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Introduction: Intracellular protein delivery is emerging as a potential strategy to revolutionize 
therapeutics in the field of biomedicine, aiming at treating a wide range of diseases including 
cancer, inflammatory diseases and other oxidative stress-related disorders with high specificity. 
However, the current challenges and limitations are addressed to either synthetically or biologi-
cally through multipotency of engineering, such as protein modification, insufficient delivery of 
large-size proteins, deficiency or mutation of proteins, and high cytotoxicity.
Methods: We prepared the nanocomposites by mixing protein with PEI1200 at a certain 
molar ratio and demonstrated that it can deliver proteins into living cells in high efficiency 
and safety through the following experiments, such as dynamic light scattering, fluorescent 
detection, agarose gel electrophoresis, ß-Galactosidase activity detection, immunofluores-
cence staining, digital fluorescent detection, cell viability assay and flow cytometry.
Results: The self-assembly of PEI1200/protein nanocomposites with appropriate molar ratio 
(4:1 and 8:1) could provide efficiently delivery of active proteins to a variety of cell types in 
the presence of serum. The nanocomposites could continuously release protein up to 96 h in 
their desired intracellular locations. In addition, these nanocomposites were able to preserve 
protein activity while maintain low cytotoxicity (when final concentration <1 μg/mL).
Conclusion: Collectively, PEI1200-based delivery system provided an alternative strategy 
to direct protein delivery in high efficiency and safety, offering increased potential applica-
tions in clinical biomedicine.
Keywords: polyethyleneimine, protein delivery, nanocomposites, low-molecular-weight, 
cytotoxicity

Introduction
Intracellular delivery of proteins is of great importance in protein-based therapeutics1,2 

and biotechnologies, such as gene editing2–4 and cell reprogramming.5,6 Protein ther-
apy protects cargo proteins against detrimental physiological environments, which 
exhibits higher specificity, less adverse effects, and lower risk of off-targets than 
gene therapy for cancer1 and genetic disorders.2 For instance, the presence of nuclease 
Cas9 and other genome-editing proteins avoid the sustained expression of transgenes.7 

In nucleic acid-free stem cell reprogramming, direct delivery of transcriptional factor 
proteins can reduce the risk of insertional mutagenesis,8 which represent presumably 
the safest methodology for future clinical applications.

Although proteins can be delivered to living cells by protein transduction 
domain (PTD) carriers,9,10 cationic lipid carriers,11,12 cationic polymer13 and 
other molecules such as hyaluronic acid,14 most of these strategies have remained 
propose of disadvantages and limits. PTD carriers usually require complicated 
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protein modification, which may cause substantial protein 
degradation and are prone to be captured by endosome and 
lysosome.9 Cationic lipid carriers (such as CRISPRMAX 
and PierceTM Protein Transfection Reagent) are relatively 
easy to use while having critical challenges due to low 
escape efficiency of endocytosis and phagocytosis, leading 
to the narrow applicability in few cell types.3,7 In addition, 
cationic polymer carriers are recognized as one of the most 
promising protein carriers, which is characterized by high 
capacity of delivery, wide applicability, sustained protein 
release and preservation of protein activity.4,15 However, 
the synthesis of cationic polymer needs a large amount of 
organic solvents and compounds mix that could signifi-
cantly increase the degree of cytotoxicity and restrict the 
wider biomedical application.15 Therefore, it is necessary 
to develop an ideal platform for intracellular protein deliv-
ery with low cell toxicity as well as high expression level 
of protein after delivery.

Polyethyleneimine (25 kDa, PEI 25k) generally has 
the extensive capacity to deliver not only nucleic acids16 

but also multiple proteins into living cells,17,18 while 
challenges remain in clinical application due to high 
cytotoxicity and poor biodegradability. A common 

strategy for reducing toxicity is to graft other biological 
materials with low-molecular-weight PEI.19,20 For 
example, researchers previously synthesized polymers 
by grafting various guanidyl containing compounds 
with low-molecular-weight PEI, which theoretically 
enabled efficient delivery and maintenance of bioactivity 
for various cargo proteins.19 However, these conven-
tional grafting methods are subject to unstable perfor-
mance of protein delivery due to non-standard 
experimental procedures,21 and the low density of low- 
molecular-weight PEI.22

Given the potential applicable strengths and challenges 
presented, we reported a protein delivery method based on 
self-assembly of low-molecular-weight PEI (1.2 kDa, 
PEI1200) and proteins into stable nanocomposites (here-
inafter, the protein-PEI1200 nanocomposites are denoted 
as ‘protein nanoparticles’) via charge interactions 
(Figure 1A and B). The proteins were transduced into 
living cells and protected from rapid degradation by extra-
cellular and endosomal proteases. To date, low-molecular- 
weight PEI based is a prominently novel tool to achieve 
intracellular delivery of proteins of interest, with notable 
potentials in future biomedical application.

