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a b s t r a c t 

Guanidinylated bioresponsive poly(amido amine)s polymers, CAR-CBA and CHL-CBA, were 

synthesized by Michael-type addition reaction between guanidine hydrochloride (CAR) or 

chlorhexidine (CHL) and N,N 

′ -cystaminebisacrylamide (CBA). Previous studies have shown 

that both polymers had high transfection efficiencies as gene delivery carriers. In this study, 

we investigated the nucleolus localization abilities and cellular internalization pathways of 

these two polymers in gene delivery. Each polymer condensed plasmid DNA (pDNA) and 

formed nanoparticle complexes, and then their transfection studies were performed in 

MCF-7 cells. Both complexes were found enriched in nucleolus after cellular transfection, 

and their transfection efficiencies were significantly improved when transfection was per- 

formed on MCF-7 cells arrested at M phase. The transfection efficiency of CAR-CBA-pDNA 

was inhibited by chlorpromazine, and cell endosomes were disrupted after being exposed 

to CAR-CBA-pDNA. In regards to CHL-CBA-pDNA, its transfection efficiency was not affected 
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1. Introduction 

Gene therapy has been widely used to deliver functional ge-
netic materials into cells to compensate for the malfunc-
tioning genes or to make beneficial proteins. Viral and non-
viral gene carriers are two main families in delivering ex-
ogenous genetic materials to host cells. There are many ad-
vantages of viral vectors, such as high transfection efficiency
and long term gene expression by integrating genes into host
cells’ genome [1] . However, the potential immunogenicity and
oncogenic effects are the biggest safety issues that limit vi-
ral vectors’ applications in gene therapy [2,3] . Thus, nonviral
gene carriers, especially cationic polymers, have become more
preferred alternatives due to their better safety characteris-
tics after administration [4] . Cationic polymers, poly(amido,
amine)s dendrimers (PAAs) [5] , have been reported to pos-
sess many other characteristics, such as better storage sta-
bility, low immunogenic response, satisfactory DNA loading
capacity, and convenience in manufacturing and handling [6] .
SS-PAAs, which are water-soluble, peptidomimetic polymers,
could be obtained by Michael-type polyaddition reaction be-
tween cystamine bisacrylamide and primary or bis-secondary
amine monomers [7] . This reaction could produce a number
of SS-PAAs with various functional groups in polymeric main
or side chain. For example, SS-PAAs could rapidly disintegrate
into low molecular weight fragments after uptake into the tar-
get cells [8] . 

The nuclear envelop is the main obstacle for non-viral gene
carriers to deliver exogenous genes into nucleus, and even
nucleolus. Nuclear envelop, having two phospholipid bilayers,
isolates nucleus from cytoplasm. Nucleolar organizing region
(NOR), a part of nucleolus, plays an important role in nucleo-
lus reassembly and gene expression. Moreover, ribosomal RNA
(rRNA) transcription and ribosome biogenesis proceed in nu-
cleolus [9] . Researchers reported that proteins of viral vectors,
such as HIV-1 TAT could target the host cells’ nucleolus and
assist viral genome to replicate and transcribe [10] . Two ap-
proaches have been applied to overcome the obstacle of nu-
clear envelop. The first one is by making use of cell prolifer-
ation process. The nuclear envelope breaks down in mitosis
(M phase), which gives the exogenous DNA more chances to
get into nucleus [11,12] . The second approach is by introduc-
ing nuclear envelop penetration and nuclear targeting factors
mimicking viral vectors’ protein. For example, cell penetrating
 

osis inhibitors used in the study, and CHL-CBA-pDNA showed no

lular lactate dehydrogenase release and membrane morphology

ere transfected by the two complexes. The results indicated that

BA polymers demonstrated good nucleolus localization abilities.

fection when cells were arrested at M phase. CAR-CBA-pDNA cel-

nvolved with clathrin-mediated endocytosis pathway, and escap-

apment, while the cellular uptake of CHL-CBA-pDNA occurs via

dependent mechanism. 

8 Shenyang Pharmaceutical University. Published by Elsevier B.V.

This is an open access article under the CC BY-NC-ND license.

