., Beijing, China). The cold trap of the freeze dryer
was -45°C and the degree of vacuum was 10 mPa.

Three milligrams of protein-phospholipid complexes were dissolved
in 3 ml of a mixture of water and PFOB (4: 1, v / v), mixed thoroughly,
centrifuged at 14,000 g for 15 min. Then, 1 ml of supernatant was placed
into a vial along with 4 ml Coomassie brilliant blue G250 solution, and
distilled water was added to a total volume of 10 ml. This solution was
kept at room temperature for 35 min. Samples containing no protein or
containing the same concentration of protein were processed identically
as a reference, and absorbance was measured at 595 nm. The oil-water
distribution coefficient was calculated based on absorbance.

2.2.2. Preparation of PNEs

The composition of PNE (1ml) consists of three parts: (1) Oil phase:
80 pl PFOB; (2) Emulsifier: 40 mg protein-phospholipid complexes, 20
mg HSPC, 30 mg PEG-4000, 20 mg Vitamin E-TPGS; (3) Water phase:
920 pl deionized water. After magnetic stirring, the preparation was
extruded 15 times through a 0.1 pm filter in the MiniExtruder system
(Avanti Polar Lipids, AL, USA). Finally, it was filtered through a sterile
filter (0.1 pm) and stored at 8°C.

2.2.3. Particle Size and Zeta Potential Determination

The particle size and surface charge of PNEs were determined by
dynamic light scattering using the PSS NICOMP 380 ZLS Zeta potential/
particle sizer (Preferred Systems Solutions, Inc., Santa Barbara, CA,
USA). To prove the correction of the results, the samples were diluted
with PBS (pH 7.2) to control the average count rates of the sample in the
range of 100-300. The parameters of the detection were set as follow-
ings: channel width: 6.4 uSec; temperature: 23°C; liquid viscosity: 0.933
CP; liquid index of refraction: 1.333; intensity setpoint: 300 KHz;
external fiber angle: 90 deg; scattering angle: 90 deg; numbers of
measuring cycles: 3.

2.2.4. Morphology Determination

The morphology of PNEs was examined by transmission electron
microscopy (TEM, Tecnai G2 Spirit Twin; FEI Company, Hillsboro, OR,
USA). Briefly, PNEs were diluted 100 x with distilled water, and a drop
of the suspension was deposited on a copper mesh coated with a formvar
film. After removing excess fluid, the sample was negatively stained
with 2% phosphotungstic acid for about 30 seconds, and then the sample
was examined with TEM.

2.2.5. Protein Release Determination in Vitro

The protein release from 0.5 ml of PNEs was detected in 4.5 mL PBS
(pH 7.4) or bronchoalveolar lavage fluid (BALF) at 37°C (BALF, see
section 2.8). At different time points (O h, 1 h, 2h, 4 h,8h, 12 h, 24 h),
100 pl of sample was aspirated, centrifuged at 14,000 g for 15 min, and
then the supernatant was collected to measure protein concentration.
The protein concentration in each sample was determined using the
bicinchoninic acid (BCA) method according to the manufacturer’s in-
structions. (Biyuntian BCA protein quantification kit, # P0012). In this
study, the protein release within only 24h was performed, because the
nanoemulsion stays in the lungs of rats for no more than 24h, which was
proved in Section 3.8.

2.2.6. Fine Particle Fraction Determination

The fine particle fraction determination of PNEs released from these
devices was evaluated using a twin impinger (British Pharmacopoeia
2010, Appendix XII C7, Apparatus A). Cou-6-PNEs (6 mL, 10 x diluted,
see section 2.4) were placed in a tube that was connected to a nebulizer
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(NE-C900, OMRON, Japan). A flow rate of 60 L/min was obtained using
a vacuum pump. The upper and lower stages of the impinger were filled
with 7 mL and 25 mL of a 1:1 (v / v) mixture of methanol-water. After
the atomization process was over, the samples were taken from the
lower and upper stages for analysis of drug content using fluorescence
spectrophotometry (F-4600, Hitachi Ltd., Tokyo, Japan). The fraction
that was deposited in the lower stage of the impinger represented the
fine particle fraction (FPF) of PNEs.

