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Background: Cardiovascular diseases (CVDs) are the leading causes of mortality worldwide. 

Currently, the best treatment options for myocardial infarction focus on the restoration of blood 

flow as soon as possible, which include reperfusion therapy, percutaneous coronary intervention, 

and therapeutic thrombolytic drugs.

Materials and methods: In the present study, we report the development of lipid-polymeric 

nanocarriers (LPNs) for mitochondria-targeted delivery of tanshinone IIA (TN). D-α-tocopheryl 

polyethylene glycol 1000 succinate (TPGS) was linked to the triphenylphosphonium (TPP) 

cation. The LPNs were fabricated by nanoprecipitation method. LPNs were evaluated in vitro 

and in vivo in comparison with free drugs and other similar nanocarriers.

Results: The mean diameter of TN/nanoparticles (NPs) was 89.6 nm, while that of TN/LPNs was 

121.3 nm. The zeta potential of TN/NPs and TN/LPNs was −33.6 and −22.3 mV, respectively. 

Compared with free TN and TN/NPs, TN/LPNs exhibited significantly improved compatibility 

and therapeutic efficiency. In addition, the in vivo pharmacokinetics, biodistribution, and infarct 

therapy studies in Sprague Dawley rats showed that TPP-TPGS/TN/LPNs had better efficiency 

than their nonmodified TN/LPNs counterparts in all respects.

Conclusion: These results indicated that the TPP-TPGS/TN/LPNs were promising nanocarriers 

for efficient delivery of cardiovascular drugs and other therapeutic agents for the treatment 

of CVDs.

Keywords: myocardial infarction, mitochondria targeting, lipid-polymeric nanocarriers, 

D-α-tocopheryl polyethylene glycol 1000 succinate, triphenylphosphonium, tanshinone IIA

Introduction
Cardiovascular diseases (CVDs), including ischemic heart disease and myocardial 

infarction (MI), remain a major global health problem. CVDs are the leading causes 

of mortality worldwide, with an estimated 17 million deaths every year, according to 

the 2013 Global Burden of Disease Study.1 MI caused about one million deaths every 

year in the USA, resulting in more deaths than cancer.2 Currently, the best treatment 

options for MI focus on the restoration of blood flow as soon as possible, which 

include reperfusion therapy, percutaneous coronary intervention, and therapeutic 

thrombolytic drugs.3–5

Myocardial reperfusion injury following acute MI (AMI) is critically determined 

by mitochondrial dysfunction. Therefore, mitochondria-targeted therapy could be 

an effective strategy for limiting the MI size and decreasing harmful side effects.6 
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Compared to hydrophilic compounds, alkyltriphenylphos-

phonium cations, including methyltriphenylphosphonium 

(TPMP) cation and triphenylphosphonium (TPP) cation, pass 

easily through lipid bilayers via noncarrier-mediated trans-

port and accumulate several hundredfold within mitochon-

dria, because of the high negative mitochondrial membrane 

potential (−150 to −170 mV).7,8 Recently, several researches 

have focused on synthesizing new compounds based on TPP 

or TPMP and developing nanoparticles (NPs) which were 

surface-modified by TPP cations for mitochondria-targeted 

drug delivery systems.8–10 In order to reduce the generation of 

reactive oxygen species brought by myocardial ischemia rep-

erfusion, TPMP was conjugated with antioxidants vitamin E 

and coenzyme Q.7

D-α-tocopheryl polyethylene glycol 1000 succinate 

(TPGS, a water-soluble succinate ester of vitamin E) pos-

sesses an amphiphilic structure and could exhibit an extraor-

dinary permeation effect to hydrophobic and hydrophilic 

agents.11,12 Moreover, TPGS could prolong blood circula-

tion time, enhance the solubility of hydrophobic drugs, 

and improve cellular uptake.13–15 As an US FDA-approved 

biocompatible excipient, TPGS is widely used in nanocar-

riers for cancer therapy.16 TPP and TPGS conjugate could 

combine both advantages and was synthesized for the first 

time in this study.

NPs-based drug delivery systems have attracted much 

attention in the treatment of MI and ischemic heart disease.17,18 

NPs comprising inorganic particles, lipid NPs, or polymeric 

micelles can be targeted toward mitochondria using mito-

chondriotropic moieties such as TPP and TPMP.8 Among 

them, lipid-polymeric nanocarriers (LPNs) have emerged as 

a multifunctional drug delivery platform, which combines 

mechanical advantages of polymeric core and biomimetic 

advantages of phospholipid shell into a single platform.19 

Specifically, LPNs exhibit high structural integrity, stability 

during storage, controlled release, and high biocompatibility 

and bioavailability owed to the lipid layers. In our study, 

we designed TPP-TPGS surface-modified, tanshinone 

(TN)-loaded LPNs (TPP-TPGS/TN/LPNs) for the targeted 

therapy of MI.

