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Abstract

Intracellular delivery of protein therapeutics by cationic polymer vehicles is an emerging 

technique that is, however, encountering poor stability, high cytotoxicity and non-specific cell 

uptake. Herein, we present a facile strategy to optimize the protein-polycation complexes by 

encapsulating with linear-dendritic telodendrimers. The telodendrimers with well-defined 

structures enable the rational design and integration of multiple functionalities for efficient 

encapsulation of the protein-polycation complexes by multivalent and hybrid supramolecular 

interactions to produce sub-20 nm nanoparticles. This strategy not only reduces the polycation-

associated cytotoxicity and hemolytic activity, but also eliminates the aggregation and non-specific 

binding of polycations to other biomacromolecules. Moreover, the telodendrimers dissociate 

readily from the complexes during the cellular uptake process, which restores the capability of 

polycations for intracellular protein delivery. This strategy overcomes the limitations of 

polycationic vectors for intracellular delivery of protein therapeutics.

Graphical Abstract

A facile strategy to optimize of the protein-polycation complexes was developed by encapsulating 

with rationally designed telodendrimers for efficient intracellular protein delivery.
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1. Introduction

Cationic polymers have long been regarded as efficient non-viral vectors for gene delivery,

[1–6] and recently have been applied in the field of intracellular delivery of protein 

therapeutics, which is particularly important for the cell-impermeable proteins to impart 

their functions intracellularly.[7–10] The representative cationic polymers such as 

polyethylenimine (PEI) show high delivery efficiency,[11, 12] however, are usually 

associated with several shortages including the large or uncontrollable aggregation size, high 

cytotoxicity, and non-specific phagocytosis by the reticuloendothelium systems in vivo.[2, 

13] To overcome these shortages, PEGylated polycations have been developed towards safe 

therapeutic delivery.[14, 15] However, the covalently conjugated polyethylene glycol (PEG) 

or other biocompatible materials on the polycations in early studies significantly sacrificed 

the cellular uptake and reduced the delivery efficiency.[16, 17] Therefore, smart 

conjugations employing reversible covalent chemistries have been developed to endow the 

polycations with stimuli-responsive detachable shielding layers,[18, 19] wherein the 

shielding materials such as PEG can dissociate from the polycations to restore the high gene 

delivery efficiency upon stimuli such as pH change[2, 20], light[21], and redox reagents[22, 

23]. Encapsulation of the therapeutic-polycation complexes with negatively charged 

shielding polymers based on completely reversible noncovalent interactions is an alternative 

way without complicated chemical conjugation to endow the delivery vehicles with 

spontaneously detachable shielding layers. In terms of gene delivery, copolymers of anionic 

peptides linked to PEG have been used to encapsulate the DNA-polycation complexes by 

electrostatic interactions to prevent salt- and serum albumin-induced aggregation, and the 

protective copolymer-coated vectors have been demonstrated to be compatible with the 

intracellular gene delivery.[24] However, to our knowledge, this noncovalent interaction-

based shielding strategy has yet to be applied in the development of advanced polycation-

based vehicles for intracellular protein delivery.

Wang et al. Page 2

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In addition to the electrostatic interactions, most proteins can provide valid hydrophobic 

grooves for efficient binding of other hydrophobic materials and even for the reinforcement 

of electrostatic interactions by decreasing the static dielectric constants of surroundings.[25–

27] In previous studies, we have integrated multiple charged and hydrophobic functionalities 

in a well-defined linear-dendritic telodendrimer[28, 29] matrix to match protein surface 

chemistries through synergistic combination of electrostatic and hydrophobic interactions to 

produce protein-telodendrimer nanoparticles with excellent in vitro stability.[30] These 

telodendrimers have been demonstrated to be efficient to encapsulate and deliver proteins to 

tumor sites in vivo by the enhanced permeability and retention effects[31] and to manage the 

blood glucose level by sustained release of insulin in mouse models.[30, 32] These 

achievements testify the importance to adopt multivalent and hybrid noncovalent interactions 

in a well-defined telodendrimer system for stable protein encapsulation and efficient 

delivery. Remarkably, the polycation complexation may induce a change in the surface 

charge properties of the payload proteins, but the hydrophobic regions on the proteins can be 

generally maintained. Therefore, it is promising and technically feasible to encapsulate the 

protein-polycation complexes with rationally designed telodendrimers based on both 

electrostatic and hydrophobic interactions for efficient intracellular protein delivery.

