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INTRODUCTION

Gene therapy has shown great prospects for conquer-
ing human diseases by introducing exogenously produced 
genes in cells to express functional proteins [1-3]. Numerous 
genetic targets and therapeutic nucleic acids (e.g., plasmid 
DNA, antisense oligonucleotides, microRNA, short hairpin 
RNA, and small interfering RNA) have endowed gene ther-
apy with broad applications in various diseases such as mono-
genic diseases, neurodegenerative disorders, chronic diseases, 
infectious diseases and cancer [4-8]. The current key issue 
for effective gene therapy in vivo is to construct efficient and 

safe gene vectors because the therapeutic efficacy of naked 
genes is limited by low stability and poor cellular uptake 
caused by the presence of nuclease and negatively charged 
biological cell surfaces  [9,10]. Viruses have evolved to deliver 
the genetic material into host cells, which are used clinically 
as gene vectors with relatively high transfection efficiency. 
However, the inevitable immunogenicity, pathogenicity and 
time-consuming preparation procedures limit their further 
application  [11]. Non-viral vectors including cationic amphi-
philes, cationic polymers and dendrimers have been deemed 
as safer and more efficient alternatives for gene delivery [12]. 
Among them, cationic polymers represented by polyethylene-
imine (PEI), polyamidoamine (PAMAM), poly-2-dimethyl-
aminoethyl methacrylate (PDMAEMA), poly (β-amino ester) 
(PBAE), and chitosan are gradually occupying the mainstream 
due to the diversity in chemical structure, ease of modifica-
tions, and low immunogenicity [13-19]. There are drawbacks 
hindering effective and safe gene transfection in vivo due to 
the potential high toxicity and poor delivery capacity across 
multiple physiological barriers. Therefore, further modifica-
tion of cationic polymers is required for constructing novel 
vectors with increased transfection efficiency and decreased 
toxicity [20,21].

Fluorination and introducing biodegradable bonds have 
emerged as two practical strategies to improve the transfec-
tion efficiency and reduce the toxicity of gene carriers. On 
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Reagents (Shanghai, China). Amiloride (AMI) was obtained 
from Macklin (Shanghai, China). Branched polyethylene-
imine 25  KDa (PEI 25K) and chloroquine were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Enhanced green 
fluorescent protein plasmid DNA (pcDNA3.1-EGFP, CMV 
promoter, 6119  bp) was obtained from OBiO Technology 
(Shanghai, China). Endotoxin-free plasmid DNA isolation kit 
was bought from Tiangen Biotech Co., Ltd. (Beijing, China). 
Hoechest3342, lysotracker-green, ammonium persulfate 
(APS), and 5x protein loading buffer were procured from 
Beyotime Biotechnology (Shanghai, China). Dexamethasone 
was purchased from Dalian Meilun Biology Technology Co., 
Ltd (Liaoning, China).

Cell culture

Human embryonic kidney 293TN cell line (HEK-293TN) 
and murine melanoma B16F10 cell line used as model 
cells for gene transfection were purchased from American 
Type  Culture Collection (ATCC, Rockville, MD, USA) and 
cultured in Institute of Chinese Medical Sciences (Macau, 
China). These cell lines were cultured with Dulbecco’s mod-
ified Eagle’s medium (DMEM, Gibco, USA) supplemented 
with 10% (v/v) fetal bovine serum (FBS, Gibco, USA), 100 
units per mL penicillin, and 100 μg/mL streptomycin (Gibco, 
USA) in 5% CO2 atmosphere at 37°C.