TN is a major active ingredient derived from the Chinese 

medical herb Salvia miltiorrhiza and widely applied as a 

therapeutic agent for the treatment of CVDs and cerebro-

vascular diseases.20,21 However, its poor water solubility and 

low oral bioavailability have limited its clinical application. 

To overcome these drawbacks, NPs-based drug delivery 

systems have been researched including liposomes, NPs, 

microemulsions, cyclodextrin inclusions, solid dispersions, 

and so on.22,23

In the present study, we report the development of LPNs 

for mitochondria-targeted delivery of TN. TPGS was linked 

to TPP cation via lysine to form TPP-Lys-TPGS. The LPNs 

were fabricated by nanoprecipitation method. LPNs were 

evaluated in vitro by drug release behavior. In vitro drug 

release and stability in the fresh plasma were evaluated. 

In vivo pharmacokinetics, biodistribution, and pharmacody-

namics (infarct size) were investigated in rats with ischemic 

myocardium after intravenous (iv) injection.

Materials and methods
Materials
TPGS was purchased from Eastman Chemical Company 

(Kingsport, TN, USA). Fmoc-Lys[Mtt]-OH was obtained 

from NJPeptide Biotechnology Co. Ltd. (Nanjing, People’s 

Republic of China). TN ($97%, HPLC), polysorbate 80, pip-

eridine, dimethylformamide (DMF), hydroxybenzotriazole 

(HOBt), N,N-diisopropylethylamine (DIPEA), dichlo-

romethane (DCM), triisopropylsilane (Tis), trifluoroacetic 

acid (TFA), 1-ethyl-3-(3-dimethylaminopropyl) carbodi-

imide, dimethyl sulfoxide (DMSO), fetal bovine serum 

(FBS), Dulbecco’s Modified Eagle’s Medium (DMEM), 

and 3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium 

(MTT) were purchased from Sigma-Aldrich (St Louis, MO, 

USA). Poly (D,L-lactide-co-glycolide) (PLGA, 50:50, Mw 

1.5–2.4 kDa) was purchased from Jinan Daigang Biomaterial 

Co., Ltd (Jinan, People’s Republic of China). Fluorescein 

isothiocyanate (FITC)-PLGA was obtained from Xi’an 

Ruixi Biological Technology Co., Ltd. (Xi’an, People’s 

Republic of China). Injectable soybean lecithin (ISL) was 

provided by Shanghai Taiwei Pharmaceutical Co., Ltd. 

(Shanghai, People’s Republic of China). All other chemicals 

and reagents were of analytical grade or high-performance 

liquid chromatography grade and used without further 

purification.

synthesis of TPP-lys-TPgs
TPP-Lys-TPGS was synthesized as shown in Figure 1. 

A lysine linker with two protecting groups – Fmoc and Mtt 

(Fmoc-Lys[Mtt]-OH) – was used, which enabled the conju-

gation of TPMP and TPGS.24 Firstly, the Fmoc was depro-

tected with 20% piperidine in DMF for 15 min at room 

temperature. Then, 3 equivalents of Lys[Mtt]-OH was added 

to 5 equivalents of HOBt and 5 equivalents of DIPEA in 

DMF. The mixture was agitated for 5 h at room temperature. 

Subsequently, 5 equivalents of TPP-conjugated carboxylic 

acid (TPP+C
10

COOH) was coupled to the lysine via HOBt 

(5 equivalents) and DIPEA (5 equivalents) in DMF for 6 h 

at room temperature as described above. The Mtt group on 
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the lysine was then deprotected by incubation with 94% 

DCM, 5% Tis, and 1% TFA for 20 min. Next, 3 equivalents 

of TPGS was coupled to the lysine via HOBt (5 equiva-

lents) and DIPEA (5 equivalents) in DMF for 6 h at room 

temperature.

Preparation of TPP-TPgs/TN/lPNs
TPP-TPGS/TN/LPNs was fabricated by nanoprecipitation 

method.25 TPP-Lys-TPGS and ISL were dispersed in distilled 

water to form the aqueous phase. TN, PLGA, and polysorbate 

80 (0.5%) were dissolved in acetone to form the oil phase. 

The oil phase was added drop by drop into the aqueous phase 

under gentle stirring (300 rpm) at room temperature for 6 h 

until complete evaporation of the organic solvent to get the 

TPP-TPGS/TN/LPNs (Figure 2).

TPP-TPGS-modified, blank LPNs (TPP-TPGS/LPNs) 

were prepared in the same way, by dissolving PLGA (without 

TN) in acetone to form the oil phase.

Non-TPP-TPGS-modified, TN-loaded LPNs (TN/LPNs) 

were prepared in the same way, by dispersing ISL (without  

TPP-Lys-TPGS) in distilled water to form the aqueous phase.