In this study, we rationally designed a chemically well-defined telodendrimer, composed of 

linear PEG-blocking-dendritic oligolysine and the capping peripheral building blocks of 

oxalic acids and cholesterols, for encapsulation of the protein-polycation complexes. The 

negatively charged oxalic acid and hydrophobic cholesterol functionalities on the 

telodendrimer are selected to interact with the positively charged protein-polycation 

complexes by both electrostatic and hydrophobic interactions. We found this protein-

polycation-telodendrimer nanocomplexes possessing proper serum stability showed 

eliminated non-specific binding capacity, significantly reduced nanocarrier-associated 

cytotoxicity and hemolytic activity, and maintained intracellular protein delivery efficiency 

when compared to the protein-polycation complexes. This study presents a simple and clean 

method to optimize protein-polycation complexes by modification with telodendrimer 

shielding materials based on multivalent and hybrid interactions for efficient intracellular 

protein delivery.

2. Materials and methods

2.1. Materials

Monomethylterminated poly(ethylene glycol) monoamine hydrochloride (MeO-PEG-

NH2·HCl, MW: 5 kDa) was purchased from Jenkem Technology. (Fmoc)Lys(Fmoc)-OH and 

(Fmoc)Lys(Boc)-OH were obtained from AnaSpec Inc. Cholesteryl chlorofomate was 

purchased from Alfa Aesar. CellTiter 96® AQueous MTS reagent powder was purchased 

from Promega. Diisopropyl carbodimide (DIC), N-hydroxybenzotriazole (HOBt), 

trifluoroacetic acid (TFA), methyl chlorooxoacetate, fluorescein isothiocyanate isomer I 

(FITC), bovine serum albumin (BSA, Mw 66.5 kDa), N-hydroxysuccinimide (HOSu), 

rhodamine B (RB), polyethylenimine (PEI, branched, Mw 25 kDa) and other chemical 

reagents were purchased from Sigma-Aldrich. Dialysis membrane with 3,500 MW cut off 

was purchased from Spectrum Laboratories, Inc.
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2.2. Telodendrimer synthesis

The telodendrimer with eight oxalic acid groups containing cholesterols, named as 

PEG5k(OAOA-L-CHO)4, was synthesized using a solution-phase condensation reaction 

starting from MeO-PEG-NH2·HCl (5 kDa) via stepwise peptide chemistry. The synthesis of 

the telodendrimer has been published separately[30] and, therefore, is not repeated here.

2.3. Fabrication of protein-polycation-telodendrimer nanocomplexes

Proteins and polycations in phosphate-buffered saline (PBS) were mixed at various mass 

ratios of protein to polycation, and different amounts of telodendrimers in PBS were added 

into the protein-polycation complex solution to form protein-polycation-telodendrimer 

nanocomplexes. The nanocomplex solution was diluted with PBS to desired concentrations.

2.4. Characterization

Dynamic light scattering (DLS) studies were performed using a Zetatrac (Microtrac Inc.) 

instrument, and the area-based mean particle sizes were presented. Zeta potential 

measurements were carried out on a Malvern Nano-ZS zetasizer at room temperature. 

Transmission electron microscopy (TEM) images were taken on a JEOL 2100 TEM 

instrument operating at a voltage of 80 kV. The samples were negatively stained by 1% 

uranyl acetate.

2.5. Fluorescently labeled proteins and telodendrimers

FITC-labeled BSA (named FITC-BSA) was prepared by mixing 3 mg of FITC dissolved in 

0.3 mL of DMSO with 10 mL of BSA aqueous solution (10 mg/mL) in the presence of 0.1 

M of NaHCO3 under stirring. The feeding molar ratio of FITC to BSA is approximately 5:1. 

After 24 h, the reaction mixture was dialyzed against deionized water in dark for one week 

to remove the unreacted FITC molecules, and dried by lyophilization.

RB-labeled BSA (named RB-BSA) was synthesized as follows: RB-OSu was first 

synthesized by mixing 10 mg of RB, 3 mg of HOSu and 4 μL of DIC dissolved in 0.5 mL of 

DMSO. RB-BSA was then prepared by mixing above RB-OSu solution with 20 mL of BSA 

aqueous solution (13 mg/mL) in the presence of 0.1 M of NaHCO3 under stirring. After 24 

h, the reaction mixture was dialyzed against deionized water in the dark for one week to 

remove the unreacted RB molecules, and dried by lyophilization.