2.3. Cell Culture and Cytotoxicity of PNEs

The embryonic rat heart-derived H9¢2 cell line was obtained from
the American Type Culture Collection. RLE-6TN rat lung epithelial type
II cells was obtained from the Wuhan Procell Life Technology Co., Ltd.
Human non-small cell lung cancer A549 cell line and human lung
adenocarcinoma Calu-3 cell line were gifts from Cancer Institute of
Xuzhou Medical University. All cells were cultured in DMEM high
glucose medium containing 10% fetal bovine serum and were incubated
in a humidified atmosphere containing 5% CO,. We replaced the me-
dium every 2 days. The digestion process used a solution of trypsin /
EDTA (0.25% trypsin). Hypoxia was achieved by culturing cells in
DHank’s liquid with glucose deprivation in a tri-gas incubator saturated
with 5% CO3 / 1% O at 37°C for the indicated time periods (Heal Force,
Shanghai, China). All cells were sub-cultured or used for experimental
procedures at 80-90% confluence.

Cells (1 x 10* cells per well) were seeded into wells of a 96-well plate
(Corning, New York, USA). Cell viability was assessed using a CCK-8 kit
(Dojindo Molecular Technologies, Inc., Tokyo, Japan). The absorbance
at 450 nm was measured using a microplate reader (BioTek Synergy2,
Instruments, Inc., Winooski, VT, USA). The mean optical density (OD)
value from at least 3 parallel groups was used to calculate the cell
viability.

2.4. Transport of PNEs

Proteins (BSA and PEDF) were dissolved in a sodium dihydrogen
phosphate (NaH2PO4) buffer solution with a pH of 6.5 (1 mg/ml), and
Cy5-NHS solution (1 mg/ml, DMSO) was slowly added under magnetic
stirring. The weight ratio of proteins and Cy5-NHS was 200: 1. The NHS
(N-HydroxySuccinimide) group could react with the amino group of
proteins to induce stable chemical bindings of Cy5 with proteins (Jiang
et al., 2019). After the reaction performed at 25°C for 12 hours, the
mixed sample was placed in a dialysis bag (MW: 14,000 Da), and then
the dialysis bag was placed in 1 L of acetic acid aqueous solution (PH
6.0) for 2 days with stirring, and the acetic acid solution was replaced
every 12 h. After dialysis, the sample was lyophilized to obtain
Cy5-proteins. The lyophilization procedure was the same as mentioned
in Section 2.2.1. About 43.7% fluorescence intensity was retained after
dialysis and lyophilization compared to input. The Cy5-proteins were
prepared formulated into Cy5-B-PNE or Cy5-P-PNE as described above,
with protein replaced by Cy5-protein. Coumarin is lipophilic and can be
used to represent the oil phase. A small amount of coumarin 6 (Sig-
ma-Aldrich) was dissolved in PFOB (10 pg/ml), and Cou-6-PNEs were
obtained using the method of preparing PNEs.

To detect the transport of PNEs, three alveolar epithelial cells sta-
bilized (A549, RLE-6TN and Calu-3) were seeded on the upper chamber
of a transwell (1 x 10° per well, 0.4 pm pore polyester membrane,
Corning, New York, USA) and cultured for 10 days. Incubating cell
monolayers with B-PNE for 12h, after refreshing the culture medium,
transepithelial electrical resistance (TEER) was measured by EVOM2
(WPI, Sarasota, USA). The mean resistance of a cell-free transwell insert
was subtracted from the resistance measured across each cell layer to
yield the TEER value of the cell monolayer. The mean transport rate of
PNEs was measured by fluorescence spectrophotometry. Cou-6-B-PNE
(BSA, 10 pg / ml) were added to phenol red-free medium in the upper
chamber and incubated for 1, 2, 4, 8, 12 h, than collected medium in the
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lower chamber of transwell for the next experiment. Coumarin 6 was
insoluble in water, if coumarin 6 was detected in the lower chamber of
transwell, it meant that PNEs could cross the cell monolayer.

2.5. Intracellular Uptake

To track the intracellular localization, after incubation of cells with
Cou-6-B-PNE for 12 h, the cells were labeled with a Lyso Tracker Red
DND-99 and fixed with paraformaldehyde. The location of PNEs in the
cells was observed using a laser confocal scanning microscopy (Olympus
FV10i, Tokyo, Japan).

H9¢2 cells (1 x 10* per well) were seeded into wells of a 96-well
plate (Corning, New York, USA), and then Cou-6-B-PNE (BSA, 10 pg /
ml) were added and incubated for 1, 2, 4, 8, 12 h. Nuclei were coun-
terstained with 4,6-diamidino-2-phenylindole (DAPI; KeyGen Biotech,
catalog #KGA215-10, China). After 3 washes in PBS, samples were
directly observed using a fluorescent microscope (Olympus, Tokyo,
Japan). Intracellular Cou-6 was detected using a multimode microplate
reader (Synergy2; BioTek,Winooski, VT, USA) at 366 nm.