( http://creativecommons.org/licenses/by-nc-nd/4.0/ )

peptides (CPPs) have transmembrane ability [13] , and HIV TAT
peptide, a kind of CPPs, has not only cell and nuclear trans-
membrane ability but also nucleolus targeting ability [10,14] . It
has been reported that liposomes-pDNA complexes modified
with TAT peptide, showed improved transfection in vitro and
in vivo [15] . However, when cationic polymers noncovalently
combined with these proteins or peptides, their abilities of
DNA condensation were reduced, and the complexes became
more complicated and unstable. Therefore, amine monomers
with multifunctional groups need to be introduced to cationic
polymers, giving these polymers membrane penetration, and
nucleolus localization abilities without being trapped in en-
dosomes. For example, as guanidino groups are functional
groups in CPPs [16] , a hypothesis was proposed that guani-
dino group could delocalize the charges present on primary
amines of polymers [17] , and further help reduce cytotoxicity
of cationic polymers. 

A bilayer of lipids and incorporated proteins comprise
cell membrane, which defines the cell by isolating the in-
tracellular substance from the extracellular environment.
Cell membrane mediate the interchange of materials be-
tween extracellularsetting and intracellular matrix via ac-
tive or passive transport [18] . Macromolecule internalization
occurs mostly through receptor-mediated endocytosis, such
as clathrin-mediated, caveolae-mediated, macropinocytosis
and clathrin- and caveolae-independent endocytosis [19] , and
the uptake mechanisms of exogenous materials are deter-
mined by their physicochemical properties, such as size, sur-
face functionalization, geometry [20,21] . Moreover, the endo-
cytosis mechanisms are linked with the intracellular trans-
port and the fate of the exogenous materials [22] . For exam-
ple, clathrin-mediated endocytosis was reported to correlate
with the acidic lysosomes [23,24] , and PEI was an excellent
case to demonstrate the endosomal/lysosomal escape with a
hypothesis of “proton sponge effect” [25] . While, internaliza-
tion via caveolae-mediated and macropinocytosis endocyto-
sis are neither acidic nor digestive, therefore, this could avoid
lysosomal degradation in these process [26] . Some types of
liposomes/lipids were reported to deliver gene by caveolae-
mediated endocytosis [27] . 

Guanidine groups play an important role in CPPs [16] , such
as HIV TAT peptide [13] , and Kim et al. have reported that
guanidinylated bioreducible polymer have high nuclear local-
ization ability as gene carriers [28] . Polymers of CAR-CBA and
CHL-CBA, which belong to guanidinylated disulfide containing
poly(amido amine) polymers (Gua-SS-PAAs), are synthesized

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1 – Chemical structures of guanidinylated polymers (A) 
CAR-CBA and (B) CHL-CBA [29] . 
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y Yu et al. based on the mechanism of Michael-addition poly- 
erization. There are disulfide bonds and guanidino groups 

n the two polymers ( Fig. 1 ) [29] . The disulfide bonds make
he two polymers disintegrate into low molecular weight frag- 

ents in the intracellular environment, which decreases the 
ytotoxicity and affinity between DNA and polymers, and the 
uanidinylated polymers are designed as “virus like vectors”
imicking the HIV TAT peptide. All these characteristics make 

uanidinylated polymers as potential excellent gene delivery 
arriers [29] . However, no study has been reported how these 
olymers mediate the cellular gene transfection pathways. In 

his study, we explored the in vitro nucleolus localization abil- 
ty and transfection mechanisms of these two Gua-SS-PAAs 
olymers, CAR-CBA and CHL-CBA, as gene delivery carriers. 

. Materials and methods 

.1. Materials 

hymidine, Chlorpromazine, Colchicine and indomethacin 

ere purchased from Solarbio (Beijing, China). Hochest33342,
-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride 
DAPI), 1,1 ′ -dioctadecyl-3,3,3 ′ ,3 ′ -tetramethylindocarbocyanine 
erchlorate (Dil) and Lactate dehydrogenase (LDH) Release As- 
ay Kit were purchased from Beyotime Biotechnology (Jiangsu,
hina). Lyso-ID Red Lysosomal Detection Kit and Nucleolar-ID 

reen Detection Kit (GFP-Certified) were purchased from 

NZO Life Science (Missouri, USA). Cell Cycle Detection Kit 
as purchased from Keygen Biotech (Nanjing, China). TIAN- 
ure Midi Plasmid Kit was purchased from Tiangen Biotech 
Beijing, China). MCF-7cells and Escherichia coli containing 
cDNA3.1-EGFP were provided as gifts from the Department 
f Pharmacology Teaching and Research Department at 
hina Medical University. CBA was purchased from Alfa 
esar (MA, USA). 2, 2, 4, 6, 7-Pentamethydihydrobenzofuran- 
-sulfonyl chloride (Pbf-Cl), CAR, and CHL were purchased 

rom Sinopharm Chemical Regent (Shanghai, China). 