A B

Figure 1 Synthesis of PEI1200-capsulated protein nanocomposites (protein nanoparticles) and procedure of delivery into living cells. (A) Schematic of PEI1200 used for 
synthesizing protein nanoparticles with high efficiency in intracellular delivery. PEI1200 are natively cationic nanoparticles that can non-covalently complex with proteins 
through self-assembly. These highly cationized proteins in nanocomposites can be reversibly inactivated and efficiently delivered into living cells. When intracellular 
nanocomposites degrade or dissociate after escaping the traps from vesicular structures, proteins will be released and achieve their desired biological activity functionally. (B) 
Technological schema of Protein/PEI1200 nanocomposites synthesis and cell delivery. The protein nanoparticles can be stored and shipped at 4°C for at least 2 months.
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Materials and Methods
Proteins
GFP (Sino Biological, China), BSA (Thermo Scientific, 
USA), DNase I (ComWin Biotech, China) and β- 
galactosidase (Sigma-Aldrich, Germany) were purchased 
from referred companies. HAND2 proteins were contrib-
uted from Dr. Xiaohong Li in Guangdong Provincial 
People’s Hospital, which has been described in previous 
publications.23,24 For the detailed properties of the proteins 
used in this study, please see Table S1.

PEI1200 Reagent
A stock solution of PEI1200 reagent was prepared with 
100 mg of PEI with a molecular weight of 1200 (Sigma- 
Aldrich) and 10 mL of PBS solution (Gibco), and the final 
stock concentration of the PEI1200 reagent was 10 mg/mL.

Preparation of Protein Nanoparticles 
Using PEI1200 Reagent
The proteins were diluted in PBS solution or deionized 
water, and the stock concentration was approximately 
1 mg/mL by BCA protein assay. The PEI1200 reagent 
was titrated into the protein solution dropwise at 4°C. 
Stir the mixture of PEI1200 reagent and proteins gently 
and slowly to facilitate the self-assembly reaction of pro-
tein-PEI1200 nanocomposites (protein nanoparticles) at 
a variety of molar ratio. The final concentration of protein 
nanoparticles was so-called 1 mg/mL. The final pH was 
adjusted to 7.4.

Delivery of Protein Nanoparticles to 
Living Cells
Four types of cells were involved in our study. Human breast 
adenocarcinoma MCF-7 cell line (MCF-7, ATCC), human 
dermal fibroblasts (HDFs, Gibco) and human umbilical vein 
endothelial cells (HUVEC, ATCC) were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) con-
taining 10% fetal bovine serum (FBS) and 1% penicillin/ 
streptomycin (Normocin, Invitrogen) at 37°C in a fully humi-
dified 5% CO2 atmosphere. Uniformly, 5 mL culture medium 
with different concentration of protein nanocomposites was 
added into 1×106 cells. For hBMSCs, cells were obtained 
from the bone marrow of a patient (This study was approved 
by the Institutional Review Board at Guangdong General 
Hospital, No. GDREC2016255H, has been performed in 
accordance with the ethical standards laid down in the 1964 
Declaration of Helsinki, and the participant signed an 

informed consent form prior to research commencement). 
Mononuclear cells were isolated using a Histopaque density 
gradient of 1077 g/mL. Primary hBMSCs culture was per-
formed as described previously.25 The passaged hBMSCs 
were cultured in OriCell™ medium (Cyagen, China) until 
the number of cells was sufficient for protein delivery, which 
occurred between passage 3 and 6. The identification of 
hBMSCs was performed by flow cytometry as our previous 
publication.25

The protein nanoparticles were diluted with cell culture 
medium, and the working concentration of delivered protein 
depends on each experimental purpose. The delivery efficiency 
was detected by microscopy, immunofluorescence staining or 
digital fluorescent detection. The positive control was per-
formed using PierceTM Protein Transfection Reagent 
(Thermo Scientific, USA), following the manufacturer’s 
instructions, which is a commercially available cationic 
reagent.