2.6. Western Blotting Analysis

To prepare a whole cell lysate, cells were lysed with a Cell Total
Protein Extraction Kit (catalog #C510003, Sangon Biotech) containing a
cocktail of phosphatase inhibitors and protease inhibitors. Rat tissue
proteins in the myocardium of the infarct zone were extracted with lysis
buffer (pH=7.5) containing 50 mM Tris, 150 mM NaCl, 0.1% SDS, 1%
Triton X-100, 1% Na-deoxycholate, 1% protease, and complete protease
inhibitor cocktail (catalog #C510003, Sangon Biotech).

Primary antibodies against cleaved caspase-3 (1:1,000, catalog #
9661, CST), PEDF (1:1,000, catalog # DF6547, Affinity Biosciences) and
B-tubulin (1:20,000, catalog # 66240-1-Ig, Proteintech) were used, fol-
lowed by corresponding secondary antibodies (anti-rabbit IgG H-+L
DyLight™800 4 x PEG 1:30,000; cat. no. 5151, and anti-mouse IgG H+L
DyLight™ 680 1:15,000; cat. no. 5470, Cell Signaling Technology), and
images were captured using the Odyssey infrared imaging system (LI-
COR Biosciences, Lincoln, NE, USA). Western blot results were quanti-
fied using ImageJ software (National Institutes of Health, Bethesda,
MD). Relative protein expression was calculated after normalization to
p-tubulin.

2.7. Effect of PNEs on AMI in Rats

2.7.1. Rats

Sprague-Dawley (SD) male rats (250 + 20 g, 8-10 weeks) were ob-
tained from the Experimental Animal Center of Xuzhou Medical College.
The rats were kept on a 12 h light-dark cycle with free access to food and
water. All experiments were performed in adherence with the National
Institutes of Health (NIH Publication, gth Edition, 2011) guidelines for
the use of laboratory animals. The rat care and experimental protocols
were approved by the Animal Care and Use Committee of Xuzhou
Medical University (License no. SYXK 2002-0038; Jiangsu, China).

SD rats were anesthetized with sodium pentobarbital (60 mg / kg)
intraperitoneally. After adequate anesthesia, PNEs were administered by
oral tracheal intubation. In addition, using a 16-gauge polyethylene
catheter connected to a ventilator (Medical Equipment Company,
Shanghai, China) for artificial respiration three minutes to prevent
asphyxia. One dose of PNE (protein, 2 mg / kg) or an equal volume of
normal saline was administered via the catheter.

The AMI model was induced by ligation of the left anterior
descending (LAD) coronary artery (Qiu et al., 2018). In brief, placing
rats in a supine position, a left thoracotomy was performed through the
fourth intercostal space under sterile conditions. Following thoracot-
omy, a 6-0 Prolene® monofilament polypropylene suture (Ethicon,
Somerville, NJ) was passed from below to loop the LAD and then
tightened. After successful ligation, the left ventricular myocardium
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changed from bright red to dark purple and the ECG showed ST-segment
elevation.

2.7.2. Histological Examination

After the rats were sacrificed, the heart and left lung was fixed in 4%
paraformaldehyde, dehydrated, embedded in paraffin, and then the
tissue was cut into 4 pm sections and stained with hematoxylin-eosin to
assess pathology.

Frozen sections of myocardium and lung (8 pm) were fixed for 15
minutes with 4% paraformaldehyde, nuclei were stained with 40, 6-dia-
midino-2-phenylindole (catalog # KGA215-10; KeyGEN BioTECH
Corp., Ltd,Nanjing, China). After a final wash, coverslips were mounted
on slides using 50% glycerin. Then, sections were observed using a
confocal laser scanning microscope.

2.7.3. Determination of Myocardial Infarct Size and Glycogen Content
Assay

Hearts were frozen at -20 °C and cut into 2 mm slices perpendicular
to the axis of the left anterior descending coronary artery. Slices were
immediately immersed in 1% TTC (Sigma-Aldrich) in phosphate buffer
(pH 7.2) at 37°C for 15 minutes to discriminate infarcted tissue from
viable myocardium (Li et al., 2018). All slices were scanned by a color
CCD camera (FV-10; Fujifilm, Tokyo, Japan). Morphometric measure-
ments of the infarct area (INF) were performed with digital planimetry
software (Image-Pro Plus 6.0; Media Cybernetics Inc., Bethesda, MD).
The myocardial infarct size was expressed as a percentage of the infarct
area (INF) over total LV (INF/ LV x 100%).