.2. Synthesis of CAR-CBA and CHL-CBA 

he synthesis of the two polymers were reported by Yu et al.
29] . Briefly, there were three main reactions. In the first reac- 
ion, Pbf-Cl was used to activate the guanidine group. CAR or 
HL acetate was dissolved in water, and Pbf-Cl was dissolved 

n acetone. Then the Pbf-Cl solution was added to the CAR or 
HL solution dropwise at a temperature range of 0 °C to 3 °C,
nd the mixture was stirred for 3 h at room temperature. In 

his reaction, the 4 M NaOH solution was used to maintain the 
ystemic pH at 11–12. At the end point of the first reaction, the
hite resultants precipitate (CAR-Pbf-Cl or CHL-Pbf-Cl) was 

ollected via filtration. The second reaction was Michael ad- 
ition polymerization between CBA and CAR/CHL at 60 °C in 

 dark and nitrogen atmosphere for approximate one week.
fter that 10% excess of CAR/CHL-Pbf-Cl was added and the 

eaction was kept for another 2 d. The third reaction was the 
e-protection of Pbf-Cl. Trifluoroacetic acid, triisopropylsilane 
nd water under a certain ratio were added to the resultant of 
he second reaction. The mixture was stirred at room temper- 
ture for 3 h. Then the resultant was collected and dialyzed for 
 d. At last, the solution was lyophilized. The molecular weight 
f CAR-CBA and CHL-CBA are around 10,595 Da and 7609 Da,
espectively [29,30] . 

.3. Plasmid purification of pcDNA3.1-EGFP 

cDNA3.1-EGFP plasmids, which encode enhanced green flu- 
rescent protein (EGFP) and ampicillin resistance gene, were 
ransformed into E. coli , and the transformed bacteria inocu- 
ated into Luria-Bertanic culture media containing 100 μg/ml 
mpicillin, and then shaken overnight at 37 °C, and 200 r/min.
he pDNA was purified from the transformed bacteria using 
IANpure Midi Plasmid Kit in accordance with the manufac- 

urer’s instructions. The concentration of purified pDNA was 
etermined by measuring its ultraviolet absorbance at 260 nm 

sing Nanodrop 2000 (Thermo Scientific, Waltham, MA). The 
urified pDNA was used for further experiments when its op- 
ical density (OD) ratio of OD 260 / OD 280 was in the range of 1.8
o 2.0. 

.4. Cell culture 

CF-7 cells, a type of human breast cancer cells, were cultured 

n full Dulbecco’s Modification of Eagle’s medium (DMEM) at 
7 °C with a humidified 5% CO 2 /95% air containing atmo- 
phere. The full medium was made by adding 10% (v/v) fe- 
al bovine serum, 100 U/ml penicillin G sodium, and 100 μg/ml 
treptomycin sulfate into serum free medium. 
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2.5. Preparation of DAPI labeled pDNA 

Firstly, 1 μl DAPI (5 mg/ml) and 2 μg of pDNA solution
(400 ng/μl) were mixed by vortex for 10 sec, and incubated at
37 °C for 1 h. Secondly, the DAPI labeled pDNA was precipitated
with 70% ethanol and centrifuged at 12 000 r/min for 10 min.
Finally, the precipitation was re-suspended in Tris Buffer. The
DAPI labeled pDNA was freshly prepared each time before be-
ing used for further experiments. 

2.6. Complex preparation and characterization 

To prepare complexes of CAR-CBA-pDNA and CHL-CBA-pDNA
at polymer/pDNA weight ratio (w/w) of 24/1, 48 μg of CAR-CBA
and 48 μg of CHL-CBA were dissolved in each 500 μl serum free
medium. Afterwards, each polymer solution was added to 2 μg
of pDNA in 500 μl serum free medium. The polymer-pDNA so-
lutions were then vortexed for 10 sec, and incubated for 10 min
at room temperature to form complexes. Complexes were pre-
pared freshly prior to each transfection study. 