Fluorescent Detection of GFP in hBMSCs
The hBMSCs were cultured in 35-mm cell dishes (Falcon, 
USA) at the density of 60%, transduced by GFP nanopar-
ticles with a molar ratio of 16:1 to 2:1 (PEI1200/GFP) for 
24 h. Nuclei were stained with Hoechst 33342 (Roche, 
Switzerland). Fluorescent images of living cells were 
acquired using a confocal microscope (TCS-SP5, Leica). 
For alternative protocol, cells were incubated with ER 
Tracker Red (Thermo Fisher, USA) for 30 min following 
the manufacturer’s instructions.

Particle Size, Zeta Potential and TEM 
Morphology of Protein Nanoparticles
Both particle size and zeta potential were measured on 
dynamic light scattering (DLS) by Zetasizer Nano ZS 
(Malvern, v.7.13) with a He-Ne laser (λ = 632 nm). In 
order to examine its stability in the culture medium, the 
DNase I nanoparticles were dissolved in DMEM with or 
without 10% FBS. The control groups are PBS solution 
and deionized water. The concentration of DNase 
I nanoparticles in culture medium was 0.5, 1, 2 and 4 
μg/mL, respectively.

For the transmission electron microscopy (TEM) detec-
tion, 5 μL of DNase I nanoparticles solution was dropped 
onto carbon TEM grids, deposited for 1 min before blot-
ting with filter paper, then air-dried overnight. The TEM 
grids were imaged under microscopy (Philips Tecnai 10, 
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Netherlands). DNase I nanoparticles solution was diluted 
in PBS at 50 μg/mL.

Encapsulation Efficiency of Protein 
Nanoparticles
To obtain the protein encapsulation efficiency, protein 
nanoparticles were prepared as working condition of 
1 mg/mL in aqueous suspension at pH 7.4, and separated 
by 13,500 rpm centrifugation for 15 min. The supernatant 
was collected to evaluate the residual protein by BCA 
protein assay kit (Pierce, Thermo Fisher, USA). 
Encapsulation efficiency was calculated indirectly as fol-
lows. Encapsulation efficiency = ((Initial protein concen-
trations – Unencapsulated protein concentrations)/Initial 
protein concentrations) × 100%.

Agarose Gel Electrophoresis (AGE)
The reversible inactivation effect of DNase I was detected 
by AGE. PEI1200/DNase I complexes (50 µg/mL) or 
DNase I (50 µg/mL) were mixed with Cmyc plasmid 
(1.6 µg/mL) in 30 min at room temperature. The mixture 
was electrophoresed in 1% agarose gel with 1 × DNA 
loading buffer for 30 min and observed under UV light.

ß-Galactosidase Activity Detection
HDFs and hBMSCs were transduced with 5 μg/mL ß- 
galactosidase nanoparticles incubated in the culture med-
ium for 24 h. Cells were fixed for 10 min on ice with 0.2% 
glutaraldehyde (Polysciences, USA) in PBS. Rinse in 
detergent solution (0.02% Igepal, 0.01% sodium deoxy-
cholate in PBS); then, incubated overnight at 37°C in 
detergent solution containing 1 mg/mL X-gal (Thermo 
Fisher, USA) plus 5 mM potassium ferricyanide and 5 
mM potassium ferrocyanide, shielded from light.

Immunofluorescence Staining
Cells were fixed in 4% paraformaldehyde (Sigma-Aldrich, 
Germany) for 10 min, and permeabilized in PBS contain-
ing 0.1% Triton X-100 (Sigma-Aldrich) for 10 min. After 
treatment with 5% BSA blocking for 1 h at room tempera-
ture, the primary antibody incubations were performed 
overnight at 4°C followed by the appropriate Alexa Fluor- 
conjugated secondary antibodies (Invitrogen, USA) for 2 
h at room temperature, and nuclei were stained with 
Hoechst 33342 (Roche, Switzerland). Images were 
acquired using a confocal microscope (TCS-SP5, Leica).

Digital Fluorescent Detection
Cells were fixed and permeabilized as previously descrip-
tion, blocked with Odyssey® Infrared Imaging System 
Blocking Buffer (LI-COR, Lincoln, NE, USA) for 1 h, 
followed by incubate with primary antibody in Odyssey 
blocking buffer at 4°C overnight. After washed with PBS 
containing 0.1% Tween (PBST), samples were incubated 
with goat anti-rabbit antibody (Abcam) conjugated with 
IRDye® 800CW (LI-COR) at room temperature for 1 
h. Fluorescence was detected using an Odyssey CLx 
Infrared Imaging System (LI-COR), and signal intensity 
was quantified with Image Studio™ Lite (Version 3.1, LI- 
COR) following software instructions.