Periodic Acid Schiff (PAS) Glycogen Staining was performed using a
Periodic Acid-Schiff (PAS) Kit (395B, Sigma-Aldrich). Semithin sections
or Cardiomyocytes were fixed with 4% paraformaldehyde, oxidized
with periodic acid for 5 minutes at room temperature, washed, and then
incubated in Schiff’s reagent for 15 min at room temperature. Then, they
were washed and counterstained with hematoxylin solution for 90 sec-
onds, washed, dehydrated, and, last, the cover slips were mounted on
slides using 50% glycerin. Images were acquired using a color CCD
camera (FV-10, Fujifilm). Glycogen contents were measured using a two
enzymes, colorimetric glucose assay by Glycogen Assay Kit following the
manufacturer’s instructions (MAKO16, Sigma-Aldrich). Relative quan-
titative analysis of the change in glycogen levels was normalized to the
normal group.

2.8. Bronchoalveolar Lavage

After the rats were sacrificed, the chest cavity was opened with a
midline incision. Bronchoalveolar lavage was performed from the lung
through a tracheal cannula with 5 ml cold PBS (pH 7.2). This procedure
was repeated three times. After centrifugation at 4°C and 1000 g for 10
min, the cell-free supernatant was collected. Levels of TNF-a, IL-1p and
IL-6 were measured using quantitative enzyme-linked immunosorbent
assay analysis (ELISA) kits according to the manufacturer’s protocols
(Shanghai Renjie Biotechnology Co., Ltd, Shanghai, China).

2.9. Effect of PNEs on Blood Gas Analysis

Blood gas was measured at the exposed femoral arteries while rats
were under deep anesthesia. After rats were treated with an inhaled dose
of B-PNE or an equal volume of normal saline, samples (0.5 mL) of blood
were taken from abdominal aorta using an Arterial Blood Gas Sampler
(3302, 3cc; Westmed,Inc, Tucson, AZ). Samples were analyzed by an
automated blood gas system (GEM Premier 3500; Instrumentation
Laboratory, Bedford, MA).

2.10. Statistical Analysis

Data were expressed as means + standard deviation (SD). Multiple
group comparisons were evaluated via one-way analysis of variance
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Fig. 1. Oil-water partition coefficient of protein-phospholipid complexes. Data
are expressed as mean + SD (n = 3).

(ANOVA) followed by least significant difference -t-test for post hoc
analysis. Data between 2 independent groups were compared using two-
tailed Student’s t- test. Analyses were performed using SPSS software
(Chicago, IL, USA). P<0.05 was considered to represent a significant
difference.

Results
3.1. Characterization of Protein-phospholipid Complexes

Before preparing PNEs, protein-phospholipid complexes were first
prepared. After binding to phospholipids, the protein will be more
lipophilic (Zhou et al., 2012). First of all, in this experiment, BSA, was
selected for synthesis of the BSA-phospholipid complex. Secondly, we
synthesized PEDF-phospholipid complex. PEDF has previously been
proved to have clear protective effects on the myocardium during acute
ischemia (Yuan et al., 2019) (Yuan et al., 2019). The oil-water partition
coefficient was measured to determine the lipophilicity of the complex.
We found that, when the weight ratio of phospholipid to protein reached
more than 10:1, the lipophilicity of both proteins was significantly
improved, and the oil-water partition coefficients were around 85%
(Fig. 1). On the basis of this finding, we used a weight ratio of phos-
pholipid to protein of 15:1 in the following experiments.

3.2. Characterization of PNEs

In order to avoid damage to the protein structure and protein-
phospholipid complex caused by high-pressure homogenization or
phacoemulsification, control nanoemulsions loaded with BSA were
prepared using a MiniExtruder (filter size 0.1 pm). The resulting emul-
sion was named BSA-phospholipid complex perfluorocarbon nano-
emulsion (B-PNE). The therapeutic nanoemulsion loaded with the
protein PEDF was called PEDF-phospholipid complex perfluorocarbon
nano-emulsion (P-PNE). In addition to the surfactant, the components of
the emulsifier included phospholipids and protein-phospholipid com-
plexes, and the theoretical maximum drug loading was 3.75 mg / ml. In
this experiment, the drug loading we actually achieved was 2.5 mg / ml.