A Zetasizer Nano system equipped with dynamic light
scattering (DLS) was used to measure the particle size,
size distribution and zeta potential. Meanwhile, the mor-
phology of complex was investigated using atomic force
microscopy (AFM) [29] . The zeta potentials of complexes
are around + 30 mV (CAR-CBA-pDNA) and + 15 mV (CHL-CBA-
pDNA). Most pDNAs could be condensed into nano-scaled par-
ticles (less than 50 nm) by these polymers. 

2.7. Nucleolus localization of complexes 

Naked DAPI-labeled pDNA and DAPI-labeled complexes (CAR-
CBA-pDNA and CHL-CBA-pDNA), in which the pDNA was la-
beled with DAPI, were prepared as the sections of 2.5 and 2.6.
MCF-7 cells were seeded into 6-well plates containing cov-
erslips in each well. Transfection was operated when cells
reached 60% confluency. Cells were exposed to CAR-CBA-
pDNA, CHL-CBA-pDNA, and naked DAPI labeled pDNA (served
as a negative control), respectively, for 4 h. At the end of
transfection, the transfected cells were washed with phos-
phatebuffered saline (PBS), and then stained with Nucleolar-
ID Green Detection Kit at 37 °C for 15 min in accordance with
the protocol provided by the manufacturer. The cells were
then washed with PBS, and finally fixed in 4% formaldehyde
for 15 min. The transfected cells of each treatment group were
observed and their images were recorded immediately with
the ECLIPSE 80i fluorescence microscope (Nikon, Tokyo, Japan)
equipped with 40 × objective lens. The intracellular exoge-
nous substances and intracellular nucleolus appeared to be
in blue and green colors, respectively. 

2.8. Cell synchronization and cell cycle status analysis 

Double- thymidine block and colchicine were used to in-
duce and arrest cells at specific cell cycle phases. In double-
thymidine block, cells could be arrested at G1, S, or G2 phases
during the second release, and the time period of each block
and release stage changes with different cell lines [31] . As for
the treatment of colchicine, cells could be arrested at M phase.
In this study, MCF-7 cells were seeded into 6-well plates. For
double-thymidine block treatment, cells were treated with
2 mM thymidine in full medium for 16 h (first block) when
cells reached around 30% confluency. Afterwards, the medium
with thymidine was discarded, and the cells were washed
with PBS, and then fresh full medium without thymidine was
added to the cell plates. After that the cells were cultured
for another 10 h (first release). At the end of first release,
the medium was replaced with fresh full medium with 2 mM
thymidine for another 16 h incubation (second block). At last,
the cells were washed with PBS and released in thymidine-
free medium for 0 h, 4 h or 8 h (second release), and then the
cells at each end time point of second release were collected.
For the colchicine treatment, cells with 60% confluency, were
exposed to 0.4 μg/ml of colchicine (final concentration) in full
medium for 16 h, and the cells were collected for further anal-
ysis. Un-induced cells were collected as a negative control
when they arrived at 60% confluency. 

The collected cells by various treatments were fixed in 70%
cold ethanol at 4 °C for overnight. To analyze DNA content of
the cells, Cell Cycle Detection Kit was used, and the detailed
procedures were performed in accordance with the manufac-
turer’s protocols. Subsequently, the DNA content of collected
cells (stained with PI) in each group was analyzed by the FAC-
SCalibur flow cytometer (BD, New Jersey, USA) equipped with
Modfit LT3.0 software, and 10 000 cells were analyzed in each
treatment group. 

The DNA content analysis cannot be used solely to differ-
entiate between cellular G2 and M phases, while the nuclear
morphological characteristics of the two phases are distinctly
different, Therefore, DNA content coupled with nuclear mor-
phology could help us ascertain if the cells were arrested at
G2 and M phases as expected. In order to observe the nuclear
morphologies of cells after thymidine or colchicine treatment,
cells were seeded into 6-well plates with coverslips, and then
went through 8 h of thymidine second release treatment or
exposed to colchicine in full medium for 16 h, then the cells
were stained with 10 μg/ml of Hochest33342 at room tempera-
ture for 10 min. After being washed with PBS, the nuclear mor-
phologies of Hochest33342 stained cells were observed and
recorded immediately by the ECLIPSE 80i fluorescent micro-
scope (Nikon, Tokyo, Japan) equipped with 40 × objective lens.