Non-TPP-TPGS-modified, TN-loaded polymeric NPs 

(TN/NPs) were prepared in the same way, by using distilled 

Figure 1 synthesis scheme and 1h-NMr spectroscopy of TPP-lys-TPgs.
Abbreviations: 1H-NMR, hydrogen-1 nuclear magnetic resonance; TPP, triphenylphosphonium; Lys, lysine; TPGS, D-α-tocopheryl polyethylene glycol 1000 succinate.

Figure 2 scheme graph of the structure of TPP-TPgs/TN/lPNs.
Abbreviations: TPP, triphenylphosphonium; TPGS, D-α-tocopheryl polyethylene 
glycol 1000 succinate; TN, tanshinone IIA; LPNs, lipid-polymeric nanocarriers; 
PLGA, poly (D,L-lactide-co-glycolide); ISL, injectable soybean lecithin.
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water (without ISL and TPP-Lys-TPGS) as the aqueous 

phase.

For preparation of fluorescently tagged FITC-containing 

LPNs and NPs, regular PLGA was replaced with FITC-

PLGA. LPNs and NPs were separated by ultrafiltration from 

the suspensions to remove the free drug. They were stored 

at 2°C–8°C until use.

Mean diameter and zeta potential 
determination
Mean diameter and zeta potential were determined with a 

Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern, UK). 

Measurements were carried out in triplicate at 25°C on three 

independent preparations.26

Drug loading and entrapment efficiency 
evaluation
The entrapment efficiency (EE) of TN-loaded LPNs and NPs 

was measured using a Sephadex-G25 column (15.0×1.5 cm2).23 

UV5 ultraviolet spectrophotometer (Mettler-Toledo GmbH, 

Greifensee, Switzerland) was used to analyze TN; the assay 

of TN was in the linear range with concentrations of 1.0–50.0 

μg/mL. Using physiological saline as the eluent, entrapped 

TN and free TN were collected at continuous volume inter-

vals of 4.0 mL, followed by their analysis. The drug loading 

(DL) and EE of the nanocarriers were calculated by dividing 

the entrapped TN in the nanocarriers by the total amounts of 

TN following the below equations:

 

DL (%)

Weight of  feeding TN Weight of  free TN

Weight of  the
=

−
  nanocarriers

100;×
 

 

EE (%)

=
Weight of  feeding TN Weight of  free TN

The total amo

−
uunts of  TN

100.×
 

stability of TPP-TPgs/TN/lPNs
Stability of TN-loaded LPNs and NPs was evaluated by 

measuring mean diameter, zeta potential, DL, and EE for 

120 days.27 The suspensions were stored at 2°C–8°C. The 

results were calculated, and the analyses were performed at 

0, 15, 30, 60, 90, and 120 days.

In vitro drug release of TPP-TPgs/TN/
lPNs
The amounts of drug released from LPNs and NPs were 

measured using the dialysis method.28 TN-loaded LPNs and 

NPs were placed in dialysis bags (MWCO, 3.5 kDa), sepa-

rately. After sealing of both ends, the bag was immersed in 

50 mL of phosphate buffer solution (PBS) in the presence 

of 10% FBS (pH 7.4). For sampling, 1 mL of medium was 

collected at various time points and replaced with the same 

volume of fresh medium. The concentrations of released TN 

were quantified as described in the section “Drug loading and 

entrapment efficiency evaluation”.

Isolation of primary cardiac cells
Primary cardiac cells (PC cells) were isolated as follows:29 

Wistar rats were sacrificed by decapitation, and their ven-

tricles were excised and cut into small pieces. The tissue 

pieces were enzymatically digested by incubating at 37°C 

with gentle mixing for 2 h in a solution containing 100 mM 

NaCl, 10 mM KCl, 1.2 mM KH
2
PO

4
, 4.0 mM MgSO

4
, 50 mM 

taurine, 20 mM glucose, 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid, 2 mg/mL collagenase type 2, 

2 mg/mL pancreatin, and 1% penicillin–streptomycin. Cells 

in suspension were collected by centrifugation at 2,000 rpm 

for 5 min. The supernatant and the top layer containing 

damaged cells were discarded, and the remaining cells 

were suspended in DMEM supplemented with 10% FBS. 

The cells were preplated for 1 h onto cell culture plates to 

enrich for cardiomyocytes, after which the unattached cells 

(enriched cardiomyocytes) were plated at a desired density. 