FITC-labeled PEG5k(OAOA-L-CHO)4 (named FITC-PEG5k(OAOA-L-CHO)4) was 

prepared as follows: 10 mg of PEG5k(OAOA-L-CHO)4, 0.12 mg of HOSu and 0.2 μL of 

DIC were mixed in 0.5 mL of DMF to fabricate PEG5k(OAOA-L-CHO)4-OSu. After 12 h, 

0.26 mg of mono Boc protected 2,2′-(Ethylenedioxy)bis(ethylamine) and 0.2 μL of DIEA 

were added into the above reaction mixtures, allowing for 24 h reaction. The product was 

then precipitated in cold ether, followed by the removal of Boc protecting groups in 1/1 (v/v) 

mixture of TFA/CH2Cl2 and the precipitation in cold ether. The amino-functionalized 

PEG5k(OAOA-L-CHO)4 was dissolved in aqueous solution in the presence of 0.1 M of 

NaHCO3, and 0.4 mg of FITC in 0.2 mL of DMSO was added. After 24 h, the reaction 

mixture was dialyzed against deionized water in the dark for one week to remove the 

unreacted FITC molecules, and dried by lyophilization.
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2.6. Agarose gel retention assay

Samples in loading buffer (30% glycerol aqueous solution) were loaded into agarose gel 

(1.5%wt) in Tris-acetate-EDTA (TAE) buffer. The gel tray was run for 2 h at a constant 

current of 20 mA. The gel was then stained with 1% coomassie blue (30 min) followed by 

overnight destaining. The gel was imaged by a Bio-Rad Universal Hood II Imager (Bio-Rad 

Laboratories, Inc.) under SYBR Green and coomassie blue modes.

2.7. Förster resonance energy transfer (FRET) studies

Equal volumes of 2 mg/mL of RB-BSA solution, 4 mg/mL of PEI solution and 4 mg/mL of 

FITC-PEG5k(OAOA-L-CHO)4 solution were mixed, following by stirring overnight. The 

fluorescence spectra with a range from 480 to 640 nm at different time points excited by 439 

nm were recorded using a microplate reader (BioTek Synergy 2). The FRET ratio was 

calculated by the formula of [100%×I584/(I584 + I528)], where I584 and I528 were 

fluorescence intensity of RB-BSA at 584 nm and FITC-PEG5k(ArgArg-L-C17)4 at 528 nm, 

respectively.

2.8. Cell culture and MTS assays

The colon cancer cell line HT-29 and the breast cancer cell line MDA-231 were purchased 

from American Type Culture Collection (ATCC, Manassas, VA, U.S.A.). All cells were 

cultured in 100 U/mL penicillin G, and 100 μg/mL streptomycin at 37 °C using a humidified 

5% CO2 incubator. Various formulations of proteins with different dilutions were added to 

the plate and then incubated in a humidified 37 °C, 5% CO2 incubator. After 4h incubation, 

McCoy’s 5A medium supplemented with 10% fetal bovine serum (FBS) was added into the 

above system. After 72 h incubation, a mixture solution composed of CellTiter 96 AQueous 

MTS, and an electron coupling reagent, PMS, was added to each well according to the 

manufacturer’s instructions. The cell viability was determined by measuring absorbance at 

490 nm using a microplate reader (BioTek Synergy 2). Untreated cells served as the control. 

Results were shown as the average cell viability [100%×(ODtreat − OD blank)/(ODcontrol − 

ODblank)] of triplicate wells.

2.9. Hemolytic assays

One milliliter of fresh blood from healthy human volunteers was collected into 5 mL of PBS 

solution in the presence of 20 mM EDTA. Red blood cells (RBCs) were then separated by 

centrifugation at 1000 rpm for 10 min. The RBCs were washed three times with 10 mL of 

PBS and resuspended in 20 mL of PBS. Diluted RBC suspension (200 μL) was mixed with 

nanoparticle PBS solutions at serial concentrations (10, 100, and 500 μg/mL) by gentle 

vortex and incubated at 37 °C. After 0.5 h, 4 h, and overnight, the mixtures were centrifuged 

at 1,000 rpm for 5 min. The supernatant free of hemoglobin was determined by measuring 

the absorbance at 540 nm using a UV-vis spectrometer. Incubations of RBCs with 

Triton-100 (2%) and PBS were used as the positive and negative controls, respectively. The 

percent hemolysis of RBCs was calculated using the following formula:
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(1)