Synthesis of TKPEI and TKPF

The synthesis of thioketal (TK) was based according to 
previously reported literature [27]. 5.2 g of 3-mercaptopropi-
onic acid and 5.8 g of anhydrous acetone were briefly mixed 
and stirred at room temperature under a saturated hydrogen 
chloride atmosphere for 6 hours. Then the reactant was sealed 
in an ice-salt mixture to condense until complete crystalliza-
tion. Then, the obtained crystal was filtered and washed with 
n-hexane and ice water. Next, the purified product (TK) was 
collected after vacuum drying. The attained TK was then 
crosslinked with PEI 1.8K to synthesize TKPEI. 0.37 mmol 
of EDCI and 0.37 mmol of NHS were added in 0.3 mmol of 
TK-dissolved anhydrous methanol. After stirring for 2 hours 
at room temperature, 0.28 mmol of PEI 1.8K dissolved in 4 mL 
of anhydrous methanol was added to the mixture with stirring 
at room temperature to react overnight. The obtained product 
was dialyzed with dialysis pouch (MWCO: 2000 Da, Viskase, 
USA) in ultrapure water for 3 days, and the external water was 
changed 3  times a day. Finally, the solution was freeze-dried 
to yield a transparent, slightly viscous gel-like solid. For TKPF 
synthesis, 0.2 mmol of TKPEI was dissolved in 1 mL of anhy-
drous methanol and different amount of TK linker (0.025 
mmol, 0.05 mmol, and 0.1 mmol) were added to the solution 
with 350 μL of triethylamine used as the deacidification agent 

one hand, fluorination modification endows polycation car-
riers with good serum stability because fluorinated chains 
are hydrophobic and lipophobic, which can resist disruptive 
action of lipid-containing serum components as compared 
to conventional lipids [22]. In addition, the fluorophilic effect 
has been reported to enhance cellular uptake and endosomal 
escape by facilitating polycations to transport across the cel-
lular lipid bilayer [23,24]. These characteristics inspired us to 
synthesize fluorinated polycations to efficiently enhance the 
performance of cationic gene carriers. On the other hand, 
introducing biodegradable bonds in crosslinked low molecu-
lar weight polycations to replace high molecular weight poly-
cations is a potential approach to overcome the high toxicity 
of cationic polymers [25,26]. Endogenous stimuli involving 
low pH, abundant reductive glutathione (GSH) in the cyto-
plasm, hypoxia, and high reactive oxygen species (ROS) 
level have been widely utilized to develop safe and efficient 
bio-responsive gene carriers. Such biodegradable crosslinked 
polymers can be used to promote intracellular disassembly 
and improve intracellular bioavailability with enhanced trans-
fection efficacy and decreased cytotoxicity of polycations. 
Hence, combining fluorination and biodegradable sensitive 
bonds is an ideal strategy to develop such gene vectors. Only 
a few studies have reported and investigated the transfection 
efficiency as well as the mechanisms including polyplexes for-
mation, cytotoxicity, protein adsorption, cellular uptake, and 
lysosome escape of these systems.

In this study, a series of ROS responsive PEI-based fluori-
nated polymers (TKPFs) were synthesized by crosslinking low 
molecular weight PEI (MW=1.8K) with a thioketal (TK) linker 
to obtain a high molecular weight polymer (TKPEI), followed 
by modifying TKPEI with heptafluorobutyric anhydride 
with the grafting ratio of 0, 12.5%, 25%, and 50%. Considering 
the inert property of fluorous compounds, the transfection 
efficiency of TKPFs was investigated in the presence of high 
serum contents (70%). Moreover, the investigation of gene 
condensation capacity, protein absorption, cellar uptake effi-
ciency, and lysosome escape ability further accounted for the 
superiority of TKPF 50%, which facilitated to reveal the struc-
ture-activity relationship of gene vectors and the role of fluo-
rination modification in transfection. It also provided insights 
into the gene vector design.

MATERIALS AND METHODS

Materials

Branched polyethyleneimine 1.8  KDa (PEI 1.8K), N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride 
(EDCI), N-hydroxysuccinimide (NHS), heptafluorobutyric 
anhydride, chlorpromazine (CPZ), methyl-beta-cyclodextrin 
(m-βCD), and genistein (GNT) were purchased from Aladdin 
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and stirred for 24 hours. Subsequently, the mixture was dia-
lyzed and lyophilized to obtain TKPF with different fluorina-
tion ratio (12.5%, 25%, and 50%). The structural characterization 
of the synthesized TKPF was further analyzed by 1H-NMR.

Preparation and characterization of TKPEI/pDNA 
and TKPF/pDNA polyplexes

TKPEI, TKPF 12.5%, TKPF 25%, TKPF 50%, PEI1.8K, and 
PEI25K (1 mg/mL aqueous solution) were mixed with EGFP 
plasmid DNA at different mass ratios for 0.5 hours to form 
polyplex. The particle size and zeta potential of TKPF/
pDNA polyplexes were determined by Zetasizer Nano ZS 90 
(Malvern, UK).

