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Background: Protein or peptide drugs are emerging therapeutics for treating human diseases. 

However, current protein drugs are typically limited to acting on extracellular/cell membrane 

components associated with the diseases, while intracellular delivery of recombinant proteins 

replaces or replenishes faulty/missing proteins and remains inadequate. In this study, we devel-

oped a convenient and efficient intracellular protein delivery vehicle.

Materials and methods: A cationic liposomal polyethylenimine and polyethylene glycol 

complex (LPPC) was developed to noncovalently capture proteins for protein transfer into 

cells via endocytosis. β-glucuronidase (βG) was used in vitro and in vivo as a model enzyme 

to demonstrate the enzymatic activity of the intracellular transport of a protein.

Results: The endocytosed protein/LPPC complexes escaped from lysosomes, and the bound 

protein dissociated from LPPC in the cytosol. The enzymatic activity of βG was well preserved 

after intracellular delivery in vitro and in vivo.

Conclusion: Using LPPC as an intracellular protein transporter for protein therapeutics, we 

illustrated that LPPC may be an effective and convenient tool for studying diseases and devel-

oping therapeutics.

Keywords: liposomal polyethylenimine and polyethylene glycol complex, LPPC, intracellular 

protein delivery, endocytosis, enhanced green fluorescent protein, EGFP, β-glucuronidase 

Introduction
Therapeutic proteins, such as monoclonal antibodies and other recombinant proteins, 

treat diseases either by replenishing the proteins that have become defective and/or 

missing or by suppressing an excessive and/or dysregulated pathway in patients. Protein 

drugs have been popular in the treatment of cancer, diabetes, and cerebrovascular 

diseases, hemostasis, pulmonary and metabolic disorders.1 These protein drugs are 

designed to act on specific components in respective diseases; thus, conceptually, these 

protein drugs are not expected to interfere with normal biological processes.1 Therefore, 

recombinant proteins have become a hot area of drug development. As of now, there 

are .239 protein or peptide drugs with enzymatic activity, regulatory activity, and 

specific targeting that have been developed and/or approved for clinical use by the US 

Food and Drug Administration (FDA),2 with a total sale of US$174.7 billion in 2015 

and expected to reach $248.7 billion in 2020.3

The development of protein therapeutics is confronted with a number of challenges. 

Protein solubility, route of administration, distribution, and stability are major factors 

that limit the application of protein drugs.1,4,5 Additionally, therapeutic proteins may 

elicit immune responses in patients.6 These immune responses can neutralize the 

protein and even cause a harmful reaction in the patient.7,8 These issues are partly 

addressed by modifying a protein with polyethylene glycol (PEG), which decreases 
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renal clearance, retards enzymatic degradation, and increases 

elimination half-life of an injected protein.9–11 Second, intra-

cellular delivery of protein drugs into diseased cells remains 

technically challenging.12 Currently, most protein drugs act 

on extracellular or cell membrane components (such as recep-

tors). Only a few therapeutic proteins have been developed 

as intracellular drugs to repair damaging cellular pathways 

inside diseased cells.2,13 Thus far, low permeability across 

cell membranes, inefficient passage from the lysosome to 

cytosol, and degradation of the protein are major obstacles 

for intracellular delivery of protein drugs.

Over the last few decades, several protein delivery sys-

tems, including liposome- and polymer-based nanoparticles, 

bioconjugates, and hydrogels, have been attempted.14–17 Our 

group previously developed a lipo-PEG-polyethylenimine 

(PEI) complex (LPPC), which is a cationic lipocomplex that 

can bind four-fold amounts of active proteins on its surface.18 

The LPPC was capable of capturing a variety of proteins, 

including β-glucuronidase (βG), antibodies, and protein 

immunogens.18,19 Because LPPC can capture proteins by 

noncovalent binding, it is easily and rapidly assembled into 

LPPC/protein complexes. After the captured protein is satu-

rated, a given protein cannot be replaced by other additional 

proteins and still retains its biological activity.18 Furthermore, 

LPPC was easily complexed with a cytotoxic drug to increase 

the anti-tumor activity of the drug.20 Therefore, LPPC seemed 

a versatile vector for drug delivery.