2.10. Cellular uptake

The cellular uptake and intracellular trafficking of the protein-incorporated nanoparticles 

were determined by fluorescence microscopy. FITC-BSA and RB-BSA were used as model 

proteins. HT-29 and MDA-231 cells were seeded in chamber slide with a density of 5 ×104 

cells per well in 350 μL of McCoy’s 5A and cultured for 24 h. The original medium was 

replaced with FITC-BSA, FITC-BSA:PEI (1:2, w/w), FITC-BSA:PEI:telodendrimer (1:2:2, 

w/w), BSA:PEI:FITC-telodendrimer (1:2:2, w/w) or RB-BSA at a final dye concentration of 

approximately 1.5 μg/mL at 37 °C. After a 3 h incubation, the cells were washed three times 

with cold PBS and fixed with 4% formaldehyde for 10 min at room temperature, and the cell 

nuclei and lysosome were stained with 4′,6-diamidino-2-phenylindole (DAPI, blue) and 

Lysotracker (green), respectively. The slides were mounted with cover slips and cells were 

imaged with a NiKON FV1000 laser scanning confocal fluorescence microscope or a Leica 

fluorescence microscope.

2.11. Statistical analysis

Data are presented as means ± standard deviation (SD) unless otherwise stated. Statistical 

analysis was performed using two-tailed Student’s t-test for comparison of two groups. The 

level of significance in all statistical analyses was set at a probability of P < 0.05.

3. Results and discussion

3.1. Fabrication of protein-polycation complexes

Bovine serum albumin (BSA) with a molecular weight of 66.5 kDa and an isoelectric point 

of 5.4, and branched polyethylenimine (PEI) with a molecular weight of 25 kDa were 

selected as the model protein and the model polycation, respectively, for the fabrication of 

protein-polycation complexes. BSA and PEI can form complex mainly based on electrostatic 

interactions (Fig. 1). The particle sizes and distributions of the BSA-PEI complexes at 

different BSA:PEI mass ratios were detected by dynamic light scattering (DLS), and the 

results are shown in Fig. 2a. Interestingly, large aggregates of the complexes were observed 

with multiple distribution peaks when less PEI molecules were used at BSA:PEI mass ratios 

of 1:0.1 and 1:0.5. It may be ascribed to the crosslinking effects of PEI chains in interacting 

with negatively charged BSA. In comparison, with the increasing amount of PEI added, 

small and well-defined nanoparticles with hydrodynamic diameters of ~10 nm were 

observed at BSA:PEI mass ratios of 1:2, 1:10 and 1:20. It reveals that BSA can be efficiently 

coated by PEI into individual and well-dispersed nanoparticles without further aggregation. 

Native agarose gel electrophoresis was used to investigate the formation of BSA-PEI 

complex, and fluorescently labeled BSA and PEI (noted as FITC-BSA and FITC-PEI, 

respectively) were used to track the migrations of nanocomplex in the gel. The gel was also 

stained by coomassie blue, in which case both BSA and PEI can be stained based on 

electrostatic and/or hydrophobic interactions. The images taken under fluorescence (upper 
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row) and coomassie blue (lower row) modes in Fig. 2b gave a consistent result: BSA and 

FITC-BSA migrated towards the anode (positive electrode) while PEI and FITC-PEI 

migrated towards the cathode (negative electrode), and the BSA-PEI complexes were 

trapped in the loading well and migrated towards the cathode with the increasing proportion 

of PEI, because of the increased particle sizes and charge reversal.[30] When the BSA:PEI 

mass ratio was high (1:0.1), there were not sufficient PEI molecules for the formation of 

BSA-PEI complexes and free proteins could be observed. When the BSA:PEI mass ratios 

were as low as 1:10 and 1:20, extensive migrations towards the cathode were observed, due 

to the increased positive charges and reduced particle sizes as shown in DLS studies (Fig. 

2a). Large amounts of excess PEI molecules in the systems may lead to high cytotoxicity. 

Therefore, a BSA:PEI mass ratio of 1:2 is determined to be the optimal one based on both 

electrophoresis and DLS analysis and will be used in the following experiments.

3.2. Fabrication of protein-polycation-telodendrimer nanocomplexes

Based on the properties of the BSA-PEI complexes with positive surface charges (zeta 

potential: +12 mV) and hydrophobic regions, the rationally designed telodendrimer 

composed of a linear PEG and a dendritic oligolysine-based scaffold containing eight 

negatively charged oxalic acid groups and four hydrophobic cholesterols, named 

PEG5k(OAOA-L-CHO)4 (chemical structure, Fig. 1), was synthesized via stepwise peptide 

chemistry. This telodendrimer has shown availability for the delivery of positively charged 

proteins, e.g. lysosome, in our previous study.[30] The synthesis and characterization of this 

telodendrimer have been previously reported.[30] Here, we rationally apply this negatively 

charged telodendrimer to coat the protein-PEI nanocomplex by both electrostatic and 

hydrophobic interactions (Fig. 1) to reduce the cytotoxicity and non-specific cellular uptake. 