2.9. Transfection on cells arrested at various cell cycle 
phases 

Transfection was performed on MCF-7 cells arrested at vari-
ous cell cycle phases (G1, S, G2, and M phase) or un-induced
cells. Cells of each group were exposed to CAR-CBA-pDNA,
CHL-CBA-pDNA and naked pDNA, respectively, in serum free
medium for 4 h, then the complexes and naked pDNA con-
taining medium was discarded. Subsequently, the cells were
washed with PBS, and incubated in full medium for another
48 h. At the predetermined time point, EGFP intensity of the
transfected cells in each group was recorded by the LSR-
Fortessa flow cytometer (BD, New Jersey, USA) equipped with
FACADiva 7.0 software, and 10 000 cells were analyzed in each
treatment group. Cells exposed to the naked pDNA were set
as a negative control. 
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Fig. 2 – Nucleolus localization of the: (A) naked 

DAPI-labeled pDNA (negative control), (B) CAR-CBA-pDNA, 
and (C) CHL-CBA-pDNA recorded by fluorescence 
microscopy, where the DAPI-labeled exogenous substances 
were shown in blue color, nucleolus was shown in green 

color, and the scale bar corresponds to 50 μm. 
.10. Transfection on cells with treatment of endocytosis 
nhibitors 

ccording to previous reports, chlorpromazine, colchicine,
nd indomethacin were used as endocytosis inhibitors to 
nhibit clathrin-mediated, macropinocytosis and caveolae- 

ediated endocytosis, respectively [32–34] . In this study, MCF- 
 cells were seeded into 6-well plates. When the cells reached 

0% confluency, they were cultured in serum free medium 

or 30 min. Subsequently the medium was replaced with 

erum free medium containing 10 μg/ml of chlorpromazine,
 μg/ml of colchicine, or 6 μg/ml of indomethacin, or drug 
ree medium, and the cells were incubated for another 1 h.
ach group of pretreated cells were then exposed to serum 

ree medium containing CAR-CBA-pDNA or CHL-CBA-pDNA,
espectively, for 4 h, while the concentrations of endocyto- 
is inhibitors were kept the same as pretreatments in each 

roup. At the end of transfection, all treatment solutions were 
iscarded. After being washed with PBS, the cells in each 

roup were cultured in fresh full medium for an additional 
8 h. EGFP intensity of transfected cells in each group was 
ecorded by the LSRFortessa flow cytometer (BD, New Jersey,
SA) equipped with FACADiva 7.0 software, and 10 000 cells 
ere analyzed for each treatment group. The group of cells 

xposed to the naked pDNA for 4 h in serum free medium was 
et as a negative control. 

.11. Endosomal escape of complexes 

API was used to label naked pDNA or pDNA in the com- 
lexes of CAR-CBA-pDNA and CHL-CBA-pDNA as the sections 
f 2.5 and 2.6. MCF-7 cells were seeded into glass-bottom cell 
ulture dishes and cultured in full medium at 37 °C in a hu- 
idified 5% CO 2 /95% air containing atmosphere. After reach- 

ng 60% confluency, the cells were washed with PBS and ex- 
osed to DAPI-labeled complexes (CAR-CBA-pDNA and CHL- 
BA-pDNA), naked DAPI-labeled pDNA (served as a negative 
ontrol), or chloroquine (300 μM final concentration, served as 
 positive control), respectively, in serum free medium for 4 h.
t the end of transfection, the DAPI-labeled complexes, naked 

API-labeled pDNA, and chloroquine containing solutions 
ere discarded. Then the cells in each group were washed 

ith PBS, and stained with Nucleolar-ID Green Detection Kit 
or 15 min, then washed with PBS. After that the cells were 
tained with Lyso-ID Red Lysosomal Detection Kit for 15 min.
he staining procedures were performed in accordance with 

he protocols provided by manufactures. After being washed 

ith PBS, The stained cells in each group were fixed in 4% 

ormaldehyde for 15 min, and then the stained cells were ob- 
erved and their images were captured immediately by the 
V1000S-SIM/IX81 confocal laser scanning microscopy (OLYM- 
US, Tokyo, Japan) equipped with 60 × oil immersion objective 
ens. The intracellular nucleolus, endosomes/lysosomes, and 

API labeled exogenous substances appeared to be in green,
ed and blue colors, respectively. 