Agarose gel electrophoresis assay

The nucleic acid condensation ability of TKPFs was eval-
uated by gel electrophoresis assay. Transfection polyplexes 
consisting of different polymers and pDNA were prepared at 
different weight ratios (ranging from 0.5:1 to 40:1). Gel elec-
trophoresis was performed in 5X DNA loading buffer at 150V 
for 15 min. The gel electrophoresis image was observed by the 
Gel-Doc System (Bio-Rad, USA).

Cytotoxicity evaluation

The cytotoxicity of a series of TKPFs was determined by 
MTT assays on 293TN cells. Cells were seeded at a density 
of 5000  cells per well in a 96-well plate and were cultured 
overnight. After the cells grew to an appropriate density, the 
medium was replaced by fresh medium supplemented with 
different concentrations of TKPF (3.125-50 μg/mL). After 
48 hours, culture medium was replaced by MTT-containing 
medium (1  mg/mL) for extra 4 hours of incubation. Then, 
medium was removed, followed by the addition of 100 μL 
of DMSO in each well. Then absorbance at 570 nm was mea-
sured by a microplate reader (BioTek, USA).

In vitro gene transfection efficiency

pEGFP was used as the reporter gene to evaluate in vitro 
transfection efficiency. 293TN or B16F10  cells were seeded 
in a 24-well plate with DMEM medium and incubated at 
37°C overnight. When cells increased to 70-80% conflu-
ency, the medium was replaced by serum-free medium for 
1 hour starvation. The transfection polyplexes were con-
structed by mixing 50 μL of EGFP plasmid (0.5 μg in serum-
free medium) with 50 μL of TKPF, and then the prepared 
transfection polyplexes were added to the cell culture plate 
in proportion and incubated for 0.5  h. At the same time, 
PEI1.8K and PEI25K were used as control gene vectors for 
transfection. After 6 hours of culture, cells were incubated 

for additional 42 hours with fresh medium containing 10% 
FBS. The expression level of green fluorescence protein was 
qualified by an inverted fluorescence microscope (Leica, 
Germany) and quantified by a flow cytometer (BD, USA). 
The evaluation of serum-resistant transfection perfor-
mance of TKPFs was conducted by replacing the serum-free 
medium with serum-containing medium at different concen-
trations of FBS (0%, 10%, 30%, 50%, 70%, and 90%).

SDS-PAGE analysis

Transfection polyplexes containing pDNA and different 
polymers were dissolved in 100 μL of PBS and then 900 μL 
of FBS/PBS mixed solution with different proportions of FBS 
was added to mimic blood with high salt and high serum. 
After incubating at 37°C for 30 min, the samples were loaded 
and ran on the gel for about 1-2 h. The gel was then immersed 
and stained by Coomassie brilliant blue at 37°C for 1  h, and 
decolorized (methanol: acetic acid: water = 40:  40: 20) for 
30 min. The obtained protein bands were observed by taking 
photos.

Cellular uptake and mechanism exploration

HEK-293TN cells were seeded in 96-well plates with 
8000  cells per well and attached overnight. Then pEGFP 
labeled with cy5 was encapsulated in PEI25K NPs, TKPEI NPs 
and TKPF NPs for transfection. NPs were added into each 
well and 6 hours later cells were washed with PBS for invert 
fluorescence microscopy (Leica, Germany) observation and 
collected for flow cytometry. To further investigate the uptake 
mechanism, cells were pre-treated with cellular uptake inhibi-
tor including GNT (350 μM), CPZ (20 μM), m-βCD (5 mM), 
AMI (100 μM) for 1 h before transfection.

Lysosomal escape detection

Gene polyplexes consisting of polymers and cy5-labelled 
DNA were prepared and transfected as mentioned in cellu-
lar uptake study. After 4 hours or 6 hours of transfection, the 
treated cells were washed with cold PBS twice and stained 
with lysotracker green for 1  h. Then the cells were washed 
with PBS twice and the nuclei of cells were stained by Hoechst 
33324 for 30 min. Cells were finally fixed with 4% paraformal-
dehyde and observed by DMI8 inverted fluorescent micro-
scope (Leica, Germany).