The PEG5k(OAOA-L-CHO)4 telodendrimers can form nanoparticles with a hydrodynamic 

diameter of ~16 nm and zeta potential of ~−5 mV in an aqueous solution (Fig. S1). Even 

though the telodendrimers form micelles above the critical micelle concentration (CMC, 

1.52 μM), they can readily reconstruct and encapsulate proteins to form protein-loaded 

nanoparticles undergoing an absorption-reassembly process, which has been demonstrated in 

our previous study.[30] Agarose gel retention assays were used to study the ternary complex 

of BSA, PEI and PEG5k(OAOA-L-CHO)4. Notably, the negatively charged telodendrimers 

cannot be stained by coomassie blue. A relatively high BSA:PEI mass ratio of 1:2 was 

selected also in consideration of the excesses of the hydrophobic regions on protein to 

telodendrimer for stable nanocomplex formation. The BSA:telodendrimer (or 

PEI:telodendrimer) mass ratio was varied as a means to control the property of the 

nanocomplexes. In this study, we labeled three components, i.e. BSA, PEI and 

PEG5k(OAOA-L-CHO)4, respectively, with FITC to visualize and confirm the nanocomplex 

formation on agarose gel electrophoresis. As shown in Fig. 3a, the ternary complex was 

trapped in the loading well in the presence of telodendrimer. Interestingly, BSA leaked out 

when a large amount of telodendrimers were added in the complex system 

(BSA:PEI:PEG5k(OAOA-L-CHO)4 = 1:2:20, w/w). This is because large amounts of 

negatively charged telodendrimers can neutralize the polycation and therefore fail to stably 

encapsulate the negatively charged protein, e.g. BSA, as shown in our previous study.[30] 

This fact further demonstrates that it is critical to synergistically combine both electrostatic 

and hydrophobic interactions for the fabrication of stable protein-polycation-telodendrimer 
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nanocomplexes. In comparison, these three components can form stable complexes when 

having other mass ratios with lower telodendrimer contents (1:2:0.1, and 1:2:2), as 

demonstrated by the co-localization of three components in the agarose gel. In these cases, 

both charge and hydrophobic interactions contribute to the formation of stable ternary 

nanocomplexes. The DLS results in Fig. 3b indicate that the BSA-PEI-PEG5k(OAOA-L-

CHO)4 complexes at different mass ratios show similar particle sizes. However, positive zeta 

potential was detected for the BSA-PEI-PEG5k(OAOA-L-CHO)4 complexes at mass ratios 

of 1:2:0 and 1:2:0.1 (Fig. 3c), which may lead to non-specific cellular uptake. Therefore, a 

BSA:PEI:PEG5k(OAOA-L-CHO)4 complex at a 1:2:2 mass ratio with slightly negative zeta 

potential is considered to be the optimal candidate for further studies.

Transmission electron microscopy (TEM) was used to study the morphology of BSA-PEI 

complexes (1:0.5 and 1:2, w/w) and BSA-PEI-PEG5k(OAOA-L-CHO)4 complex (1:2:2, 

w/w) in contrast to free BSA. Free BSA shows isolated spherical particles with an average 

size of 6 nm (Fig. 4a). The addition of PEI to BSA to reach to a BSA:PEI mass ratio of 1:0.5 

leads to a significant increase in particle size and formation of large aggregates (Fig. 4b), 

which is consistent with the DLS analysis (Fig. 2a). Further increasing the PEI content to a 

BSA:PEI mass ratio of 1:2 breaks the aggregation and decreases the complex particle size to 

10 nm (Fig. 4c). The addition of PEG5k(OAOA-L-CHO)4 to the BSA-PEI complex to a 

mass ratio of 1:2:2 (BSA:PEI:PEG5k(OAOA-L-CHO)4) increases the particle size to 15 nm 

(Fig. 4d), indicating formation of the ternary complex of BSA, PEI and PEG5k(OAOA-L-

CHO)4. These results obtained from the TEM images acquire good agreement with the DLS 

results (Fig. 2a and 3b).