.12. Lactate dehydrogenase release assay 

CF-7 cells were seeded into 96-well plate at a density of 
000 cells/well, and incubated in full medium at 37 °C in a hu- 
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Fig. 3 – DNA content of MCF-7 cells under different synchronization treatments of: (A) uninduced, (B) 0 h release, (C) 4 h 

release, (D) 8 h release, and (E) colchicine, analyzed by flow cytometry with PI staining. 
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Fig. 4 – Nuclear morphological images of cells stained by Hoechst 33,342 at the end time point of: (A) 8 h release in 

double-thymidine block, and (B) 16 h in colchicine treatment. The images were recorded by fluorescence microscopy. The 
scale bar corresponds to 50 μm. 

Fig. 5 – Percentages of cells arrested at each cell phase under various synchronization treatments. Data were shown in 

means ± SD. 
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idified 5% CO 2 /95% air containing atmosphere. When cells 
eached 60% confluency, they were washed with PBS, and then,
espectively, exposed to naked pDNA (served as a negative 
ontrol), CAR-CBA-pDNA, or CHL-CBA-pDNA in 150 μl serum 

ree medium, or only to 150 μl serum free medium (served 

s a positive control). At the third h, 15 μl of LDH release 
eagent was added to the positive control group. After reach- 
ng the predetermined time point of 4 h, the quantity of LDH,
hich was released to the medium supernatant or remained 

nside of cells in the same well of each treatment group,
as measured using a LDH Release Assay Kit in accordance 
ith the protocols. The optical densities were recorded by 

he iMark microplate reader (Bio-rad, Tokyo, Japan) at 492 nm 

ith 620 nm as a reference wavelength. For each treatment,
he LDH release ratio was calculated by the following formula,
t

here OD release means optical density of LDH in supernatant 
olution; OD cell means optical density of LDH detained in cells; 
D blank means optical density of LDH in blank medium. 

DH release(%) 

= 

OD release − OD blank 

OD cell − OD blank + OD release − OD blank 
× 100 

.13. Morphology of cell membrane after transfection 

riton X-100, a detergent, can destabilize cell membrane struc- 
ure and cause membrane disruption [35] . So Triton X-100 
reated cells were served as a positive control to show the 

orphology changes of cell membrane after being penetrated 

n this study. MCF-7 cells were seeded into 6-well plates con- 
aining coverslip in each well. When cells reached 60% conflu- 
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Fig. 6 – EGFP intensity of MCF-7 cells arrested at various cell cycles after the treatments of: (A) CAR-CBA-pDNA and (B) 
CHL-CBA-pDNA. Data were recorded by flow cytometry, and analyzed by FloJo 7.6.1. Cells treated with naked pDNA were set 
as a negative control. 

Fig. 7 – EGFP peak intensities of MCF-7 cells transfected by: (A) CAR-CBA-pDNA and (B) CHL-CBA-pDNA) with or without 
pretreatments of chlorpromazine (10 mg/ml, related to clathrin-mediated endocytosis), colchicine (8 mg/ml, related to 

macropinocytosis), and indomethacin (6 mg/ml, related to caveolae-mediated endocytosis). Data were recorded by flow 

cytometry, and analyzed by FloJo 7.6.1. Cells treated with naked pDNA were set as a negative control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

ency, they were exposed to CAR-CBA-pDNA, CHL-CBA-pDNA,
naked pDNA (served as a negative control), and 1% Triton-X
100 (served as a positive control), respectively, in serum free
medium for 4 h at 37 °C in a humidified 5% CO 2 /95% air con-
taining atmosphere. At the end of transfection or treatments,
the cell membrane in each group was stained with 8 mM DiI
in PBS for 15 min at 37 °C. After being washed with PBS, the
cell membranes of transfected cells were observed and their
images were recorded immediately by the ECLIPSE 80i flu-
orescence microscope (Nikon, Tokyo, Japan) equipped with
100 × oil immersion lens. The cell membrane appeared to be
in red color. 