On the next day, the medium was replaced with a complete 

serum-free medium.

cellular uptake of TPP-TPgs/TN/lPNs
PC cells were grown in DMEM supplemented with 10% 

FBS.30 The cells were maintained in a humidified incubator at 

37°C and 5% CO
2
 at an initial density of 1×104 cells/well in 

black clear-bottom 96-well plates. The cells were incubated 

in fresh medium after 24 h of incubation and treated with 

fluorescently tagged FITC-containing LPNs and NPs. After 

4 and 48 h of incubation, the cells were washed with PBS, 

and fresh cell culture medium was added. The fluorescence 

intensity was measured at 489/535 nm using an inversion 

fluorescence microscope (ZX71; Olympus, Tokyo, Japan), 

and the image was captured. After fluorescence measurement, 

flow cytometry analysis was performed on PC cells.31 The 

cells were washed once with 1 mL of PBS and were detached 

with trypsin/ethylenediamine tetraacetic acid. Then, the cells 

were centrifuged at 1,500 rpm for 5 min 4°C, the supernatant 

was discarded, and the cells were washed once with 1 mL 

of PBS. The cells were centrifuged again (1,500 rpm for 

5 min at 4°C), the supernatant was discarded, and the cells 

were resuspended in 300 μL of PBS and directly introduced 
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to a BD FACSCalibur flow cytometer (BD Biosciences, 

San Jose, CA, USA).

In vitro cytotoxicity of TPP-TPgs/TN/
lPNs
The cytotoxicity of LPNs and NPs on PC cells was measured 

using the MTT bioassay.32 Cells were seeded in 96-well 

plates at a density of 1×104 cells/well. The spent medium 

was discarded and substituted with 100 μL of fresh DMEM 

with LPNs or NPs, or free TN of different concentrations, 

while the culture medium without FBS was used as the 

control group. After incubation for 24 h, the medium was 

replaced with 20 μL of MTT solution in PBS (5 mg/mL). The 

media was removed, and then 100 μL of DMSO was added 

to each well and oscillated for 10 min to dissolve the MTT 

formazan generated by live cells after incubation for 4 h. 

The relative cell viability (%) was measured by compar-

ing the absorbance of each well at 490 nm with the control 

well by using a microplate reader (Bio-Rad Laboratories, 

Hercules, CA, USA). The cell viability was calculated fol-

lowing the equation:

 
Cell viability (%)

The absorbance of  sample

The absorbance 
=

oof  control
100.×

 

Induction of aMI animal model
Sprague Dawley rats (SD rats, 220–250 g) were purchased 

from Nanjing Junke Biological Engineering Co., Ltd 

(Nanjing, People’s Republic of China) and housed under 

controlled conditions (temperature of 20°C±2°C and a 12-h 

light/12-h dark cycle). AMI was induced as follows: Rats 

were anesthetized with a combination of ketamine (40 mg/kg) 

and xylazine (10 mg/kg), incubated, and mechanically ven-

tilated. The chest was opened by left thoracotomy, the peri-

cardium was removed, and the proximal left coronary artery 

was permanently occluded with an intramural stitch.33 All 

the animal experiments were approved by the Medical Ethics 

Committee of Linyi People’s Hospital (No 201706121077) 

and were performed according to the National Institutes of 

Health guide for the care and use of laboratory animals (NIH 

Publications No 8023, revised 1978).

group design and drug administration
Rats were randomly divided into seven groups with eight 

rats per group as follows:34 1) sham-operated group, in which 

the rats underwent identical surgery except for the coronary 

artery ligation and were injected with physiological saline; 

2) AMI group, in which the AMI rats received physiological 

saline; 3) free TN group, in which the rats were treated with 

50 mg/kg of free TN (TN dissolved in ethanol); 4) TN/NPs 

group, in which the rats were treated with TN/NPs contain-

ing 50 mg/kg of TN; 5) TN/LPNs group, in which the rats 

were treated with TN/LPNs containing 50 mg/kg of TN; 

6) TPP-TPGS/LPNs group, in which the rats were treated 

with TPP-TPGS/LPNs containing 50 mg/kg of TN; and 7) 

TPP-TPGS/TN/LPNs group, in which the rats were treated 

with TPP-TPGS/TN/LPNs containing 50 mg/kg of TN. The 

samples were physiologically injected every other day for 

14 days.

In vivo pharmacokinetics evaluation
Blood samples (1.5 mL) of free TN group, TN/NPs group, 

TN/LPNs group, and TPP-TPGS/TN/LPNs group (eight rats 

per group) were collected into heparinized centrifuge tubes 

just before iv administration (0 h) and after 15 and 30 min, 

and 1, 2, 4, 6, 8, 12, 16, 24, 36, and 48 h after iv adminis-

tration.35 The blood samples were separated immediately by 

centrifugation at 4,000 rpm for 5 min and stored at −20°C 

for further analysis. Concentrations of TN in rat plasma were 

determined by the method described in the section “Drug 

loading and entrapment efficiency evaluation”.

In vivo biodistribution study
At 15 min after iv administration, rats of free TN group, 

TN/NPs group, TN/LPNs group, and TPP-TPGS/TN/LPNs 

group (eight rats per group) were sacrificed. Blood samples 

were collected, and the heart, liver, spleen, lung, and kidney 

of rats were removed, washed, weighed, and homogenized.5 

All of the samples were stored at −20°C for further analysis. 

Concentrations of TN in rat plasma were determined by the 

method described in the section “Drug loading and entrap-

ment efficiency evaluation”.