In this study, we tested whether LPPC may be used for 

intracellular delivery of proteins. We began the tests by 

using fluorescein isothiocyanate isomer I (FITC)-modified 

BSA (BSA-FITC) and enhanced green fluorescent protein 

(EGFP) as model proteins to examine the transport process 

of LPPC/BSA-FITC. The LPPC-bound proteins were rapidly 

transported into the cells and disassociated in the lysosome. 

The integrity of transported proteins was tested in vitro by 

examining the enzymatic activity of βG after LPPC-mediated 

delivery into the cells (Figure 1). To test in  vivo protein 

delivery, we intravenously injected LPPC-βG s into BALB/c 

mice and examined the enzyme activity of βG s in the liver 

tissue. These data indicate that LPPC may serve as a useful 

intracellular protein transporter for studying diseases in vitro 

and in vivo and developing protein drugs.

Materials and methods
Reagents
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 

1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) were 

purchased from Avanti Polar Lipids (Alabaster, AL, USA). 

PEG (molecular weight [MW] 1,500 and 8,000), PEI 

branched, (MW 25,000), p-nitrophenyl-β-d-glucuronide 

(PNPG), 5-bromo-4-chloro-3-indolyl-β-d-glucuronide 

cyclohexylamine salt (X-gluc), FITC, and paraformalde-

hyde, and 3,3′-dioctadecyloxacarbocyanine, p-nitrophenyl-

β-d-glucuronide were obtained from Sigma-Aldrich 

Figure 1 Schematic representation of LPPC-mediated intracellular protein delivery.
Note: LPPC may be used to deliver proteins into cells in vitro (left) or in vivo (right).
Abbreviation: LPPC, liposomes containing polyethylenimine and polyethylene glycol.
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(St Louis, MO, USA). BSA and trypan blue staining were 

purchased from Invitrogen (Gaithersburg, MD, USA). Triton 

X-100 was purchased from Amresco (Solon, OH, USA).

Preparation of LPPC
LPPC was prepared by coating an equal weight of DOPC 

and DLPC (total 50 mg) in 1 mL chloroform onto a round-

bottom flask using a rotary evaporator (EYELA, N-1000S, 

Tokyo, Japan) to yield a thin lipid film. The film was hydrated 

with 5 mL of deionized water while dissolving an additional 

675 mg PEI and 220 mg PEG-8000. At this stage, the molar 

ratio of phospholipids:PEI:PEG was approximately 13:5:5. 

The hydrated film was vigorously resuspended for 10 minutes, 

and the mixture was extruded nine times through a Liposo-

Fast Extruder (Avestin Inc., Ottawa, Canada) via a 200 nm 

membrane. The suspension was diluted 50-fold in deionized 

water and centrifuged at 5,900× g for 5 minutes to remove 

any unincorporated materials. Finally, the pellets were resus-

pended in 5 mL of deionized water and stored at 4°C.

Determination of the size and zeta 
potential of BSA-FITC binding to LPPC
One hundred milligrams of BSA was added to 10 mL of 

0.1 M bicarbonate buffer (pH 9.0). The solution was added 

with 584 µL of FITC (10 mg/mL) and stirred slowly at room 

temperature for 60–90 minutes while avoiding exposure to 

light. FITC/BSA solution was then added with 1 mL of 1 M 

glycine solution to stop the labeling reaction. The mixture 

was then flowed through a G-25 column (GE Healthcare Life 

Sciences, Pittsburgh, PA, USA) to remove unconjugated 

FITC from the BSA-FITC. The concentration of BSA-FITC 

was determined using a Coomassie Plus Bradford™ Assay 

Kit according to the manufacturer’s protocol.

The particle sizes of LPPC (2 mg) complexed with vari-

ous amounts of BSA-FITC in 200 µL deionized water were 

measured before and after centrifugation by a BI-200SM 

dynamic laser light scattering goniometer (Brookhaven Inc., 

Holtsville, NY, USA). The zeta potentials were determined 

for 900 µL of LPPC (200 µg/mL) complexed with different 

amounts of BSA-FITC by Nano ZS90 (Malvern Instrument, 

Worcestershire, UK).