Statistical analysis

All experiments were performed 3  times. The data were 
analyzed by OriginPro® 9.1 (Northampton, MA, USA) 
and presented as the mean ± standard deviation (SD). The 
significant difference was tested by one-way analysis of 
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variance (p < 0.05 were considered statistically significant; 
*represented as p < 0.05, **as p < 0.01 and ***as p < 0.001).

RESULTS

Synthesis and characterization TKPEI and TKPF

Crosslinking low molecular weight PEI to form a high 
molecular weight gene vector is one of the effective meth-
ods used to solve the weight-dependent dilemma about the 
transfection efficiency and toxicity of PEI [28]. The TK linker 
with degradability ability in oxidative environment was used 
as a connecting unit to crosslink PEI 1.8K. The obtained bio-
compatible gene carrier was easy to be degraded and released  
pDNA into the cell. The synthesis procedure of TKPEI and 
TKPF was illustrated in Figure 1. The successful synthesis of TK 
linker was confirmed by 1H NMR spectrum, which showed 
typical peaks of TK linker such as hydroxyl hydrogen at both 
ends (δ = 12.28), methyl hydrogen in the middle part (δ = 1.51) 
and ethyl hydrogen (δ = 2.51, 2.74) (Figure 2A). After crosslink-
ing TK linker with PEI 1.8K, the spectra of TKPEI (Figure 2B) 
revealed a series of ethyl hydrogen in the structure of PEI and 
a characteristic methyl peak (H peak, δ = 1.51) in the TK linker. 
The hydroxyl hydrogen peak of TK linker disappeared in the 
structure of TKPEI, indicating the successful crosslinking 
of TKPEI due to the substitution of the active hydroxyl site. 
TKPEI was further fluorinated to synthesize TKPFs with dif-
ferent fluorination degrees. Since the fluorinated group was 
at the distal end of the polymer and was far from the hydro-
gen atom, it did not cause a significant effect on the chemical 
environment of the hydrogen atom. Additionally, the chemi-
cal shift of it was similar to that of TKPEI in 1H NMR spectra 
(Figure 2C-E).

Formation and properties of polycation/DNA 
polyplexes

TKPEI NPs and TKPF NPs binary nanocomplexes 
were fabricated by mixing pDNA with TKPEI and TKPF 

respectively. The properties such as particle size and zeta 
potential of the polyplexes were subsequently determined by 
DLS. The results of Figure 3A revealed that TKPEI and TKPF 
12.5% formed nanocomplexes with hydrodynamic diameter 
about 200-400 nm while the particle sizes of the TKPF 25% 
and TKPF 50% complexes were irregular at the transfection 
weight ratio (30:1). The large particle sizes of TKPF 25% and 
TKPF 50% NPs might be attributed to their neutral zeta-po-
tential, which resulted in the minimized repulsion and trig-
gered aggregation. The zeta potential of TKPEI is shown in 
Figure 3A was determined as 41.6 ± 0.7 mV. Fluorination of 
TKPEI significantly reduced the positive charge. With the 
increase of fluorination ratio, the zeta potential of TKPF 12.5%, 
TKPF 25% and TKPF 50% decreased to 27.8 ± 0.9, 15.7 ± 0.8, 
and 7.1 ± 0.7 mV, respectively. And the polyplexes formed by 
TKPEI and TKPFs showed a smaller particle size when adding  
10% FBS, which means the synthesized carriers were more sta-
ble in the serum (Figure S1).

The gene loading capacity of the polymers was investigated 
by using agarose gel electrophoresis. As shown in Figure 3C-D, 
each polycation tightly wrapped the DNA at the transfection 
mass ratio (30:1), indicating their good DNA condensation 
capabilities. TKPEI fully encapsulated compressed nucleic 
acid at a relatively low weight ratio (<3:1) due to the stron-
gest positive charge density. TKPFs with higher fluorination 
degrees required slightly higher dosage for full retardation, 
which might be attributed to the reduction of positive charge 
density caused by fluorine atom. Overall, the four synthesized 
gene vectors can effectively compress nucleic acid at around 
3:1 with slight difference.