Smaller droplet sizes allow for a greater degree of drug absorption
and utilization (Liu et al., 2009). The size and stability of the emulsion
drops were evaluated by observing their morphological characteristics
and zeta potentials. The respective emulsion particle sizes were 138.9 +
3.7 nm and 140.1 + 4.7 nm (Fig. 2A), and the Zeta potentials were
-50.27 £ 1.26 mV, -50.13 + 1.83 mV (Fig. 2B). We also investigated the
protein-unloaded perfluorocarbon nanoemulsion (U-PNE). The
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Fig. 3. Cytotoxicity of PNEs. B-PNE treatment of A549, RLE-6TN, Calu-3, H9c2
cells with BSA concentrations of 10 pg / ml, 30 pg / ml, and 100 pg / ml
respectively by CCK-8 assay after 48 hours of incubation. Data are expressed as
mean + SD (n = 3).

physicochemical characteristics of U-PNE, B-PNE and P-PNE were
relatively consistent (Fig 2A-B). TEM imaging showed that the emulsion
droplets were uniformly sphere (Fig. 2C).
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Fig. 2. Characterization of PNEs. (A) The mean
particle size of PNEs. (B) The zeta potential of
PNEs. U-PNE, protein-unloaded perfluoro-
carbon nanoemulsion; B-PNE, BSA-
phospholipid complex perfluorocarbon nano-
emulsion; P-PNE, PEDF-phospholipid complex
perfluorocarbon nano-emulsion. (C) Represen-
tative transmission electron micrograph of
PNEs (the typical characteristics of P-PNE), bar
=100 nm. (D) The protein release rate of PNEs.
(E) The fine particle fraction of PNEs. Data are
expressed as mean + SD (n = 3).

3.3. Protein Release Rate of PNEs

The release characteristics of PNEs in vitro was determined as shown
in Fig. 3A. The release rate of BSA in B-PNE increased from 13.2 + 0.3%
at 0 hto 32.7 & 1.0% after 24 h, and the release rate of PEDF from P-PNE
increased from 15.0 &+ 0.5% at 0 h to 29.1 + 0.7% after 24 h (Fig. 2D).
This suggested that the lipophilicity of the protein was improved after
binding to phospholipids, yielding a sustained rate of release. In addi-
tion, there was no significant difference in the protein release rate of
PNEs in BALF and PBS, which indicated that alveolar surfactant might
not affect the protein release of PNEs. It was noteworthy that the protein
release rate and oil-water partition coefficient at 0 h between the two
formulations were essentially the same.

3.4. Fine Particle Fraction of PNEs

Inhalation formulations require assessment of the fraction of fine
particles. Therefore, we used coumarin 6 to label the oil phase of PNEs
and then measured the pulmonary sedimentation coefficient to predict
whether the nanoemulsion could be used for pulmonary administration
after ultrasonic atomization. The fraction of coumarin 6-labeled PNEs
that were deposited in the lower stage of the impinger was detected,
suggesting that the fine particle fraction of PNEs was 35% (Fig. 2E),
suggesting that 35% of PNEs would be predicted to settle in the lower
respiratory tract after inhalation. These results indicated that the PNEs
could be suitably prepared for pulmonary administration via ultrasonic
atomization.

3.5. Cytotoxicity of PNEs

Although the safety of PFC emulsions and phospholipids have been
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Fig. 4. Translocation and location of PNEs. (A) Influence of B-PNE on TEER of alveolar epithelial cells (after incubation compared to before incubation, n=3). (B)
The location of Cou-6-B-PNE in the Calu-3 and H9c2 cells, which were labeled with lyso Tracker red (n=3). (C) Translocation of Cou-6-B-PNE through a Calu-3

monolayer. 60 x Objective lens; bar = 10 pm.

supported by numerous prior studies (Gonzalez-Rothi et al., 1991,
Courrier et al., 2003, Shi et al., 2009), the incorporation of multiple
surfactants may present new risks. Therefore, we used CCK-8, a sensitive
colorimetric viability assay, to evaluate the toxicity of B-PNE to cells at
different concentrations (PEDF may affect the characteristics of cells, so
in some experiments we did not choose P-PNE). After treatment for 48
hours, across a 10 pg / ml to 100 pg / ml range of concentrations of
BSA-loaded nanoemulsions, PNEs had no obvious toxic effect on alve-
olar epithelial cells and H9c2 cells (Fig. 3, P > 0.05), indicating that the
PNEs were highly safe and could likely be used in vivo.

3.6. Translocation Study on Alveolar Epithelial Cell Monolayer

To study translocation of PNEs, B-PNE were added to the upper
chamber of transwell. After 12 h of incubation of the alveolar epithelial
cells (A549, RLE-6TN and Calu-3) monolayer with B-PNE, all TEER
values were not significantly changed (Fig. 4A). We noticed that the
TEER values of the A549 and RLE-6TN were too low, so we choosed the
Calu-3 cell line for further study.