Stability of LPPC/protein complexes
BSA-FITC was incubated with LPPC for 30 minutes 

at 37°C, then centrifuged at 5,900× g for 5 minutes to 

remove any unincorporated BSA-FITC and washed. After 

resuspension, the LPPC/BSA-FITC complex was incubated 

with increasing concentrations of NaCl (100–300 mM) for 

20 minutes at 37°C. Following washes and resuspension, 

BSA-FITC on LPPC was monitored using a spectrophotometer 

(Ultrospec 3100; Amersham Biosciences, Uppsala, Sweden) 

at 488 nm (excitation) and 515 nm (emission). A similar pro-

tocol was used to monitor whether the βG incorporated into 

LPPC is stable in the presence of NaCl. The activity of βG was 

measured by incubating the complexes with 200 µL of 0.3 mM 

PNPG for 20 minutes and measuring the absorbance at 450 nm.

Cell culture
HepG2 and BALB/3T3 cells (obtained from the Food Industry 

Research and Development Institute, Hsinchu, Taiwan) were 

cultured with DMEM (Invitrogen) supplemented with 10% 

heat inactivated FBS (Invitrogen) and 1% penicillin/strep-

tomycin (PS; Biological Industries, Beithaemek, Israel) in a 

humidified atmosphere of 5% CO
2
 at 37°C. The cells were 

allowed to grow to ~70% confluence and were split at 1:3 

during each passage or used for experiments.

In vitro cytotoxicity of LPPC/BSA-FITC 
complexes
Cells were seeded in 96-well tissue culture plates at a con-

centration of 1×104 cells/100 µL/well overnight. The cells 

were treated with serial concentrations of LPPC alone or the 

LPPC/BSA-FITC complexes for 48 hours. The viability of 

each cell line was then determined by an MTT colorimetric 

assay (Sigma-Aldrich).

In vitro intracellular delivery of LPPC/
BSA-FITC
HepG2 cells were seeded in a 24-well plate at 1×105 cells/

well in 1 mL of DMEM medium containing 10% FBS and 

1% PS overnight. The medium was removed, and the cells 

were washed, followed by the addition of 1 mL of DMEM 

not containing serum. LPPC (10 µg) mixed with 40 µg of 

BSA-FITC in a 10 µL solution was added into each well at 

37°C for varying lengths of time. The cells were trypsinized 

and washed with PBS. The fluorescence of cells was analyzed 

by flow cytometry.

For the localization of the LPPC–protein complex, cells 

were fixed in 4% paraformaldehyde at room temperature for 

15 minutes, washed again in PBS, and permeabilized with 

0.1% Triton X-100 (2 minutes at room temperature). Per-

meabilized cells were stained with a Hoechst 33342 nuclear 

stain (Invitrogen) and a LysoTracker Red DND-99 lysosomal 

stain (Invitrogen), washed twice in PBS, and examined by 

confocal microscopy (TCS SP2; Leica, Nussloch, Germany) 

at 630× magnification.
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Fluorescent expression of the EGFP/
LPPC complex
To address the question of whether the fluorescence of 

EGFP could be quenched by LPPC, a dot blot was utilized. 

First, LPPC was prepared with or without PEG blocking, 

and then EGFP was added to 1 mL of deionized water. 

The final samples (EGFP, PEG/EGFP, LPPC, LPPC–PEG, 

LPPC–EGFP and LPPC–PEG/EGFP) were spotted onto a 

nitrocellulose membrane. Finally, the membrane was dried 

and photographed under ultraviolet illumination.

In vitro intracellular delivery of the EGFP/
LPPC complex
HepG2 cells were seeded in a 24-well plate at 1×105 cells/

well in 1 mL of DMEM containing 10% FBS and 1% PS 

and incubated overnight. The medium was removed, and 

the cells were washed. The addition of 1 mL of DMEM 

not containing serum was added to the cells. EGFP (1 µg) 

premixed with LPPC (40 µg) was centrifuged, and the cells 

were resuspended in 10 µL of PBS buffer for various lengths 

of time. The images were analyzed by confocal microscopy 

as previously described.