Cell Viability Assay (MTT)
MTT assay was used to determine the cell viability of 
hBMSCs following manufacturer’s instruction. Cells 
were seeded in 96-well plate at 1×104/well density for 24 
h, incubated with HAND2 nanoparticles in different con-
centrations. After 72 h, assays were performed by adding 
50 μL of MTT solution (5 mg/mL MTT formazan, Sigma- 
Aldrich). The culture plate then incubated for an additional 
4 h at 37°C, 5% CO2, and 95% humidity. After removal of 
MTT solution, the crystals formed at the bottom of the 
culture plate were solubilized in 150 μL of acid isopropyl 
alcohol, recording the absorbance at 570 nm with an 
automatic microplate reader (Multiskan GO, Thermo 
Fisher, USA). The quantity of formazan product as mea-
sured is directly proportional to the cell viability. The 
experiment was repeated by three times.

Flow Cytometry
Approximately 1×106 of hBMSCs in each treatment were 
harvested with 0.05% trypsin-EDTA digestion, fixed on ice 
with 4% paraformaldehyde for 10 min. The single-cell sus-
pension was centrifuged at 800 rpm for 5 min before dis-
carding the supernatant and repeating the procedure. 
Staining was done in PBS containing 0.2% BSA and 
Annexin V-PI (Sigma-Aldrich) used followed the manufac-
turer’s recommendation. Blank control (non-staining) and 
single-positive control (Annexin V-FITC staining or PI 
staining) were set to access the compensation of double 
channels. Data were collected using a flow cytometer 
(FACSAria II, USA) and analyzed via CellQuest software. 
The apoptosis rate = (FITC+/PI+ number of cells + FITC+/ 
PI− number of cells)/total number of cells × 100%.

https://doi.org/10.2147/IJN.S315444                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 4200

Wu et al                                                                                                                                                               Dovepress

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

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


Statistical Analyses
Statistical analysis was performed using GraphPad Prism 10 
(GraphPad Software, Inc). The significance of the difference 
between two groups was determined by an unpaired 
Student’s t-test. All graphic data were presented as mean 
±SD, P-value < 0.05 was considered statistically significant.

Results
Screening for Optimal Composited Molar 
Ratio of PEI1200/Protein
In order to screen for the optimal PEI1200/protein molar ratio, 
we tested 4 groups of PEI1200-DNase I complexes (PEI1200/ 
DNase I molar ratio at 16:1, 8:1, 4:1 to 2:1, respectively). First, 
we examined the efficiency of GFP protein delivery into 
hBMSCs and found that fluorescence label at PEI1200/protein 
ratio of 16:1 or 2:1 was obviously lower than that at 8:1 or 4:1 
(Figure 2A). Meanwhile, we measured the accurate fluores-
cence intensity of intracellular GFP that released from the GFP 
nanoparticles via Odyssey CLx Infrared Imaging System. And 

the peak of fluorescence was observed at the ratio of 4:1 
(Figure 2B).

To confirm the formation of PEI1200/protein nanocom-
posites, we investigated the morphology, zeta potential and 
particle size of PEI1200/DNase I complex at different 
molar ratios (16:1, 8:1, 4:1 to 2:1, respectively). The 
protein-PEI1200 nanocomposites were uniformly dis-
persed (Figure 2C-E) at the molar ratio of 8:1 (with aver-
age diameter of 359 nm and zeta potential of +45 mV) and 
4:1 (with average diameter of 244 nm and zeta potential of 
+25 mV). In contrast, stable nanocomposites could not be 
synthesized at the ratio of 16:1 or 2:1 (Figure S1a, S1b). 
Similarly, when the molar ratio of PEI1200 and other 
proteins (such as GFP, BSA, HAND2 and β- 
galactosidase) is 4:1, stable nanocomposites can also be 
formed (Table S1). These results showed that when 
PEI1200 and proteins are self-assembled in an appropriate 
molar ratio, nanocomposites with relatively uniform size 
can be obtained. The PEI1200/DNase I nanocomposites in 
a range of nanoparticle concentrations (0.5 μg/mL to 4 μg/ 