The protein-phospholipid complexes were attached to the surface of
PFOB to form the oil phase. Considering that part of proteins were
present in the aqueous phase of PNEs, Coumarin 6 was insoluble in
water, so it could represent the oil phase. We tracked the localization of
PNE:s firstly, after incubating the Calu-3 cells with Cou-6-B-PNE for 12h,
Calu-3 cells were labeled with Lyso Tracker Red DND-99, which was
typically used to specifcally label lysosomes. Laser confocal microscopy
showed that the green fluorescence was evenly distributed in the cyto-
plasm, no obvious overlap with the red fluorescent regions (Fig. 4B).
This result indicated that the PNEs taken up by the cells were not tar-
geted to lysosomes.

The translocation of Cou-6-B-PNE is shown in Fig. 4C. After incu-
bating the Calu-3 cells with Cou-6-B-PNE on the 0.4 pm pore size
membrane, we could not detect any translocation within 2h, but as time

prolonged, Coumarin 6 kept accumulating in the lower chamber (7.2 +
0.5% translocation was observed at 12h), indicated that PNEs might
have the ability to cross the alveolar barrier.

3.7. Intracellular Uptake on H9c2 Cells

3.7.1. Time Dependence

The time dependence of endocytosis of Cou-6-B-PNE in H9c2 cells
was illustrated in Fig. 5A-B. The intracellular Cou-6 increased within 8
h, at which time, the uptake of Cou-6-B-PNE plateaued, indicating the
saturation of cellular uptake. according to this result, the time of pre-
uptake was set at 2 h for subsequent drug effect experiment. Similarly,
only a small amount of colocalization of lysosome and Cou-B-PNE was
observed in the cytoplasm of H9c2 cells (Fig. 5C).

3.7.2. Drug Effect of P-PNE

Next, we used an emulsion with a therapeutic protein to evaluate for
potential therapeutic effects. PEDF had been shown to play a central role
in mediating cellular protection against oxidative stress, by promoting
cell survival, reducing inflammation, and inhibiting pathological
angiogenesis in a range of cell types and tissues. Our previous studies
suggested that during oxygen-glucose deprivation (OGD), PEDF drove
cardiomyocytes to low levels of ATP, and promoted glycogen accumu-
lation to increase energy reserves, prolonged cell viability, and reduced
cardiomyocyte apoptosis (Qiu et al., 2018) (Zhuang et al., 2016). We
synthesized P-PNE loaded with PEDF to study whether the therapeutic
nanoemulsion could protect cardiomyocytes. After pre-incubation of
H9c2 cells with P-PNE for 2 h, compared with the OGD group,
cleaved-caspase 3 and rip 3 expression was significantly decreased in
embryonic rat heart cells treated with P-PNEs, demonstrating a reduc-
tion in cardiomyocyte death (Fig. 6A-B). This beneficial result suggests
that formulation of PEDF with the phospholipid complex did not
dramatically affect the activity of PEDF.
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Fig. 5. PNEs are easily taken up by H9c2 cells. (A) Representative images (fluorescent microscopy) of the uptake time dependence of Cou-6-B-PNE. Coumarin 6
(green) in the cytoplasm; 40 x Objective lens; bar = 10 pm. (B) Quantitative measurement of the time dependence of intracellular uptake from using a multimode
microplate reader (n=3). (C) The localization of Cou-6-B-PNE in the H9¢2 cells. 60 x Objective lens; bar = 10 pm.

3.8. Biodistribution of Proteins in Rat Myocardial Tissue

In order to observe whether the PNEs were able to reach heart, we
first labeled proteins with Cy5 to prepare Cy5-PNEs (Cy5-B-PNE and
Cy5-P-PNE). The immunofluorescence observation results of lung tissue
sections showed that PNEs were successfully delivered to the lungs and
existed for up to 12h (Fig. 7). According to this result, we choose 6 hours
as the time for observing the condition of myocardial tissue uptake. Six
hours after treatment by inhalation, red scattered fluorescence was
observed in myocardial tissue sections, indicating that the PNEs had
successfully translocated from the respiratory tract to the heart and were
taken up by myocardial tissue (Fig. 8A). Similarly, the western blot of rat
myocardial tissue confirmed this result. Compared with the normal
group, the relative signal of PEDF in the myocardial tissue of the P-PNE
group increased 2-fold. Of note, the abundance of PEDF in myocardial
tissues was not significantly increased in rats treated with PEDF in
aqueous solution (Fig. 8B-C).