Cytotoxicity

Safety is the prerequisite for gene delivery carrier. Here, 
we evaluated whether biodegradable bonds and fluorina-
tion decreases the cytotoxicity of polycation. As shown in 
Figure 3B, the cytotoxicity of the synthesized TKPEI and 
TKPFs was higher than that of PEI1.8K and lower than that 

FIGURE 1. Synthetic route and chemical structure of TKPEI and TKPF.
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of PEI25K overall. This indicates that the simple crosslink-
ing method with bio-responsive linker succeeded in over-
coming the molecule weight-dependent toxicity because 
the crosslinked TKPEI remained low cytotoxicity in a wide 
concentration range from 3.125 to 50 μg/mL. Specifically, 
the viability of cells treated by TKPF 50% in the transfec-
tion concentration (23-25 μg/mL) was up to 90%. Even at a 
relatively high concentration (50 μg/mL) of TKPF 50%, the 
cell viability was kept above 80%, exhibiting excellent bio-
compatibility. However, high concentration of TKPF 12.5% 
or TKPF 25% (50 μg/mL) exhibited sharply increased tox-
icity, revealing that low degree of fluorinated modification 
might cause toxicity to some extent. For TKPF 50%, more 
fluorine atoms were present in the structure, which reduced 
the charge density of the material, thus leading to lower 
cytotoxicity than TKPF 12.5% or TKPF 25%. Therefore, cross-
linking low molecule weight PEI with degradable bonds 
and fluorinated cationic polymers are believed to reduce 
cytotoxicity.

In vitro transfection efficiency

The transfection performances of TKPEI and TKPFs were 
investigated in 293TN and B16F10  cells under serum-free 
environment. The results in Figure 4A showed that TKPEI 
and TKPF 50% exhibited excellent transfection efficiency 
in 293TN cells at an optimal N/P ratio (30:1 for TKPEI and 
40:1 for TKPF 50%), which was even superior to the “gold 
standard” PEI25K at optimal w/w ratio of 2:1. In addition, the 
fluorination method did not always result in higher transfec-
tion efficiency considering TKPF 50% transfected 293TN cell 
with high transfection efficiency (> 95%) and high fluorescence 
intensity in a single cell while TKPF 12.5% and TKPF 25% did 
not attain satisfied transfection results (Figure 4B). Hence, the 
number of fluorine atoms obviously affected the transfection 
efficiency and better transfection results might be obtained for 
TKPFs with more fluorine atoms present in the structure.

For B16F10  cells, the transfection performance of each 
vector was similar to that of 293TN cells (Figure S2). Both 

FIGURE 2. The 1H NMR spectrum of (A) TK, (B) TKPEI, (C) TKPF 12.5%, (D) TKPF 25%, and (E) TKPF 50% in D2O.
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TKPEI and TKPF50% effectively transfected B16 cells, and the 
transfection efficiency of TKPF50% was more superior than 
PEI25K. These merits might be attributed to the higher level of 
intracellular ROS in B16F10 cells, where TK linker was easily 
cleaved in response to ROS. Therefore, the cleavage of TKPEI 
and TKPF50% quickly released the encapsulated genes and 
further improved the gene transfection, showing their thera-
peutic potential for tumor treatment.

Evaluation of serum-resistant transfection 
performance

It is well known that the transfection efficiency sharply 
decreases when polycation-based gene carriers are exposed 
to serum [29]. Therefore, the essential requirement for in vivo 
gene vector is to develop a stable gene carrier in blood circula-
tion with a lot of serum. To investigate whether the synthesized 
gene vectors could maintain the transfection performance in 
serum-containing medium, pEGFP-encapsulated polyplexes 
in DMEM with FBS content ranging from 0% to 90% were 
added to the cells to assess the serum resistant property of 
these polyplexes for gene therapy. As shown in Figure 5A, the 
transfection efficiency of PEI25K was excellent in the absence 
of serum, but it decreased drastically once serum was added. 
The transfection efficiency of PEI25K dropped to about 20% 
in DMEM with 30% FBS, and sharply decreased to nearly 
zero with FBS proportion increasing to 50%, showing typically 
low serum tolerance effect. Surprisingly, TKPF 50% showed 
potent serum-resistant transfection performance, which still 
transfected nearly 80% cells in medium with 70% FBS. In addi-
tion, the green fluorescence intensity of a single cell was very 