A B

C D E F

Figure 2 Screening for optimal composited molar ratio of PEI1200/protein. (A) Fluorescence labelling of GFP (green, concentration is 2 μg/mL) with different PEI1200/GFP 
molar ratios (2:1, 4:1, 8:1 and 16:1) showed delivery and localization of GFP in hBMSCs after incubation for 24 h. Hoechst 33342 was used to stain the nuclei (blue). 
Scramble: 2 μg/mL GFP only. Scale bar =100 μm. (B) Digital fluorescent detection of GFP (concentration is 2 μg/mL) with different PEI1200/GFP molar ratios (2:1, 4:1, 8:1 
and 16:1) delivered to hBMSCs after incubation for 24 h by Odyssey® Infrared Imaging System. Scramble: 2 μg/mL GFP only. Data represent the mean ± SD (n=3). (**) 
denotes p<0.01, the 4:1 and 8:1 group compared to the scramble group. (C) TEM images of PEI1200/DNase I composites (DNase I nanoparticles) at pH 7.4. The PEI1200/ 
DNase I molar ratio was 4:1 and 8:1, and the concentration of DNase I nanoparticles was 50 μg/mL. Scale bars are 5 μm and 1 μm respectively. (D, E) Particle diameter (D) 
and zeta potential (E) of DNase I nanoparticles at 4:1 and 8:1 molar ratio by laser scattering tests in PBS solution (pH= 7.4). The concentration of DNase I was 50 μg/mL 
(n=3, error bars represent standard deviation). (F) Protein encapsulation efficiency was determined by BCA protein assay kit with 4:1 and 8:1 PEI1200/BSA molar ratios in 
PBS solution at pH 7.4. The concentration of BSA was 1 mg/mL (n=3, error bars represent standard deviation).
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mL) were also uniformly dispersed in DMEM with or 
without 10% FBS, and similar with deionized water or 
PBS solution (Figure S2a, S2b).

Considering the non-covalent property of PEI1200- 
protein binding, we focused on the investigation of nano-
composite encapsulation efficiency at pH 7.4. When the 
PEI1200/BSA molar ratio at 8:1 and 4:1, the encapsulation 
efficiency was 98.3% and 91.9%, respectively (Figure 2F), 
which indicated the stability of PEI1200/BSA complex 
during the transduction. Thus, we found that the encapsu-
lation efficiency of PEI1200/BSA ratio at 8:1 is higher 
than 4:1, and the PEI1200/BSA ratio of 8:1 is more stable 
than 4:1, which is consistent with the laser scattering 
experiment (as described above). Similarly, the encapsula-
tion efficiency of other PEI1200/protein (GFP, DNase I, 
HAND2 and β-galactosidase) nanocomposites is about 
90% at the PEI1200/protein ratio of 4:1 (Table S1).

Maintenance Potency of Protein Biological 
Activity in Living Cells
Besides the membrane impermeability, protein can be easily 
degraded and inactivated in response to serum in the culture 
medium, and further evidence of cytosolic access was demon-
strated through fast captured and inactivated by lysosomes and 
endosomes in living cells. Here we designed a series of experi-
ments to evaluate the activity of protein nanoparticles before 
and post transduction. Firstly, we examined a series of com-
plexes with a ratio of PEI1200/DNase I ranging from 128:1 to 
2:1 to measure degradation of Cmyc plasmid driven by DNase 
I via agarose gel electrophoresis. When the ratio of PEI1200/ 
protein was 128:1 to 4:1, DNase I was temporarily inactivated 
and could not act on Cmyc plasmid (Figure 3A). When the 
ratio of PEI/protein was 2:1, Cmyc plasmid was almost com-
pletely degraded by DNase I. This result indicated that DNase 
I nanoparticles could temporarily block biological function of 
degrading plasmids within a wide range of PEI1200/protein 
ratio, which is consistent with the protection effect given by 
PEI1200. Time course of plasmid degradation suggested that 
DNase I nanoparticles was persistently inactivated and pre-
vented to act on Cmyc plasmid from 1 h to 96 h (Figure 3B), 
which further corroborated the stability of the PEI1200/protein 
nanocomposites.

In order to evaluate the activity of proteins delivered into 
cells, β-galactosidase was used to demonstrate functional 
delivery of an active and biomedical enzyme. The β- 
galactosidase was self-assembled with PEI1200 and delivered 
into HDFs and hBMSCs, whose biological activity was 

assessed by the color change when response to substrate 
X-gal.26,27 The results (Figure 3C) suggested that although 
enzymes were susceptible to inactivation during the delivery 
process, they retained activity inside the cells. Furthermore, we 
also investigated the time-course uptake of HAND2 nanopar-
ticles in living hBMSCs by tracing the metabolism of FITC 
signal. Fluorescence labeling showed that few proteins had 
been delivered into cells starting at 1 h, while the peak of 
fluorescence intensity was seen from 8 h to 24 h. And signal 
disappeared in approximately 96 h at the same concentration 
(Figure 3D-G). This finding indicated that HAND2 nanoparti-
cles could efficiently enter living cells and perform post-uptake 
release of HAND2 protein, leading to ideal transient metabo-
lism without accumulation in the cell.