Enzymatic activity after in vitro delivery 
of βG
HepG2 cells were seeded in a 24-well plate at 1×105 cells/

well in 1 mL of DMEM containing 10% FBS and 1% PS and 

were incubated overnight. The medium was removed and 

the cells were washed. The addition of 1 mL of DMEM not 

containing serum was added to the cells. LPPC (10 µg) was 

premixed with βG (37.5 µg, kindly provided by Dr TL Cheng 

of Kaohsiung Medical University, Kaohsiung, Taiwan) in a 

10 µL final volume at 25°C for 30 minutes. Following mix-

ing, 10 µL of the complex was added to the cells at 37°C for 

4 hours. The cells were perforated with 0.25% Triton X-100 

(v/v) in PBS and then washed three times to remove excess 

detergents. X-gluc (20 µL; 5 mg/mL) in 1 mL of PBS was 

added to the cells at 37°C for 12 hours. The cells were then 

examined and photographed by a light field microscope 

(Olympus, Tokyo, Japan) at 400× magnification.

Biodistribution and enzymatic activity 
of βG delivery of in vivo 
Female BALB/c mice were purchased from the National 

Laboratory Animal Center (Taipei, Taiwan) and maintained 

on a 12:12 hour light:dark cycle in an animal environmental 

control chamber (Micro-VENT IVC Systems, Allentown, NJ, 

USA). All animal studies were approved by the Institutional 

Animal Care and Use Committee at the National Chiao Tung 

University (NCTU-IACUC-105007).

Female BALB/c mice were treated intravenously with 

5 mg/kg of βG, LPPC, or LPPC/βG. After 48 hours of treat-

ment, mice were sacrificed, and major organs were collected. 

The organs, including heart, lung, spleen, liver, and kidney 

were harvested, washed with saline, weighed, and stored 

at -80°C until further analysis of biodistribution. To mea-

sure the enzymatic activity, liver sections were stained with 

X-gluc. The stained liver sections were examined and pho-

tographed by a light field microscope at 400× magnification.

Measurement of βG
Ten milligrams of tissue samples were homogenized with 

100 µL of tissue lysis buffer (50 mM Tris–HCl (pH 7.4), 

150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycho-

late, 0.1% SDS, 1 mM EDTA, and 10 mM NaF) on ice using 

a Dounce homogenizer. After centrifugation at 10,000× g 

for 5 minutes at 4°C, the supernatant was collected. Twenty 

microliters of supernatant was added into each well of a black 

96-well plate. Serial dilutions of βG from 50 µg/mL to 0 µg/mL 

were added as the standard. Then, the concentration of βG 

was measured by incubating samples with 200 µL of 0.3 mM 

PNPG for 20 minutes and measuring the absorbance at 450 nm.

Statistical analysis
Numeric data were expressed as the mean ± SD. Data were 

analyzed using the SAS statistical package (SAS Institute, 

Inc., Cary, NC, USA). A Student’s t-test was used when 

comparing two independent samples, and ANOVA was used 

for comparing multiple samples. P,0.05 was considered 

statistically significant.

Results
Characterization of LPPC/BSA-FITC 
complexes
We use isothermal titration calorimetry (ITC) to detect 

whether LPPC could indeed interact with BSA-FITC. 

ITC measurements indicated that LPPC interacted with 

higher protein amounts of proteins than Lipofectamine 

(Figure  2A and B). In contrast, cationic 1,2-dioleoyl-3- 

trimethylammonium-propane liposomes did not react with 

BSA-FITC (Figure 2C). In these experiments, the addition of 

BSA could easily induce aggregation of Lipofectamine, but 

not the LPPC or DOTAP liposomes. Lipofectamine particles 

quickly reacted with the added BSA protein (Figure 2B). 