3.9. Inhalation of PNEs to Reduce Rat Myocardial Infarct Size and
Promote Glycogen Accumulation

Finally, we evaluated the efficacy of PNEs with pharmacodynamic
experiments in vivo . Previous studies have shown that lentiviral over-
expression of PEDF increased glycogen accumulation and reduced the
area of myocardial infarction in rats with acute myocardial infarction
(Yuan et al., 2019). However, in contrast from previous studies, we
delivered recombinant rat PEDF to the rat myocardium in the form of
inhaled P-PNE in this work. Six hours after inhaling P-PNE, left anterior
descending coronary artery was ligated to establish a rat model of AMI
to evaluate the therapeutic effect of PEDF protein. Encouragingly, 6 h
after AMI, TTC staining showed that the infarct area of the P-PNE--
treated group was significantly smaller, representing that it effectively
prevented myocardial damage caused by acute ischemia, however the
group treated with aqueous PEDF was not protected (Fig. 9A-B).
Glycogen staining also showed that the ischemic area of myocardial
tissue from the P-PNE-treated group had higher glycogen accumulation
compared to the control or PEDF group (Fig. 9C-D). These results
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Fig. 6. P-PNE could exert the therapeutic effect of PEDF. (A) Western blot for cleaved caspase-3 and rip 3 in H9¢2 cells subjected to OGD for 4 h after treatment with
emulsions or equal volumes of solution for 2 h (proteins, 0.5 pg / ml). (B) Densitometric analysis of cleaved caspase-3 and rip 3 protein. Data are expressed as mean +
SD (n = 3). NS, **P < 0.01 vs Control group (OGD 4h). NS vs indicated group.

Fig. 7. Inhalation of PNEs. Inmunofluorescence analysis of the expression and distribution of Cy5 in rat lung tissues, 3, 6, 12, 24 hours after inhaling Cy5-PNEs or
equal volumes of Cy5-NHS solution. Cy5 (red); DAPI (blue); 10 x Objective lens; bar = 100 pm.
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Fig. 8. Inhaled PNEs deliver proteins to rat myocardial tissue. (A) Confocal immunofluorescence analysis of the expression and distribution of Cy5 in rat myocardial
tissues, eight hours after inhaling Cy5-P-PNE and Cy5-B-PNE or equal volumes of Cy5-NHS solution. The white arrow indicates the area of Cy5-PNEs. Cy5 (red); DAPI
(blue); 60 x Objective lens; bar = 10 pm. (B) Western blot for PEDF in rat myocardial tissues, eight hours after inhaling emulsions or equal volumes of normal saline
(proteins, 2 mg/kg). (C) Densitometric analysis of PEDF protein. Data are expressed as mean =+ SD (n = 3). NS, ***P < 0.001 vs Control group (normal saline group).

LV, left ventricle; RV, right ventricle.

suggested that PNE formulation helped to deliver the protein to the
myocardium where it could exert therapeutic effects.

3.10. Inhalation of PNEs to Maintain Arterial Oxygen Partial Pressure

During inhalation, transient respiratory depression may occur. To
observe the effects of application of PNEs, we collected arterial blood
and treated rats with an inhaled dose of PNEs every two days for a total
of 6 treatments to assess potential side effects. The result showed that,
although PaO, in each group was within the normal physiological
reference range (80-100 mmHg), PaO, value after inhalation of PNEs
was significantly higher than the NS group (Fig. 10A), which might be
related to the oxygen-carrying function of PFOB. In addition, no sig-
nificant damage was observed in rat lung and heart tissues after a total of
6 treatments (Fig. 10B). TNF-a, IL-1p and IL-6 are generally considered
as biomarkers of lung inflammation damage (Luo et al., 2020), analysis
of them expression in the BALF does not reveal any significant changes

in protein expression (Fig. 10C-E).
4. Discussion

In this study, an inhalable, protein-loaded PFC nanoemulsion was
developed for the prevention and treatment of heart disease. Nano-
emulsions have size distribution ranging between 50 and 1000 nm with
a mean droplet size of about 250 nm (Tamilvanan, 2009). Small particle
sizes and high bioavailability are highly desirable characteristics for
respiratory formulations. With a particle size of ~140 nm, our PNEs
perfectly fit within this size range (Fig. 2A-C). Although nanoemulsions
have been used for many forms of drug delivery, most respiratory
research has focused on formulations of small molecule drugs, and most
research on protein-loaded nanoemulsions has focused on oral admin-
istration (Rajpoot et al., 2011). We combined the properties of
protein-phospholipid complexes and PFC emulsions to synthesize PNEs,
with the goal of delivering protein to the heart. Our findings suggested
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Fig. 9. Inhaled P-PNE reduce myocardial infarct size and increase glycogen deposition in ischemic areas. (A) Representative images of the TTC staining of
myocardial tissues after AMI. Pale areas indicate infarcted regions. (B) Quantification of myocardial infarct size (INF) expressed as a percentage of the left ventricle
(LV). (B) PAS staining images of myocardial ischemic areas, as observed by light microscopy. The white arrow indicates the area of glycogen. 40 x Objective lens;
bar = 20 pm. (C) Quantification of glycogen content. Data are expressed as mean + SD. NS, ***P < 0.001 vs Control group (AMI) (n = 6, each group).