Notably, the essential presence of serum in the cell 
culture medium significantly inhibits the cell uptaking of 
protein nanoparticles28,29 due to a variety of enzymes 
involved.30,31 However, conventional serum-free methods 
not only increase the complexity of the experiment design, 
but also affects cell growth and protein delivery efficiency. 
In contrast, HAND2 nanoparticles were delivered into 
hBMSCs at serum concentrations of 1%, 5%, 10%, and 
20% in our study, showing that the serum culture does not 
affect the HAND2 delivery efficacy (Figure 3H).

Protein Nanoparticles Stably Delivered 
into Various Cell Lines in High Efficiency 
and Indicative of Intracellular Localization
Given the above evidences of PEI1200-mediated delivery 
of GFP, β-galactosidase, and HAND2 to hBMSCs or HDFs 
through protein nanoparticles, it remains unclear whether 
the delivered proteins are distributed throughout the cell 
with identical cellular localization according to different 
cell types and protein properties. Therefore, we focused 
on two proteins (GFP and HAND2) in four cell lines 
(HDFs, hBMSCs, MCF-7 and HUVEC). GFP was evenly 
distributed throughout the cytoplasm of hBMSCs with 
almost 100% expression as compared to scramble group. 
And the fluorescence was partially co-localized with the 
endoplasmic reticulum tracking system (Figure 4A and B), 
which suggested gradually post-uptake release. 
Remarkably, as a transcription factor (TF), delivered 
HAND2 were mainly enriched in the nucleus of cells 
regardless of cell types, since DNA binding domains in 
TFs are accessible to bind to targeted genes in the nucleus 
(Figure 4C). Meanwhile, immunostaining indicated that 
>97% of cells were positive for delivered HAND2 in four 
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cell types, further demonstrated self-assembled protein 
nanoparticles were much more highly transduced into 
a variety of cells as compared with control methods 
(Figure 4D). However, commercial protein transfection 
reagent such as PierceTM showed no capacity to achieve 

stem cell protein delivery yet (Figure S3). Moreover, 
neither GFP nor HAND2 was enriched in the lysosomes 
or endosomes of all cell types, indicating that protein nano-
particles could escape from the capture by endosomes and 
lysosomes. Interestingly, we found HAND2 were also 

A B C

D E F

G

H

Figure 3 Maintenance potency of protein biological activity in live cells based on protective effect on protein nanoparticles before delivery. (A) DNase I exhibited varying 
levels of reversible blocked that avoid extracellular inactivation when DNase I nanoparticles assembly at the different PEI1200/DNase I mol ratios by agarose gel 
electrophoresis. (A) Cmyc plasmid. (B) Cmyc plasmid + DNase I. C-I: Cmyc plasmid + DNase I nanoparticles. The molar ratios of PEI1200/DNase I were 128:1 (C), 
64:1 (D), 32:1 (E), 16:1 (F), 8:1 (G), 4:1 (H), and 2:1(I). (B) Time-course of extracellular protective effect of DNase I nanoparticles before delivery. (C) The detection of 
released β-galactosidase activity in HDFs and hBMSCs using cytochemical staining after incubation for 24 h. The concentration of β-galactosidase was 5 μg/mL. Scramble: 5 
μg/mL β-galactosidase protein only. Scale bar =100 μm. (D, E) Time-course fluorescence staining of HAND2 nanoparticles (1 μg/mL) that delivered into hBMSCs at 0–96 
h. All images were merged with FITC (green) and Hoechst (blue). (F, G) Digital fluorescent detection of HAND2 nanoparticles (1 μg/mL) delivery to hBMSCs based on 
short time-course (0–8 h) and long time-course (24–96 h) uptake by Odyssey® Infrared Imaging System. Data represent the mean±SD (n=3). (*) denotes p<0.05, the 1 
h group vs 0 h group and 72 h group vs 96 h group. (ns) denotes non-significance (p>0.05), the 96 h group vs 0 h group. (H) Digital fluorescent detection of HAND2 
nanoparticles (1 μg/mL) with 1%, 5%, 10% and 20% of FBS culture condition in hBMSCs after incubation for 24 h by Odyssey® Infrared Imaging System. Scramble: 1 μg/mL 
HAND2 protein only. Data represent the mean±SD (n=3). (ns) denotes non-significance (p>0.05), the 1% group vs 20% group.
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partially located in the cytoplasm of MCF-7 cells 
(Figure 4C). That might be because cytoplasm of cancer 
cells contains considerable extrachromosomal circular 
DNA32,33 and extrachromosomal circular DNA, which pro-
cesses regions bind to TF protein. In summary, this method 
can deliver not only proteins with large molecular weight 
(135KD, β-galactosidase), but also negatively charged 
(GFP, β-galactosidase) and positively charged (HAND2) 
proteins into living cells (Table S1). This result showed 
the high transportation efficacy in PEI1200-mediated pro-
tein delivery, as well as the flexibility of targeted cell type 
and protein properties.