Figure 1A also shows that LPPC particles did not react with 

BSA below 40 µg.
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Figure 2 Binding capacity and stability of proteins bound on LPPC.
Notes: (A–C) Protein adsorptions to (A) LPPC, (B) lipofectamine and (C) DOTAP were determined by ITC. Protein–LPPC interactions are indicated by increased ∆Q along 
with increased amounts of proteins. (D) Increasing amounts of BSA-FITC and βG were added to LPPC (40 µg), and the adsorbed proteins on LPPC were quantified by the 
Bradford assay. The data showed that LPPC adsorbed ~213 µg or more BSA-FITC and 120 µg of βG. (E) Stability of LPPC/BSA-FITC and (F) LPPC/βG complexes in various 
NaCl solutions. Spectrofluorometry was utilized to calculate the amount of dissociated BSA-FITC, while a Bradford assay was used to determine the amount of dissociated 
βG. Representative data are shown as the mean ± SD of three independent experiments.
Abbreviations: βG, β-glucuronidase; DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane; FITC, fluorescein isothiocyanate; ITC, isothermal titration calorimetry; LPPC, 
liposomes containing polyethylenimine and polyethylene glycol.

β

β

Next, we examined the binding capacity of LPPC and the 

stability of the bound proteins. Forty micrograms of LPPC 

adsorbed ~213 µg or more BSA-FITC and ~120 µg of βG 

(Figure 2D). The difference in binding capacities of LPPC for 

BSA-FITC and βG could be attributed to the differences in 

protein size. βG is a tetramer; thus, a single LPPC liposome 

may accommodate fewer bulky βG on the surface than the 

monomeric BSA-FITC. BSA-FITC and βG were relatively 

stable at 150 mM of NaCl, yet the protein/protein complex 

dissociated from LPPC when NaCl concentrations exceeded 

200 mM (Figure 2E and F). BSA-FITC was also stably bound 

on the surface of LPPC in growth medium containing 10% 

FBS (Figure S1). The data suggested that the LPPC/protein 

complexes were stable in physiological solutions.

The particle sizes and zeta potentials of LPPCs com-

plexed with different amounts of BSA-FITC were measured. 

The LPPC particle size gradually increased from 215 to 

441 nm as increasing amounts of BSA-FITC were added, 

while the zeta potentials of LPPC decreased with increas-

ing amounts of BSA-FITC (Table 1). These results confirm 

that LPPC could physically bind BSA-FITC on the surface.

The cytotoxicities of the LPPC/BSA-FITC complexes 

were examined sequentially. A minor inhibition of cell growth 

was noted after the addition of increasing amounts of LPPC 

or LPPC/BSA-FITC complexes. Balb/3Tc cells were slightly 

more sensitive to LPPC or LPPC/BSA-FITC treatment, while 

HepG2 cells were resistant up to 20 µg/mL of LPPC or LPPC/

BSA-FITC complexes (Figure 3). Furthermore, the addition of 

BSA-FITC did not seem to increase the toxicity in the cells. 

Table 1 The effects of BSA adsorption on the particle size and 
zeta potential of LPPC

Amount of  
BSA-FITC (µg)

Particle size  
(nm)

Zeta potential  
(mV)

0 215.1±26.2 42.1±6.9 
5 245.7±34.7 40.5±5.9 
10 288.3±40.4 39.0±11.4
15 307.4±28.8 31.9±7.1 
20 336.4±29.7 29.2±10.3
25 381.7±32.6 32.0±14.2
30 441.3±40.8 31.4±9.6 

Note: Each data indicated the mean ± SD from three independent experiments (n=6). 
Abbreviations: FITC, fluorescein isothiocyanate; LPPC, liposomal polyethylenimine 
and polyethylene glycol complex.
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Figure 3 Cytotoxicity of LPPC complexes.
Notes: (A) BALB/3T3 and (B) HepG2 cells were treated with LPPC complexed with different weight ratios of BSA for 48 hours. The viability of treated cells was analyzed 
by an MTT assay. Each data point represents the mean ± SD of three independent experiments.
Abbreviations: FITC, fluorescein isothiocyanate; LPPC, liposomes containing polyethylenimine and polyethylene glycol complex.

Thus, protein-loaded LPPC complexes should be relatively 

safe to cells, especially HepG2 cells, in our studies.