In a previous study, we have demonstrated that positively charged telodendrimers such as 

PEG5k(ArgArg-L-CHO)4 can encapsulate negatively charged protein such as BSA based on 

both electrostatic and hydrophobic interactions.[30] By addition of PEG5k(ArgArg-L-CHO)4 

to FITC-BSA aqueous solutions, the fluorescence signal of FITC-BSA was observed to 

gradually increase, indicating the increased hydrophobic microenvironment of FITC-BSA 

after being coated with telodendrimer. In contrast, the fluorescence signal of FITC-BSA 

generally kept constant when PEG5k(OAOA-L-CHO)4 was gradually added, indicating the 

weak interactions between BSA and the negatively charged telodendrimer (Fig. 5a). This is 

consistent with our previous observation that BSA cannot form stable complex with 

PEG5k(OAOA-L-CHO)4 as shown in the agarose gel electrophoresis assay.[30] The addition 

of positively charged PEI can mediate BSA and PEG5k(OAOA-L-CHO)4 to form stable 

ternary complex (Fig. 3a), indicating the importance of PEI for stabilizing this nanocomplex. 

Förster resonance energy transfer (FRET) experiments were used to probe the molecular 

proximity[33] during the complex formation. Rhodamine B-labeled BSA (RB-BSA), PEI 

and FITC-PEG5k(OAOA-L-CHO)4 were added sequentially into an aqueous solution to 

prepare the ternary complex. When the ternary complex was excited at the excitation 

wavelength of FITC at 439 nm, a significant FRET signal was recorded at the emission 

wavelength of RB at 584 nm (Fig. 5b), which can be attributed to the close molecular 

proximity of proteins and telodendrimers. The FRET ratio (the calculation method can be 

found in the Experimental Section) of RB-BSA/PEI/FITC-PEG5k(OAOA-L-CHO)4 ternary 

complexes slightly decreased by 9.9% with the increasing serum protein concentrations up 
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to 40 mg/mL (Fig. 5c), implying the dynamic feature of the nanocomplexes and the partial 

dissociation due to serum protein exchange.

3.3. Cytotoxicity and hemolysis

The polycationic molecules or complexes were reported to be toxic for many cell lines.[2, 4, 

34] HT-29 colon cancer cell line was selected as a model cell line to investigate the 

cytotoxicity of protein-polycation and protein-polycation-PEG5k(OAOA-L-CHO)4 

nanocomplexes. The cell viability results after a 72-h continuous incubation at 37 °C in Fig. 

6 indicate that the encapsulation of the protein-polycation complexes within PEG5k(OAOA-

L-CHO)4 can significantly reduce polycation-associated cytotoxicity. The half maximal 

inhibitory concentration (IC50) value for the BSA-PEI-PEG5k(OAOA-L-CHO)4 complexes 

is significantly higher than that for the BSA-PEI complexes (Fig. 6b). Moreover, the BSA-

PEI-PEG5k(OAOA-L-CHO)4 complexes show significantly lower hemolytic activity when 

compared to the BSA-PEI complexes (Fig. 6c and d). The reduced cytotoxicity and 

hemolytic activity by PEG5k(OAOA-L-CHO)4 telodendrimer encapsulation are presumably 

because of the PEG shells in the telodendrimers that can shelter positive charges efficiently 

(Fig. 3c) to reduce non-specific binding to cell membranes or other biomacromolecules. In 

addition, the telodendrimer consists of all biocompatible components constructed by peptide 

bonds, which can be hydrolyzed by peptidase in vivo. The telodendrimer has a low 

molecular weight of ~9.7 kDa, which can be eliminated by renal clearance once dissociated 

from the nanocomplex. All these features of telodendrimer favor the in vivo applications 

with great biocompatibility.

3.4. Intracellular protein delivery

Many proteins are possible to be therapeutics if they can be delivered across plasma 

membrane into intracellular spaces, such as antibodies against intracellular proteins used in 

biochemistry assays or pathology detections, as well as truncated diphtheria toxins used in 

brain tumor treatment.[34, 35] However, such exogenous proteins, even some endogenous 

proteins are cell-impermeable by themselves due to their surface charge distributions, large 

molecular weights and vulnerable tertiary structures.[7, 36] In addition, the lack of receptors 

to mediate their cellular uptake renders these proteins inactive. Therefore, the ability to 

create efficient vehicles for intracellular protein delivery will expand the horizon 

dramatically in the development and application of therapeutic proteins in disease 

treatments. Cationic polymers have been widely studied over the past few decades for gene 

delivery and recently have been used for intracellular delivery of proteins while maintaining 

the bioactivity.[1, 7–9, 37] However, the advancement of these vehicles is mainly hindered 