high, indicating that TKPF 50% effectively resisted the serum 
absorption and other interferences. The empowered good 
serum-resistant stability of TKPF 50% might be attributed 
to the anti-fouling feature of fluorine atoms to avoid protein 
absorption and maintain structural integrity. TKPEI also 
maintained moderate transfection ability in DMEM con-
taining high level of FBS, indicating that the stability of gene 
vectors in serum can be achieved simply by cross-linking low 
molecular weight PEI. The exact mechanisms might be con-
nected with the rigid structure of TKPEI, which could have 
facilitated vectors to be stable in serum.

TKPEI and TKPF 50% exhibited good serum-resistant 
transfection property (Figure 5B), showing great potential 
in gene therapy in vivo. Although fluorination modification 
resulted in extremely superior serum-resistance for TKPF 50%, 
other two fluorinated polymers, TKPF 12.5% and TKPF 25% 
did not achieve the desired effect. TKPF 12.5% and TKPF 25% 
performed worse than non-fluorinated TKPEI, meaning that 
only specific fluorination ratio could benefit serum resistance. 
Therefore, we then investigated the behavior of each gene vec-
tor on multiple steps of transfection including protein absorp-
tion, cellular uptake, and lysosome escape to further uncover 
the composite effect of the fluorination and influence of FBS 
on transfection. With this, we hope to provide references for 
the design of vectors for in vivo gene therapy.

Protein absorption

The essential factors mediating serum inhibition effect 
have been regarded as the large amount of adsorbed protein to 
form protein corona on the surface of the nanocomposite  [30]. 

FIGURE 3. Characterization and cytotoxicity evaluation of TKPEI/pDNA and TKPFs/pDNA polyplexes. (A) Size and zeta potential; 
(B) Cell viability on 293TN cells; (C-D) The DNA encapsulation capability of TKPEI and TKPFs at various w/w ratios evaluated by 
gel electrophoresis.
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Protein corona can affect nanocomposites by causing struc-
ture collapse and content leakage. This can hinder the interac-
tion of nanocomposites with cells by changing their physical 
and chemical properties, which compromises the transfection 
capacity of gene vectors [31]. Therefore, we investigated the 
types and amount of absorbed protein on polyplexes to ana-
lyze the impact on transfection. The results in Figure 6 showed 

that the protein adsorption was consistent with the trans-
fection performance of vectors. The gene vectors (PEI25K, 
PF12.5%, and PF25%) that exhibited poorer transfection effi-
ciency in DMEM containing FBS adsorbed more protein. 
Specifically, PEI25K absorbed various and large amounts of 
protein, which partly explained its typical serum inhibitory 
characteristics. On the contrary, only one kind of protein (with 

FIGURE 4. 293TN cells transfected by various plasmid-loaded polyplexes. (A) Images of EGFP expression at various w/w ratios 
taken by fluorescence microscopy; (B) EGFP positive cells transfected by polyplexes of TKPEI and TKPFs at different w/w ratios. 
PEI25K with the ratio of 2:1 was used as control. (Scale bar: 200 μm).

B
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the most albumin in the serum) was absorbed by both TKPEI 
and TKPF 50%, and the adsorption amount is small, indicating 
that the interaction of TKPEI and TKPF 50% with serum pro-
teins was weak (Figure 6). The protein adsorption behavior of 
TKPF 12.5% was similar to that of TKPF 25% and in particular, 
TKPF 25% showed the most types and the largest amount of 
adsorbed protein, which was consistent with the worst trans-
fection performance. Hence, reducing the adsorbed protein is 
a practical method to keep vectors stable in serum and main-
tain transfection ability.