Efficacy of in vitro intracellular protein 
delivery by LPPC complexes
We used flow cytometry to test the delivery efficacy of BSA-

FITC by LPPC to cells in vitro. To specifically examine the 

fluorescent signals emitted from intracellularly delivered 

BSA-FITC, cell surface fluorescent signals were quenched 

by incubation with trypan blue after BSA-FITC or LPPC/

BSA-FITC treatments to HepG2 cells. These experiments 

demonstrated that LPPC/BSA-FITC efficiently entered the 

cells, but free BSA-FITC was unable to do so. Entry of LPPC/

BSA-FITC was detected as early as 30 minutes following 

incubation, whereas free BSA-FITC was unable to enter the 

cells even after prolonged (4 hours) incubation with the cells 

(Figure 4). These results suggest that LPPC can efficiently 

deliver BSA-FITC into the cells.

Figure 4 Fluorescence of intracellular LPPC/BSA-FITC complexes in HepG2 cells.
Notes: HepG2 cells were treated with LPPC/BSA-FITC complexes (10:40 µg) or 40 µg of BSA-FITC at 37°C for different amounts of time. The fluorescence of cells was 
analyzed by flow cytometry. Black lines indicate untreated cells and red lines indicate cells treated with LPPC/BSA-FITC. Representative flow cytometry plots of three 
independent experiments are shown. 
Abbreviations: FITC, fluorescein isothiocyanate; LPPC, liposomes containing polyethylenimine and polyethylene glycol complex.
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Figure 5 Localization of LPPC/BSA-FITC complexes in HepG2 cells.
Notes: HepG2 cells were untreated (left panels) or treated with BSA-FITC (central panels) or LPPC/BSA-FITC complexes (right panels). The lysosomes and nuclei of the 
cells were individually stained red and blue, respectively. The cells were observed and imaged by confocal microscopy. Localization of BSA-FITC and lysosomes is indicated 
by white arrows. The escape of BSA-FITC from the lysosome (at 2 hours postincubation) is indicated by a white arrowhead. Representative images of three independent 
experiments are shown. 
Abbreviations: FITC, fluorescein isothiocyanate; LPPC, liposomes containing polyethylenimine and polyethylene glycol complex.

We then investigated the route by which LPPC deliv-

ered BSA-FITC into the cells. In these experiments, we 

used LysoTracker Red (a red fluorescent dye) to stain the 

lysosome for confocal microscopy. We found LPPC/BSA-

FITC in the lysosome 30 minutes after LPPC/BSA-FITC 

treatments to the cells (Figure 5), suggesting that the LPPC/

BSA-FITC was endocytosed and fused with lysosome soon 

after LPPC/BSA-FITC treatments. Consistent with our flow 

cytometry studies, no green fluorescence was recorded in the 

cells treated with free BSA-FITC, thus reassuring that the 

BSA-FITC could only be delivered by LPPC in our studies. 

Interestingly, green fluorescence (LPPC/BSA-FITC) was 

found to dissociate red fluorescence (lysosome) 2 hours 

after BSA-FITC/LPPC treatments to the cells (lower left 

panel, Figure 5), indicating that LPPC/BSA-FITC escaped 

from the endosome to the cytosol. However, the dissociation 

mechanism of LPPC/BSA-FITC is unknown.

To further explore the dissociation mechanism, we 

replaced BSA-FITC with EGFP for our study. We previously 

found that EGFP was unable to emit green fluorescence once 

it was complexed with LPPC (Figure 6A), possibly due to 

the proton buffering effect of PEI on the LPPC liposome. 

We reasoned that if LPPC-bound EGFP could dissociate 

from LPPC, then EGFP would regain its ability to fluoresce 

upon laser activation. Therefore, HepG2 cells were treated 

with EGFP alone or EGFP complexed with LPPC (LPPC/

EGFP), and the cells were examined by confocal micros-

copy. Consistent with our results above, free EGFP was not 

efficiently taken into HepG2 cells (Figure 6B). However, 

green fluorescence was recorded in LPPC/EGFP-treated 

cells. More specifically, green fluorescence was not noted 

at 30 minutes after treatment but was recorded 2 hours after 

the treatment (Figure 6B). These data suggest that EGFP 

was still bound to LPPC within the cells at 30 minutes after 

the treatment but escaped from the lysosome and dissociated 

from LPPC 2 hours after the treatment.