In vivo infarct therapy effect
All rats (eight rats per group) were anesthetized with intra-

peritoneal injection of pentobarbital sodium (40 mg/kg).36 

Then, heart samples were immediately measured through the 

aorta, and physiological saline was used for washing. The 

coronary artery was ligated after 6 h, and the left ventricle 

was placed at −80°C for 20 min. Heart samples were sliced 

into 2 mm thick sections. Infarct size of heart sample was 

measured with 1% 2,3,5-triphenyltetrazolium chloride for 

30 min in the dark. The area of MI was calculated using 

ImageJ (National Institutes of Health, Bethesda, MD, USA) 

software for analyzing the stained or unstained areas of the 
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heart tissue. The size of the infarcted area was evaluated as 

a percentage of whole size of the left ventricle.

statistical analysis
Statistical comparison between two groups was performed 

using an unpaired t-test with SPSS software version 20.0 

(IBM Corp, Armonk, NY, USA). Results were expressed 

as mean ± SD. *P , 0.05 and **P , 0.01 were considered 

statistically significant.

Results
characterization of TPMP-lys-TPgs
1H nuclear magnetic resonance spectroscopy of TPMP-Lys-

TPGS in DMSO-d6 (600 mHz) was carried out, and each pro-

ton peak was identified according to the structural formula: 

δ 1.06 (1, −CH
3
); 1.31 (2, −CH

2
−); 1.49 (3, −CH−); 1.82 

(4, −CH
2
−C−); 2.06 (5, −CH

2
−C=O−N); 2.31 (6, Ph−CH

3
); 

2.75 (7, −CH
2
−C=O−O); 3.32 (8, −CH

2
−N−C=O); 4.46 

(9, −CH−N−C=O); 7.23 (10, −Ph
3
−P); 8.02 (11, −NH−C=O) 

(Figure 1).

lNPs and NPs characterization
The diameter of the LPNs and NPs was measured and is shown 

in Figure 3A. The mean diameter of TN/NPs was 89.6±2.6 nm, 

while that of TN/LPNs was 121.3±3.1 nm. Diameters of TPP-

TPGS/LPNs and TPP-TPGS/TN/LPNs were about 140 nm. 

The polydispersity index of TN/NPs, TN/LPNs, TPP-TPGS/

LPNs, and TPP-TPGS/TN/LPNs were 0.13±0.02, 0.12±0.02, 

0.15±0.03, and 0.16±0.03, respectively.

The zeta potential of polymeric TN/NPs was −33.6±2.9 mV,  

owing to the presence of negatively charged PLGA. TN/LPNs 

had a potential of −22.3±2.2 mV. After TPP-TPGS modifica-

tion, the surface charge of TPP-TPGS/LPNs and TPP-TPGS/

TN/LPNs decreased to around −10 mV (Figure 3B).

The DL (Figure 3C) varied among the different systems 

due to the amount of ingredients used, and the EE of the TN-

loaded nanocarriers was about 90% (Figure 3D).

stability of lNPs and NPs
The stability of TN-loaded LPNs and NPs was evaluated 

over a period of 120 days of storage at 2°C–8°C. For LPNs 

Figure 3 The mean diameter (A), zeta potential (B), DL (C), and EE (D) of the LPNs and NPs.
Note: Data are presented as mean ± SD, n=3.
Abbreviations: DL, drug loading; EE, entrapment efficiency; LPNs, lipid-polymeric nanocarriers; NPs, nanoparticles; TN, tanshinone IIA; TPP, triphenylphosphonium; TPGS, 
D-α-tocopheryl polyethylene glycol 1000 succinate.
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and NPs, the mean diameter remained almost constant 

throughout the period (Figure 4A). There were no significant 

changes with time in the zeta potentials of all the formula-

tions tested (Figure 4B). For all the samples tested, DL and 

EE remained stable at all the time points during the 120 days 

of storage (Figure 4C and D).

In vitro drug release
The in vitro TN release profiles of LPNs and NPs are 

depicted in Figure 5. The results showed that the release 

of TN from polymeric NPs was faster than from LPNs. 

TPP-TPGS/TN/LPNs exhibited more sustained release than 

the nonmodified TN/LPNs. The time taken by TN/NPs, TN/

LPNs, and TPP-TPGS/TN/LPNs to completely release TN 

(over 80%) was 24, 48, and 60 h, respectively.

cellular uptake
The PC cells treated with TPP-TPGS-modified LPNs exhib-

ited significantly higher fluorescence intensity as compared 

to the cells that underwent other treatments at both 4 and 

48 h posttreatment (Figure 6A). Flow cytometry analysis 

showed that TPP-TPGS-modified LPNs had higher cell 

Figure 4 The stability of TN-loaded LPNs and NPs, the mean diameter (A), zeta potential (B), DL (C), and EE (D) were evaluated over a period of 120 days of storage at 
2°c–8°c.
Note: Data are presented as mean ± SD, n=3.
Abbreviations: TN, tanshinone IIA; LPNs, lipid-polymeric nanocarriers; NPs, nanoparticles; DL, drug loading; EE, entrapment efficiency; TPP, triphenylphosphonium; TPGS, 
D-α-tocopheryl polyethylene glycol 1000 succinate.
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uptake than nonmodified TN/LPNs (P , 0.05). Higher 

cellular uptake efficiency was observed in LPNs groups as 

compared to polymeric NPs group (P , 0.05). An increase 

in fluorescence intensity at 48 h was observed compared 

with 4 h post-administration for all the groups tested 

(Figure 6B).