Study on cellular uptake

Efficient cellular uptake is a crucial step for achieving high 
transfection efficiency [32]. 293TN cells were transfected 
by the synthesized gene vectors encapsulating Cy5-labelled 
pDNA for 6 h. The results in Figure 7B showed that the uptake 
efficiency for all gene vectors reached almost 95% without sig-
nificant difference. In Figure 7C, the constructed carriers basi-
cally showed a tendency to promote the uptake of Cy5 in low 
concentration of FBS (10%), and to inhibit the uptake in high 

FIGURE 5. 293TN cells transfected by various plasmid-loading polyplexes in DMEM medium containing different concentrations 
of FBS. (A) Images of EGFP expression taken by fluorescence microscopy; (B) EGFP positive cells transfected by polyplexes of 
TKPEI and TKPFs. (Scale bar: 200 μm).

B
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concentrations of FBS (50%). On the one hand, all gene vectors 
in 10% FBS promoted the cellular uptake. These results might 
be credited to the small amount of albumin adsorption, which 
facilitated the transfection polyplexes to enter the cell through 
the albumin receptor. On the other hand, high concentration 
of FBS significantly reduced the amount of Cy5 taken up by a 
single cell for TKPEI, which accounted for the limited trans-
fection performance. TKPF 50% maintained a high cellular 
uptake amount in 50% FBS, which was also consistent with the 

result of serum transfection. Although the transfection effi-
ciency of PEI25K was very low in 50% FBS, the uptake amount 
was extremely high, indicating that the influence of serum on 
transfection efficiency for PEI25K did not relate to the cellular 
uptake process. Cellular uptake mechanism was also assessed 
by addition of uptake blocking reagent. The results in Figure 
S3 showed that the cellular uptake of PEI1.8K, TKPEI and 
PEI25K was both inhibited by GNT and m-βCD, indicating 
caveolae-mediated and lipid raft-mediated endocytosis. The 

FIGURE 6. The protein adsorption behavior of TKPEI and TKPFs in DMEM medium containing different concentrations of FBS.

FIGURE 7. Cellular uptake of Cy5-labelled pDNA in 293TN cells after treatment with TKPEI and TKPFs polyplexes in the presence 
of 0%, 10% or 50% FBS for 6h. (A) Fluorescence microscopy images; (B) Percentage of Cy5-positive cell; (C) Fluorescence inten-
sity. (Scale bar: 100 μm).

CB

A
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uptake of fluorinated carriers was dominated by lipid rafts, 
suggesting that the participation of fluorine would alter the 
mechanism of cellular uptake.

Lysosomal escape

Escape from lysosomes is another significant step required 
for achieving high transfection efficiency [33]. The co-local-
ization of endosomes/lysosomes, nuclei, and genes directly 
showed the condition of lysosomal escape of different vec-
tors at different FBS concentrations at 6 hours. As shown in 
Figure 8, both TKPEI and TKPF 50% exhibited effective lyso-
some escape at 6 hours. And fewer genes in TKPF 12.5% treat-
ment group with 50% FBS entered the cell and almost none 
escaped from the lysosome. At 4 hours, most of the TKPF 
50% fluorescence separated from the Lysotracker signal, while 
TKPF 12.5% was still trapped in the lysosome. TKPF 25% group 
was difficult to escape lysosome in high serum concentration 
despite many Cy5-labelled genes entered the cell, resulting in 
low transfection. PEI25K was more typical in effective cellular 
uptake and failure in lysosomal escape. In summary, the results 
showed that the lysosomal escape efficiency was easily affected 
by the protein corona of the nanocomposite, and the formed 
nanocomposite wrapped in the protein corona was more likely 
to be trapped in the lysosome and then degraded and cleared.

DISCUSSION

Classic cationic polymer PEI is generally criticized owing 
to the relatively low transfection efficacy and severe cytotox-
icity. Although PEI has been modified with peptides [34], 
amino acids [35], saccharides, [36] and lipids [37] to promote 
the transfection performance, the overall transfection prop-
erties still require improvement [38]. On one hand, intro-
ducing stimuli-responsiveness in crosslinked low molecular 
weight PEI are promising in order to improve safety issues 
and enhance DNA release capacity and subsequent transfec-
tion. For potential application such as cancer, ROS-sensitive 
linker can be exploited owing to the high ROS level in tumors, 
among which thioether are typical with direct cleavage ability 
[39]. On the other hand, fluorinated chains grafting has been 
proven effective to endow the polycations with good serum 
stability owing to the hydrophobicity and lipophobicity, and 
enhance cellular uptake and endosomal escape due to the 
affinity to the membrane [24]. Hence, we propose a combina-
tion of crosslinking strategies and fluorination techniques to 
construct gene carriers with excellent transfection efficiency 
and reduced cytotoxicity. In addition, we wish to analyze the 
size, surface charge, pDNA loading efficiency, serum toler-
ance, cytotoxicity, transfection efficiency, cellular uptake, and 
lysosome escape of the polycation/pDNA polyplexes. In this 