Enzymatic activity of transported protein
We next tested whether the proteins retained their activities 

in the cytosol after LPPC-mediated intracellular delivery. To 

address this question, we examined the enzyme activity of 

βG in HepG2 cells incubated with LPPC/βG. The heightened 

βG activity (blue staining) was observed in the cells that 

had been incubated with the LPPC/βG complex (Figure 7). 

Thus, the enzyme retained its activity after LPPC-mediated 

delivery into the cell.

The activities of βG in the liver sections were examined 

by X-gluc staining. Consistent with the in vitro studies, liv-

ers from mice that received LPPC/βG injections expressed 

intense X-gluc staining (Figure 8A). In contrast, only 

residual, presumably endogenous, βG activities were found 

in the livers from mice that received LPPC or free βG injec-

tions. Then, the biodistribution of LPPC-delivered βG was 

analyzed after intravenous injection of LPPC/βG complexes 

into mice. Figure 8B shows that most βG accumulated in the 

liver. LPPC efficiently delivered βG to liver. These results 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2019:14submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1126

Lin et al

Figure 6 Escape of intracellularly delivered EGFP from LPPC.
Notes: (A) The fluorescence of EGFP cannot be measured, when it is adsorbed to LPPC (right dot), while free EGFP is capable of emitting fluorescence (left dot). (B) HepG2 
cells were untreated or treated with free EGFP, empty LPPC, or LPPC/EGFP complexes for different amounts of time. The lysosome (in red color) and nucleus (in blue color) 
were stained after incubation. The cells were then observed and imaged by confocal microscopy. EGFP molecules dissociated from LPPC are indicated by white arrows. 
Representative images of three independent experiments are shown. 
Abbreviations: EGFP, enhanced green fluorescent protein; FITC, fluorescein isothiocyanate; LPPC, liposomes containing polyethylenimine and polyethylene glycol complex.

ββ

Figure 7 Enzymatic activity of delivered β-glucuronidase in vitro.
Notes: HepG2 cells were treated with free βG, empty LPPC, or LPPC/βG for 4 hours. The cells were fixed and perforated by Triton X-100 for staining of βG activity with 
X-gluc (in blue). Representative images of three independent experiments are shown. 
Abbreviations: βG, β-glucuronidase; LPPC, liposomes containing polyethylenimine and polyethylene glycol complex.
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ββ

β

β

β

Figure 8 Enzymatic activity of delivered βG in vivo.
Notes: (A) The activity of LPPC-delivered βG in the liver was determined. The livers were sectioned for staining of βG activity with X-gluc (in blue). (B) Biodistribution of 
LPPC/βG by measuring the concentration of βG. BALB/c mice were intravenously injected with free βG, empty LPPC, or LPPC/βG for 48 hours. Mice were sacrificed, and 
the organs were collected. The concentration of βG in various organs was analyzed. 
Abbreviations: βG, β-glucuronidase; LPPC, liposomes containing polyethylenimine and polyethylene glycol complex.

indicated that active βG can be successfully transported to 

liver cells in vivo by LPPC. Thus, LPPC may be a useful 

tool for the in vivo delivery of functional proteins to livers.

Discussion
In a previous study, we showed that LPPC is capable of bind-

ing various proteins on the surface.18 In this study, we further 

demonstrated that LPPC is an efficient intracellular protein 

delivery vehicle that assists in the delivery of active proteins 

or enzymes into cells. The preparation of LPPC is technically 

simple and does not require sophisticated instrumentation. 

Likewise, the adsorption of large amounts of proteins onto 

LPPC is straightforward and fast. Furthermore, LPPC is 

nontoxic to cells and animals. These features combined with 

the high efficacy make LPPC a useful tool for biomedical 

studies that require intracellular protein delivery and for the 

development of therapeutic proteins that correct diseases 

caused by faulty and/or missing proteins.