by their positive surface charges, that usually cause high cytotoxicity and non-specific 

interactions with negatively charged biomacromolecules and cell membranes during the 

transport process.[2] The encapsulation of protein-polycation complexes by rationally 

designed telodendrimers has shown great promise to reduce the polycation-induced 

cytotoxicity and hemolytic activity (Fig. 6). We hypothesize that the telodendrimer 

encapsulation can also avoid the non-specific binding of protein-polycation complexes to 

other biomacromolecules during the intracellular protein delivery process. To test this 

hypothesis, FITC-BSA was used to probe the intracellular trafficking of proteins delivered 

by polycation-PEG5k(OAOA-L-CHO)4 nanocarriers in HT-29 colon cancer cell cultures. We 
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kept the dye concentrations and the dye:BSA:PEI:PEG5k(OAOA-L-CHO)4 ratios consistent 

for all the groups in Fig. 7a–e. FITC-BSA could hardly get into cells (Fig. 7a) and the 

negatively charged group-containing telodendrimer, PEG5k(OAOA-L-CHO)4, could not 

intracellularly deliver FITC-BSA (Fig. 7b). FITC-BSA-PEI complexes further aggregated 

significantly and precipitated in the cell cultures due to the positive surface charges (Fig. 7c), 

and majority of the green spots (precipitates) were observed in the extracellular space in the 

culture (Fig. S2). It indicates that the protein-polycation complexes without shielding layers 

can interact with cell culture medium and form large aggregates, resulting in precipitation 

and inefficient intracellular protein delivery. When the FITC-BSA-PEI complexes were 

encapsulated by PEG5k(OAOA-L-CHO)4 telodendrimers, FITC-BSA was efficiently 

translocated into the cytoplasm, and no aggregation was found outside the cells (Fig. 7d and 

S2). This fact indicates that the telodendrimer encapsulation can significantly prevent the 

non-specific binding of cationic polymers to other biomacromolecules in the cell cultures. 

Furthermore, the PEG5k(OAOA-L-CHO)4 telodendrimer was labeled by FITC instead of 

BSA in the ternary nanocomplex and tested for cell uptake properties. Interestingly, as 

shown in Fig. 7e, no obvious FITC-PEG5k(OAOA-L-CHO)4 signal can be detected after the 

intracellular protein delivery with the polycation/FITC-PEG5k(OAOA-L-CHO)4 complex, 

which is correlated with the binary system in Fig. 7b. It indicated that the telodendrimer 

consisting of PEG and negative charges is not ready for cellular uptake. It serves as a 

shielding layer in the ternary system to reduce the cytotoxicity, hemolytic activity and 

prevent non-specific aggregation of PEI. The telodendrimer shielding is, however, dynamic 

to dissociate readily from the protein-polycation complexes for efficient intracellular protein 

delivery. RB-BSA and MDA-231 breast cancer cell were used as the model protein and the 

model cell line, respectively, to further study the intracellular protein delivery by polycation-

PEG5k(OAOA-L-CHO)4 complexes. As shown in Fig. 7f, during a confocal fluorescence 

microscopy imaging study by counterstaining the endosome/lysosome (green) of a 

MDA-231 cell, the co-localization of RB-BSA (red) within the endosome/lysosome after a 

3-h incubation was revealed. Moreover, significant amounts of proteins had already escaped 

from the endosomal compartments, as indicated by the red fluorescence signals throughout 

the cell, which is essential for therapeutic proteins to be functional intracellularly.

4. Conclusion

In this study, we presented a facile strategy of encapsulating protein-polycation complexes 

with rationally designed telodendrimers to minimize the polycation-induced cytotoxicity and 

non-specific binding capacity for efficient intracellular protein delivery. The telodendrimers 

possessing both negative charges and hydrophobic groups could form stable complexes with 

proteins and polycations to reduce the nanocarrier-associated cytotoxicity and hemolytic 

activity, as well as to prevent the aggregation in cell cultures. Moreover, the telodendrimer 

shielding layers could detach themselves from the nanocomplexes during the intracellular 

protein delivery, evidenced by the inefficient cellular internalization of telodendrimers, 

which suggested the possibility to completely restore the intracellular protein delivery 

efficiency of the cationic polymers. This strategy of synergistic combination of electrostatic 

and hydrophobic interactions for stable and detachable telodendrimer modification on 
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protein-polycation complexes could have extensive in vitro and in vivo application prospects 

in intracellular delivery of proteins for disease treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at xxx.
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Highlights