Induction of Cytotoxicity in hBMSCs by 
Protein Nanoparticles
Considerably, the transient cell permeabilization provided 
by these natively cationic nanoparticles allowed influx of 
numerous proteins into cells, inevitably generating poten-
tial cytotoxicity and side effects. Thus, we examined the 
effects of protein nanoparticles on PEI-induced cytotoxi-
city via cell viability and Annexin V-PI apoptosis assays. 
We found that treatment of hBMSCs with HAND2 nano-
particles for 72 h resulted in dose-dependent induction of 
cytotoxicity at the concentration of 1/4-64 μg/mL. 
Therefore, we compare the proliferative capacity of 

A B

C D

Figure 4 Protein nanoparticles stably delivered into various cell lines in high efficiency and exhibit relevant intracellular localization. (A) GFP (green) delivery to live hBMSCs 
with ER-Tracker (red, for endoplasmic reticulum) and Hoechst (blue, for nuclei) staining after incubation for 24 h. Both the ER-Tracker and GFP concentrations were 1 μg/ 
mL, and the PEI1200/GFP molar ratio was 4:1. Scramble: 1 μg/mL GFP only. Scale bar =50 μm. (B) Percentage of GFP positive cells in hBMSCs after delivering GFP 
nanoparticles for 24 h. (C) Immunostaining of HAND2 (concentration of 1µg/mL) uptake in MCF-7, HUVEC, HDFs, and hBMSCs after delivering for 24 h, the PEI1200/GFP 
molar ratio was 4:1. Scramble: 1 μg/mL HAND2 protein only. Scale bar =20 μm. (D) The percentage of HAND2 positive cells in each cell line.
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protein nanoparticles treated cells and blank control at 
different concentrations. According to the MTT measure-
ment, the cell viability of 1/4 μg/mL and 1 μg/mL group 
slightly decreased by 5–9% after HAND2 nanoparticles 
treatment (P>0. 05), while the proliferative viability of 
hBMSCs significantly decreased after exposure to 4 μg/ 
mL treatment (P<0. 05), and further increasing the con-
centration of HAND2 nanoparticles would lead to the 
precipitation of cytotoxicity (P<0. 01) (Figure 5B). 
Moreover, typical shrinkage and weakness in hBMSCs 
were observed when concentration was over 4 μg/mL, 
accompanied with lower proliferative capacity 
(Figure 5A). Likewise, to clarify the mechanism of nano- 
induced apoptosis and cell death in hBMSCs, flow 

cytometry was used to investigate both early and late 
apoptosis using Annexin V-FITC and PI labeling of living 
cells. In our study, it is shown that protein nanoparticles 
notably simulate early apoptosis (increase ~4%) and late 
apoptosis (increase ~14%) for hBMSCs at 4 μg/mL treat-
ment compared to blank control. And this induced apop-
tosis would gradually deteriorate till approximately 60% 
of cells were suffering the side effect in 64 μg/mL treat-
ment (Figure 5C and D). However, be of interest as neither 
of treatment group seemed to driven from late apoptosis to 
necrosis. Conclusively, the results suggested that dose- 
dependent cytotoxicity in hBMSCs was induced by protein 
nanoparticles after incubation for 72 h, speeding up the 
decline in cell cycle. So, we select 1 μg/mL protein 