Cationic liposome or PEI enter cells via energy-dependent 

endocytosis.21–23 LPPC is a cationic lipocomplex mainly 

composed of lipid, PEG, and PEI; thus, it is likely that LPPC 

also delivers protein cargo by the same mechanism. Intracel-

lular protein delivery by LPPC is fast and efficient since we 

can detect BSA-FITC in the cells within 30 minutes after incu-

bation. We found that the LPPC/protein complex entered the 

cytoplasm at 37°C but did not enter at 4°C (data not shown), 

suggesting that delivery involves an energy-dependent pro-

cess. As an endosome is often fused with a lysosome, our data 

showed that LPPC/BSA-FITC colocalized with lysosomes 

and provided additional evidence that endocytosis is the route 

by which LPPC/proteins are delivered into a cell.

Once an endosome is fused to a lysosome, an endocytosed 

protein may be degraded or denatured by lysosomal prote-

ases or acidic environments. Escape from an endo/lysosome 

seems to be a critical step for intracellular protein delivery. 

Cationic complexes or polymers can assist proteins in escap-

ing from an endo/lysosome by a proton sponge effect or by 

destabilization of lysosomal membranes.24,25 PEI, a major 

component in LPPC, has been shown to induce proton sponge 

effects and leads to endo/lysosome swelling and eventually 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2019:14submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1128

Lin et al

leakage of the vesicles.24 This mechanism is consistent with 

our data that the LPPC/protein complex was released from 

endo/lysosomes, and functionally active proteins dissociated 

from LPPC within 2 hours.

Although .239 protein drugs have been approved 

for clinical use by the FDA, only a few are delivered 

intracellularly.1 This observation is clinically pertinent since 

faulty or missing proteins within cells are often the underlying 

mechanisms of diseases. A well-known example is mutant 

oncoproteins, such as Ras, which result in the transformation 

of normal cells.26,27 Moreover, defects of intracellular proteins 

or enzymes, especially those involved in metabolic pathways, 

may cause cellular damage and eventually lead to the loss of 

organ function. For example, glycogen storage diseases are 

diseases manifesting as developmental abnormalities, weak-

ness, and confusion that can occur when defects occur in the 

enzymes involved in the metabolism of glycogen.28 These dis-

eases point to an urgent need in the development of intracellu-

lar protein drug therapy to correct the disease within the cells.

A major consideration in intracellular protein drug therapy 

is the passage of the protein across the plasma membrane. 

Different approaches have been developed to address this 

issue. For example, recombinant β-glucocerebrosidase has 

been modified with mannose to increase its binding to endo-

cytic carbohydrate receptors on macrophages and other cell 

types, allowing the enzyme to enter these cells.29 In addition, 

nanoparticles have also been shown to assist molecules across 

the plasma membrane.15,30,31 Virus-like particles (VLPs) have 

also been used to deliver functional proteins into certain 

cells by displaying targeting molecules on the surface of the 

VLPs.32 However, safety concerns, stability, immunogenic-

ity (in the case of VLP or other virus-mediated delivery), 

and production methods and/or instrumentations may limit 

the development of these protein delivery platforms.15 In 

this report, LPPC did not decrease cell survival and did not 

induce noticeable pathology in the liver, suggesting LPPC is 

a safe vehicle for intracellular protein delivery. In addition, 

large-scale production of LPPC/protein complexes is straight-

forward and fast; hundreds of milligrams of LPPC/protein 

complexes can be produced in 2 days. No sophisticated/

expensive instruments are needed in the production, and 

simple chromatography and centrifugation are used to remove 

impurities. Thus, LPPC is an efficient and economical tool 

for the intracellular delivery of proteins in vitro and in vivo.

Conclusion
Owing to its high protein-binding capacity, safety, and stabil-

ity as well as its ease of preparation and efficient intracellular 

delivery, LPPC may be a useful tool for the development 

of therapeutic proteins that aim to treat diseases caused by 

faulty/missing proteins in the cells.
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Supplementary material

Figure S1 The stability of LPPC/BSA-FITC in physiological conditions.
Notes: LPPC/BSA-FITC complexes were incubated in DMEM growth medium with 10% FBS (pH=7). The amount of LPPC-bound BSA-FITC was determined using a 
Coomassie Plus Bradford™ Assay Kit. 
Abbreviations: FITC, fluorescein isothiocyanate; LPPC, liposomes containing polyethylenimine and polyethylene glycol.
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