In vitro cytotoxicity
The MTT assay was performed to investigate the in vitro 

cytotoxic activity of LPNs and NPs against cardiac cells. 

The cell viability of the LPNs and NPs groups over the 

concentration range from 1 to 100 μM was over 80% com-

pared with the controls (Figure 7). The cell viability of free 

TN group reduced with the concentration, and the group 

showed obvious higher cytotoxicity than the nanocarriers 

in high concentrations (100 and 200 μM) (P , 0.05). The 

drug-free TPP-TPGS/LPNs exhibited the lowest toxicity at 

all concentrations studied (1–200 μM).

Figure 5 The in vitro TN release profiles of LPNs and NPs.
Note: Data are presented as mean ± SD, n=3.
Abbreviations: TN, tanshinone IIA; LPNs, lipid-polymeric nanocarriers; NPs, 
nanoparticles; TPP, triphenylphosphonium; TPGS, D-α-tocopheryl polyethylene 
glycol 1000 succinate.

Figure 6 Cellular uptake of LPNs and NPs evaluated on PC cells, fluorescence intensity (A), and flow cytometry analysis (B) presented at 4 and 48 h posttreatment.
Notes: *P , 0.05. Data are presented as mean ± SD, n=6. The camera adapter magnification is 0.63.
Abbreviations: LPNs, lipid-polymeric nanocarriers; NPs, nanoparticles; PC cells, primary cardiac cells; TN, tanshinone IIA; TPP, triphenylphosphonium; TPGS, D-α-tocopheryl 
polyethylene glycol 1000 succinate.
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In vivo pharmacokinetics
The mean plasma drug concentration–time profile and the 

main pharmacokinetics parameters are shown in Figure 8 

and Table 1, respectively. It can be seen from the plasma 

drug concentration–time profile that the free TN was rapidly 

cleared from the circulation within 6 h, whereas TN-loaded 

LPNs and NPs exhibited a prolonged plasma circulation 

time. The half-lives of TN-loaded LPNs and NPs were 

shorter than that of the free TN (P , 0.05). TPP-TPGS/TN/

LPNs exhibited the maximum area under the plasma drug 

concentration–time curve (AUC) (129.27±3.37 mg/L⋅h) 

followed by TN/LPNs (42.27±2.65 mg/L⋅h) and TN/NPs 

(20.46±1.95 mg/L⋅h). The plasma clearance and volume 

of distribution of TPP-TPGS/TN/LPNs were significantly 

higher than those of nonmodified TN/LPNs, TN/NPs, and 

free TN (P , 0.05).

In vivo tissue distribution
In vivo tissue distribution of TN-loaded LPNs, NPs, and free 

TN was investigated in AMI rats (Figure 9). TN distribu-

tion of TN-loaded LPNs and NPs was higher in the heart 

than free TN (P , 0.05). TPP-TPGS/TN/LPNs exhibited 

the highest TN distribution in the heart compared with 

TN/LPNs and TN/NPs (P , 0.05). TPP-TPGS/TN/LPNs 

and TN/LPNs distributed significantly more than free TN 

(P , 0.01).

Figure 7 The cell viability of Pc cells after treatment with lPNs and NPs evaluated using MTT bioassay.
Notes: *P , 0.05. Data are presented as mean ± SD, n=6.
Abbreviations: PC cells, primary cardiac cells; LPNs, lipid-polymeric nanocarriers; NPs, nanoparticles; MTT, 3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium; 
TN, tanshinone IIA; TPP, triphenylphosphonium; TPGS, D-α-tocopheryl polyethylene glycol 1000 succinate.

Figure 8 The mean plasma drug concentration–time profile of TN-loaded LPNs and 
NPs investigated in aMI rats.
Note: Data are presented as mean ± SD, n=8.
Abbreviations: TN, tanshinone IIA; LPNs, lipid-polymeric nanocarriers; NPs, 
nanoparticles; AMI, acute myocardial infarction; TPP, triphenylphosphonium; TPGS, 
D-α-tocopheryl polyethylene glycol 1000 succinate.
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In vivo infarct therapy effect
The infarct size was significantly decreased in free TN group 

(51%±1.8%) compared with the AMI group (62%±2.3%; 

P , 0.05) (Figure 10). Furthermore, the infarct size was 

significantly decreased in drugs-loaded LPNs and NPs 

groups than the free TN group (P , 0.05). The most obvi-

ous efficiency was exhibited by TPP-TPGS/TN/LPNs 

group (28%±1.9%) than the TN/LPNs group (37%±1.7%; 

P , 0.05), TN/NPs groups (46%±2.1%; P , 0.05), and free 

TN group (P , 0.01).