that this is a feasible strategy: PNEs delivered therapeutic proteins to the
myocardial tissue from respiratory tract, and exerted a protective effect
against ischemia.

PFCs are biocompatible materials that have been studied for a range
of biomedical applications, for example, PFOB has been used as a res-
piratory medium in animals and humans during liquid ventilation
(Kohlhauer et al., 2016). PFCs display weak intermolecular interactions
and are highly volatile, which can be quickly cleared from the lung or
systemic circulation by exhalation (Lehmler, 2007). PFCs can be taken
up by many types of cells by phagocytosis (Flaim, 1994). Extracellular
uptake experiments confirm that PNEs are easily taken up by car-
diomyocytes (Fig. 5A). Interestingly, we find that PNEs make protein-
aceous drugs show a wider distribution in the lungs (Fig. 7). In addition,
our study provides a possibility to enhance stability of proteinaceous
drugs as PFCs can protect proteins from lysosomal degradation (Fig. 4).
Finally, we also check the possible side effects of long-term inhalation of
PNEs. Certain cytokines and biomarkers have been studied well for the
role in inflammation. TNF-a, IL-1p and IL-6 are pro-inflammatory cy-
tokines that are responsible for the enhanced production of other cyto-
kines and augmentation of damage (Bagaria et al., 2020). We find that
PNEs do not cause an increase in cytokine expression (Fig. 10C-E).
Supporting this result, there are no observable pathologies in the heart
or lung slices (Fig. 10B). This suggests that intrapulmonary delivery of
drug emulsion does not cause inflammation.

Compared with intravenous injection, inhalation delivery will al-
ways provide slightly slower absorption. However, the treatment of
cardiovascular diseases is usually chronic and long-term. Importantly,
pulmonary delivery does not require professional injection in a clinical
setting. Further, it is more accepted by patients. In addition, the use of a
PFC-based nanoemulsion may help to avoid respiratory depression
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caused by inhalation. This may provide significant benefits for elderly
patients with underlying lung disease. However, this study had several
important limitations. Under normal physiological conditions, increases
in specific surface proteins (such as cardiac troponin) usually occur after
AMI rather than before (Kimenai et al., 2016), so it is difficult for PNEs
to exert targeted effects. In addition, we did not study the pharmaco-
kinetics of PNEs. Further research is needed to answer these remaining
questions.

5. Conclusion

In this study, protein-loaded PFC nanoemulsions with a diameter of
about 140 nm were prepared by a simple extrusion method and used as
an inhaled treatment to reduce the effects of AMI in a rat model of
disease. The cytotoxicity of PNEs was assessed by cell viability assays
and measurement of apoptotic cells. In addition, the fine particle frac-
tion and protein release kinetics supported the feasibility of inhalation of
aerosolized PNEs. Translocation studies indicated that PNEs had the
potential to cross the pulmonary alveolar epithelial barrier. Compared
to aqueous proteins, PNE-formulation led to greater uptake in rat
myocardial tissues, as demonstrated by immunofluorescence and west-
ern blotting analysis. Measurements of infarct size and glycogen depo-
sition demonstrated that treatment with the emulsion had significant
therapeutic effects. These results support this formulation method as a
delivery platform suitable for a broad range of therapeutic proteina-
ceous drugs and opens a new direction for the treatment of cardiovas-
cular diseases.
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Fig. 10. Blood gas analysis and pathology images of rats. (A) PaO, of rats that inhaled PNEs or an equivalent volume normal saline. Data are expressed as mean + SD
(n =6). ***P < 0.001, **P < 0.01 vs indicated group. (B) Lung sections (H&E). All biopsy sections were taken from the rats sacrificed after a total of 6 treatments; 20
x Objective lens; bar = 100 pm. H&E, hematoxylin and eosin. (C), (D) and (E) Quantification of cytokines. Compared with the normal group, the expression of TNF-a,

IL-1p and IL-6 did not change significantly (p <0.05).
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