A B

C D

Figure 5 Cytotoxicity of protein nanoparticles in working concentration. (A) HAND2 nanoparticles treated hBMSCs at the concentration of 1/4, 1, 4, 16 and 64 μg/mL with 
4:1 molar ratio for 72 h by light microscopy. Control group was untreated hBMSCs. Scale bar =100 μm. (B) Cell proliferation assay (MTT) of hBMSCs in response to various 
concentration of nano-HAND2 after delivery for 72h. The PEI1200/HAND2 molar ratio was 4:1. Data represent the mean±SD (n=3). (*) denotes P<0. 05, (**) denotes 
P<0.01, (ns) denotes non-significance (p>0.05) vs control group. (C, D) Flow cytometry analysis showed the apoptosis rate of various concentration of nano-HAND2 
treated hBMSCs by the Annexin V-PI staining on 72h. PEI1200/HAND2 molar ratio was 4:1. Data represent the mean±SD (n=3). (*) denotes P<0. 05, (**) denotes P<0.01 vs 
control group.
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nanoparticles treatment for subsequent exploration to facil-
itate delivery efficiency and minimize side effects.

Discussion
In this study, based on the PEI1200/protein self-assembly 
into nanocomposites, we developed a convenient solution 
to protein delivery into living cells. It only requires to mix 
the protein and PEI1200 in a certain ratio to deliver the 
protein into living cells. To our knowledge, this method 
represents the most convenient application of low- 
molecular-weight PEI to date that enables delivery of 
active proteins with low cytotoxicity.

It is well known that high-molecular-weight PEI can 
condense nucleic acids into nanometers,34 which is not the 
case for low-molecular-weight PEI.35,36 The low- 
molecular-weight PEI can be compounded with high- 
molecular materials to prepare gene carriers, which are 
usually low in toxicity and can deliver nucleic acids into 
living cells with relatively low efficiency. However, con-
sidering the fact that protein is characterized by a denser 
structure than nucleic acid, we assumed that the carriers 
are not needed to condense proteins. And low-molecular- 
weight PEI with low charge density may spontaneously 
interact with proteins to form self-assembled nanocompo-
sites. The experimental results of this study strongly sup-
ported our hypothesis.

The results of fluorescent detection showed that our 
method is not interfered by the serum in medium. This 
may be because the cationic nature of protein nanoparti-
cles temporarily suppresses the activity of delivered pro-
teins, thus preventing their interactions with the enzymes 
in serum. In addition, the proteins delivered into cells are 
highly active. This may be due to the non-covalent binding 
of protein and PEI1200. Unlike some protein delivery 
methods that require protein modification,10,37,38 our strat-
egy does not destroy the protein structure.

Protein delivery into nucleus is of great importance for 
a variety of biotechnologies, such as gene editing. Although 
cationic lipid is used to deliver cas9 protein into nucleus, the 
formation of protein-lipid complexes requires sophisticated 
fusion to either a highly negatively charged protein such as (– 
30) GFP or complexation with polyanionic nucleic acids.7 

Polymeric nanoparticle-based delivery to the cell nucleus 
also needs complicated tagging of nuclear localization 
sequences (NLS).39 There were also studies on the delivery 
of transcription factors by polymers. For example, deliver 
OCT4 into the nucleus of Sf9 cells by chitosan.5 The highly 
complex and sophisticated operation hindered the broader 

application of the above techniques. In contrast, the method 
described in the present study is one of the most convenient 
approaches for delivering proteins into cell nucleus.

The cytotoxicity of PEI40,41 is mainly attributed to 
cell necrosis caused by the destruction of the cell mem-
brane and cell apoptosis induced by the rupture of the 
mitochondrial membrane.42,43 Even though low- 
molecular-weight PEI is less toxic, it remains necessary 
to identify the critical concentration of toxicity, in order 
to guarantee the biomedical applications in cell repro-
gramming and gene editing. We observed no toxic effect 
on the proliferation and apoptosis at a low concentration 
of protein nanoparticles (<1 μg/mL). Our previous 
results suggested that the protein concentration of 0.5 
μg/mL is practical in cell reprogramming within the 
range of PEI1200-based delivery.24 Therefore, the 
method presented in this study should also be applicable 
in gene editing, which only requires a relatively low 
amount of protein to be delivered.4,11 For example, 
using modified liposome technology to deliver 3ng/mL 
cas9 protein, the target gene can be edited.12

In summary, we developed a protein delivery method 
based on PEI1200. We simply mixed PEI1200 and protein 
at a ratio of 4:1 and 8:1 to obtain nanocomposites, which 
can enter living cells with high concentration of serum. We 
also demonstrated that our method can deliver various 
proteins to multiple cell types without destroying protein 
activity. In broad biomedical applications, this method 
may serve as a more convenient and cost-efficient strategy 
for protein delivery than other alternatives.
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