Discussion
In the present study, we report the development of LPNs for 

mitochondria-targeted delivery of TN. TPGS was linked to 

the TPP cation as a targeted ligand. The LPNs were fabri-

cated by nanoprecipitation method. The mean diameter of 

TN/LPNs (121 nm) was larger than that of TN/NPs (90 nm). 

This could be explained by the lipid shell on the polymeric 

core that increased the size of the nanocarriers. Compared 

with non-TPP-TPGS-modified TN/LPNs, the diameters of 

TPP-TPGS/LPNs and TPP-TPGS/TN/LPNs increased by 

about 20 nm, which may be due to the TPP-TPGS ligands 

coated over TN/LPNs. This could also be taken as an evi-

dence that TPP-TPGS was successfully modified on the outer 

layer of the system.37 Zeta potential is a significant factor to 

determine the stability of NPs in suspension through the elec-

trostatic repulsion between particles.38 PLGA is a negatively 

charged polymer; the negative zeta potential of polymeric 

TN/NPs (−34 mV) could be due to PLGA. TN/LPNs had a 

higher zeta potential (−22 mV), which could be explained 

by that the lipid shell at the surface of nanocarriers was able 

to shield the surface negative charge of PLGA.39 After TPP-

TPGS modification, the surface charge of TPP-TPGS/LPNs 

and TPP-TPGS/TN/LPNs kept on increasing (−10 mV), 

Table 1 Pharmacokinetic parameters after iv administration in rats (n=8)

Parameters Unit TN/NPs TN/LPNs TPP-TPGS/TN/LPNs Free TN

aUc0–t mg/l⋅h 20.46±1.95* 42.27±2.65** 129.27±3.37** 5.49±0.69
aUc0–∞ mg/l⋅h 21.34±2.12* 42.98±2.23** 130.57±3.19** 6.17±0.84
T1/2α h 0.76±0.09* 2.11±0.26** 3.25±0.31** 0.16±0.02
T1/2β h 1.97±0.28* 5.28±0.54** 10.41±0.54** 0.84±0.09
cmax mg/l 9.83±1.23* 13.62±1.61** 17.81±1.12** 5.15±1.09
cl l/kg/h 7.73±0.31* 12.67±0.89** 29.28±1.46** 2.18±0.36
V l/kg 18.26±1.36* 31.56±2.23** 86.97±3.74** 5.36±0.29

Notes: *P , 0.05, compared with free TN. **P , 0.01, compared with free TN. Data are presented as mean ± sD.
Abbreviations: iv, intravenous; TN, tanshinone IIA; NPs, nanoparticles; LPNs, lipid-polymeric nanocarriers; TPP, triphenylphosphonium; TPGS, D-α-tocopheryl polyethylene 
glycol 1000 succinate; AUC0–t, area under the curve from 0 to t; AUC0–∞, total area under the curve; T1/2α, distributed phase half-life; T1/2β, eliminated phase half-life; Cmax, peak 
concentration; CL, plasma clearance; V, volume of distribution.

Figure 9 In vivo tissue distribution of TN-loaded LPNs, NPs, and free TN was investigated in AMI rats.
Notes: *P , 0.05, compared with free TN. **P , 0.01, compared with free TN. Data are presented as mean ± SD, n=8.
Abbreviations: TN, tanshinone IIA; LPNs, lipid-polymeric nanocarriers; NPs, nanoparticles; AMI, acute myocardial infarction; TPP, triphenylphosphonium; TPGS, 
D-α-tocopheryl polyethylene glycol 1000 succinate.
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indicating that the surface charge of the NPs became positive 

due to the existence of the positively charged TPP-TPGS. 

The EE of all systems was high and showed no significant 

difference. These results indicated that LPNs and NPs had 

good drug entrapment capacity.

The storage stability of LPNs and NPs was evaluated over 

a period of 120 days in terms of mean diameter, zeta potential, 

DL, and EE. The average particle diameter of both LPNs and 

NPs remained almost constant throughout the period. This 

could be evidence that no aggregate was formed. The value 

of the zeta potential also indicated the stability of nanocarriers 

in suspension.40 For both formulations, the zeta potential 

was negative and showed no major changes during the 

120 days of storage. The DL and EE of drug-loaded LPNs and 

NPs remained stable at all the time points tested in the research, 

indicating that the systems were stable within 4 months.