• Telodendrimers encapsulate protein-polycation complexes by hybrid 

interactions

• The encapsulation reduces the cytotoxicity and hemolytic activity

• The encapsulation eliminates the extracellular aggregation

• The polycation-telodendrimer complexes enable intracellular protein delivery
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Fig. 1. 
Schematic illustration of the procedure to fabricate protein-polycation-telodendrimer 

nanocomplexes and the chemical structure of PEG5k(OAOA-L-CHO)4 telodendrimer.
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Fig. 2. 
Characterization of protein-polycation complex systems. (a) DLS particle size analysis for 

BSA:PEI complexes at different BSA:PEI mass ratios. The value behind ‘±’ describes the 

half-peak width of the size distribution. (b) Agarose gel retention assays for FITC-BSA:PEI 

(the 7 lanes on the left) and BSA:FITC-PEI (the 7 lanes on the right) complexes at different 

mass ratios. The images were taken before (upper row) and after (lower row) staining by 

coomassie blue.
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Fig. 3. 
Characterization of protein-polycation-telodendrimer complex systems. (a) Agarose gel 

retention assays for FITC-BSA:PEI:PEG5k(OAOA-L-CHO)4, BSA:FITC-

PEI:PEG5k(OAOA-L-CHO)4, and BSA:PEI:FITC-PEG5k(OAOA-L-CHO)4 complexes at 

different mass ratios. The images were taken before (upper row) and after (lower row) 

staining by coomassie blue. (b,c) DLS particle size (b) and zeta potential (c) analysis for 

BSA:PEI:PEG5k(OAOA-L-CHO)4 complexes at different mass ratios. For the DLS data in b, 

the value behind ‘±’ describes the half-peak width of the size distribution. The error in c is 

for standard deviation (n = 3).
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Fig. 4. 
TEM images of (a) free BSA, (b) BSA-PEI complex at a mass ratio of 1:0.5, (c) BSA-PEI 

complex at a mass ratio of 1:2, and (d) BSA-PEI-PEG5k(OAOA-L-CHO)4 complex at a 

mass ratio of 1:2:2 with negative staining. The average diameters of the particles are 

indicated in the graphs. The yellow arrows in b indicate the aggregates.
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Fig. 5. 
(a) Fluorescent intensity of FITC-BSA incubation with either positively (PEG5k(ArgArg-L-

CHO)4) or negatively (PEG5k(OAOA-L-CHO)4) charged telodendrimers at different mass 

ratios of FITC-BSA/telodendrimer. (b) Representative FRET spectra of RB-BSA, FITC-

PEG5k(OAOA-L-CHO)4, and RB-BSA/PEI/FITC-PEG5k(OAOA-L-CHO)4 (1:2:2, w/w) 

complex. (c) FRET ratios of RB-BSA/PEI/FITC-PEG5k(OAOA-L-CHO)4 (1:2:2, w/w) 

complexes after incubation with non-fluorescent BSA solutions at different concentrations. 

The errors in a and c are for standard deviation (n = 3).
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Fig. 6. 
(a) Cell viability assays on HT-29 cells after a 72-h continuous incubation at 37 °C for BSA-

PEI (1:2, w/w) and BSA-PEI-PEG5k(OAOA-L-CHO)4 (1:2:2, w/w) complexes. (b) IC50 

values calculated from the cell viability results in a. The errors in a and b are for standard 

deviation (n = 3, *P < 0.05, **P < 0.01). (c,d) Hemolytic assays for (c) BSA-PEI (1:2, w/w) 

and (d) BSA-PEI-PEG5k(OAOA-L-CHO)4 (1:2:2, w/w) complexes. The error is for standard 

deviation (n = 3).
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Fig. 7. 
Confocal fluorescence microscopy images of (a–e) HT-29 and (f) MDA-231 cells incubated 

with (a) free FITC-BSA, (b) FITC-BSA:PEG5k(OAOA-L-CHO)4 (1:2, w/w), (c) FITC-

BSA:PEI (1:2, w/w), (d) FITC-BSA:PEI:PEG5k(OAOA-L-CHO)4 (1:2:2, w/w), (e) 

BSA:PEI:FITC-PEG5k(OAOA-L-CHO)4 (1:2:2, w/w), and (f) RB-BSA:PEI:PEG5k(OAOA-

L-CHO)4 (1:2:2, w/w) at 37 °C for 3 h. The cell nuclear was stained with DAPI (blue). The 

lysosome in f was stained with Lysotracker (green).
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