work, different fluorination ratios of crosslinking gene vectors 
(PF12.5%, PF25%, and PF50%) were fabricated through cross-
linking PEI1.8K with TK linker and employing surface fluo-
rination technology. Among them, TKPF 50% revealed the 
best transfection performance and serum resistant capacity, 
which attained high transfection efficiency in the presence 
of high concentration of FBS. The unique serum resistance of 

FIGURE 8. Intracellular distribution of Cy5-labelled pDNA (red) 
polyplexes at optimal transfection weight ratio for 6 h (A) in the 
presence of 10% and 50% FBS and 4 hours (B) in 50% FBS. 
The nuclei were stained with Hoechest 33342 (blue), and the 
endosome/lysosomes were stained with Lysotracker Green 
(green). (Scale bar: 10 μm).
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fluorinated polymers is attributed to the hydrophobic prop-
erty to resist adsorption of serum proteins on the surfaces of 
polyplexes and to prevent nonspecific interaction with serum 
proteins [40]. The results of cytotoxicity evaluation and in 
vitro transfection showed that the introducing fluorine atom 
was not always beneficial because TKPF 12.5% and TKPF 25% 
were not able to promote transfection and their transfec-
tion efficiency were even lower than that of non-fluorinated 
TKPEI. In addition, simple crosslinking low molecular weight 
PEI also acquired better anti-serum transfection performance 
than PEI25K, which means altering space structure might be 
another effective method to overcome serum inhibition. We 
further investigated the intracellular kinetics of four synthe-
sized gene vectors including cellular uptake and lysosome 
escape. TKPEI with the strongest positive surface charge effec-
tively encapsulated negatively charged genes, and it exhibited 
high cellular uptake and lysosome escape under high or low 
concentration of serum. TKPF 12.5% and TKPF 25% suffered 
from poor cellular uptake and insufficient lysosome escape in 
FBS contained medium, which partly accounted for the rela-
tive low transfection efficiency. TKPF 50% revealed high cel-
lular uptake, effective lysosome escape, and potent transfec-
tion of plasmids with serum resistance ability, showing huge 
potential in gene delivery.

CONCLUSION

Gene vectors with different degree of fluorination were 
designed and constructed based on PEI1.8K. TKPEI and TKPF 
50% exhibited excellent transfection efficiency and anti-serum 
transfection performance. TKPF 50% maintained nearly 80% 
transfection efficiency in a 70% FBS environment, showing 
the promising potential of TKPF 50% as a gene therapy vector 
in vivo. The nanocomplex of TKPF 50% had a size of about 
149 nm and a positive zeta potential of 7.1 ± 0.7 mV. TKPF 50% 
also revealed neglectable cytotoxicity in concentrations range 
from 3.125 to 50 μg/mL, which was similar to the result of PEI 
1.8K. Only low amount of albumin in the serum was absorbed 
by TKPF 50%, indicating the weak interaction of TKPF 50% 
with serum proteins to exhibit serum resistance. The uptake 
of TKPF 50% dominated by lipid rafts was higher than PEI 
without fluorination. In addition, TKPF 50% exhibited effec-
tive lysosome escape at 6 hours compared to PEI1.8k. Overall, 
this study provides a strategy to fabricate bio-responsive flu-
orinated cationic polymers endowing serum resistance with 
low toxicity and high transfection efficiency.
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FIGURE S1. Particle size of the TKPF/pDNA polyplexes in medium containing different concentrations of FBS.
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FIGURE S2. Fluorescent images of EGFP expression in B16F10 cells at various w/w ratios. PEI 25 kDa was used as control. 
(Scale bar: 200 μm).
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FIGURE S3. Cellular uptake of TKPF/pDNA polyplexes with the addition of different inhibitors by flow cytometry analysis.