The in vitro release of TN from LPNs was slower than 

polymeric NPs. This difference may be due to the lipid shell 

on the surface of LPNs which hindered the drug release.41 

More sustained release behavior exhibited by the profile of 

TPP-TPGS/TN/LPNs than that of the nonmodified TN/LPNs 

may be explained by the TPP-TPGS modification, which 

prolonged the release of drugs from the systems. The reason 

behind this prolongation of release time can be attributed to 

slow degradation of the nanomaterials; drugs were diffused 

from the matrix in a sustained manner. Moreover, the lipid 

shell on the outside of the polymer core also protected the 

drugs and allowed them to release in a more sustained manner. 

In addition, in the presence of serum, the release of drugs was 

not affected, indicating the stability of LNPs in circulation.

Cellular uptake research could provide some circumstan-

tial evidence to display the advantages of the nanocarriers in 

entering the cells. The cellular uptake of LNPs and NPs by PC 

cells was studied by using FITC-containing nanocarriers. The 

cells were treated with different formulations for 4 and 48 h. 

The cellular uptake efficiency of TPP-TPGS-modified LNPs 

was significantly higher than nonmodified LNPs. This could 

be attributed to the ability of TPP to pass easily through 

lipid bilayers via the cells and accumulate in the cells, and 

to prolong blood circulation time, enhance the solubility of 

hydrophobic drugs, and improve cellular uptake.42

In vitro cytotoxicity of LPNs to the cardiac cells could 

be an evidence of the safety of the system. The cytotoxicity 

of all samples conformed to a concentration-dependent 

pattern.43 TPP-TPGS/LPNs exhibited the lowest toxicity at 

all concentrations studied. This could be explained by the 

excellent compatibility of the lipid shell to the cell mem-

branes, which could reduce the toxicity effect to the cardiac 

cells. This is good for the delivery system and could be safe 

for administration. Free TN group showed obvious higher 

cytotoxicity than the nanocarriers in high concentrations, 

which means the encapsulation of TN in the carriers could 

somehow reduce the toxicity of the drug. The viability of the 

LPNs over the concentration range studied (below 100 μM) 

was over 80%; therefore, a concentration below 100 μM may 

be safe for the use of this nanosystem.

In vivo pharmacokinetics and biodistribution in rats 

were assessed. The plasma drug concentration–time 

curves of three formulations were all fitted with the two-

compartment open model, which was chosen to analyze the 

Figure 10 In vivo infarct therapy effect of TN-loaded LPNs, NPs, and free TN evaluated by the infarct size.
Notes: *P , 0.05, compared with free TN. **P , 0.01, compared with free TN. Data are presented as mean ± SD, n=8.
Abbreviations: AMI, acute myocardial infarction; TN, tanshinone IIA; LPNs, lipid-polymeric nanocarriers; NPs, nanoparticles; TPP, triphenylphosphonium; TPGS, D-α-
tocopheryl polyethylene glycol 1000 succinate.
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pharmacokinetics data. Pharmacokinetics and biodistribution 

results showed similar longer circulating characteristics of 

LNPs and NPs than that of free drug, which proved that 

nanocarriers elongate the circulation time of drugs in serum 

and have a great potential to accumulate in the MI area.44 

Particularly, LPNs formulations showed better AUC and 

heart distribution than polymeric NPs, which could be a proof 

of their better efficiency. Furthermore, TPP-TPGS/TN/LPNs 

showed obvious heart accumulation than nonmodified TN/

LPNs, which is in accordance with the aim of the modifica-

tion – to deliver more nanocarriers to the infarct zone. This 

phenomenon could be due to the ligands-mediated targeting 

of TPP-TPGS-modified LPNs.45

In vivo infarct therapy effect was evaluated by measuring 

the infarct size. Infarct size is conceived as one of the critical 

indices for evaluating the cardiac damage in the generation 

of ischemic heart disease.46 In this study, compared with 

free TN and TN/NPs, TN/LPNs exhibited obviously better 

efficiency in infarct therapy. Moreover, TPP-TPGS/TN/LPNs 

group showed the smallest infarct size compared with TN/

LPNs group and all other groups studied. Thus, TPP-TPGS/

TN/LPNs is more suitable to treat acute myocardial ischemia 

than other similar carriers and free drugs.

Conclusion
In summary, we synthesized TPP-Lys-TPGS as a ligand and 

prepared TPP-TPGS/TN/LPNs as a promising drug delivery 

carrier due to the targeting ability and core–shell structure of 

the LPNs. Compared with free TN and TN/NPs, TN/LPNs 

exhibited significantly improved compatibility and thera-

peutic efficiency. In addition, the in vivo pharmacokinetics, 

biodistribution, and infarct therapy studies in SD rats showed 

that TPP-TPGS/TN/LPNs had better efficiency than their 

nonmodified TN/LPNs counterparts in all respects. These 

results indicated that the TPP-TPGS/TN/LPNs were promis-

ing nanocarriers for efficient delivery of cardiovascular drugs 

and other therapeutic agents for the treatment of CVDs.
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