2.14. Statistical analysis 

Statistical analyses were performed with a tool of GraphPad
Prism, version 6 software (GraphPad Software Inc., California,
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Fig. 8 – Fluorescent intensity reflecting the endosomal escape abilities of: (A) naked pDNA (set as the negative control), (B) 
chloroquine treatment (set as the positive control), (C) CAR-CBA-pDNA, and (D) CHL-CBA-pDNA. The images were recorded 

by confocal laser scanning microscopy, where intracellular nucleolus was shown in green color, the DAPI-labeled exogenous 
substances were shown in blue color, and intracellular acidic compartments (endosomes/lysosomes) were shown in red 

color. The scale bar corresponds to 20 μm. 
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rom triplicate experiments performed in parallel, and the dif- 
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n two-tailed unpaired Student’s t -test. 
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. Results and discussion 

.1. Nucleolus localization abilities of complexes 

aked DAPI-labeled pDNA was set as a negative control in this 
tudy to show that no false-positive results were caused by 
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Fig. 9 – LDH release level of MCF-7 cells incubated with 

naked pDNA (set as a negative control), and LDH release 
reagent (set as a positive control), CAR-CBA-pDNA, and 

CHL-CBA-pDNA, respectively. Data were shown in 

mean ± SD, ∗∗∗∗ indicates P < 0.0001 compared to the 
negative control. 
experimental design method. As shown in Fig. 2 A, the naked
pDNA (in blue color) appeared around cell membrane, and al-
most no pDNA existed in the nucleolus. While for CAR-CBA-
pDNA and CHL-CBA-pDNA, it was obvious that the two com-
plexes were enriched in or around nucleolus region after cel-
lular transfection ( Fig. 2 B and C), which suggested that the two
guanidio-rich polymers had significant nucleolus localization
abilities. 

3.2. Transfection efficiencies change with cell cycle status 

As mentioned before, DNA content analysis could not ascer-
tain the cells with double DNA contents were arrested at G2
or M phase. However, chromosome segregation happens in M
phase, which does not happen in G2 phase [36] . The results in
Fig. 3 coupled with Fig. 4 showed that, at the end time points of
0 h, 4 h, and 8 h release in double thymidine block and after the
treatment of colchicine, the percentages of cells arrested at
G1, S, G2, and M phases were 90.07% ± 3.90%, 99.98% ± 0.04%,
90.88% ± 1.11%, and 92.74% ± 1.41%, respectively. The phase
ratios of un-induced cells at G1/G0, S, and G2/M phase were
53.38% ± 2.28%, 32.16% ± 0.86%, and 14.46% ± 1.43%, respec-
tively ( Fig. 5 ). These results confirmed that double-thymidine
block and colchicine treatments could effectively arrested
cells at G1, S, G2, and M phase as we expected. 

The EGFP intensity peak height and position reflect the
tranfection efficiencies. The higher and more rightward of
the EGFP peak is, the more transfection efficiency could be
reached. As shown in Fig. 6 , after these cells were transfected
by CAR-CBA-pDNA and CHL-CBA-pDNA, respectively, the EGFP
intensity peaks of cells arrested at M phase were higher and
more rightward than these of cells at other cell cycles (i.e., un-
induced, G1, S, and G2 phase), and the peak position of cells
arrested at G2 phase were more leftward than cells at un-
induced, G1, and S phase. Therefore, in terms of height and
position of EGFP intensity peak, the transfection efficiencies
of CAR-CBA-pDNA and CHL-CBA-pDNA on cells arrested at M
phase is higher than that on cells at other phases (i.e., un-
induced, G1, S, and G2), while the transfection efficiencies on
cells arrested at G2 phase are lower than that on cells at un-
induced, G1, and S phase. Overall, MCF-7 cells arrested at M
phase are in favor of the transfection efficiencies of the two
polymers, and it is unadvisable to perform transfection on
cells arretd at G2 phase. 

3.3. Transfection efficiencies change with endocytosis 
inhibitors 

Similarly, the EGFP intensity peak height and position were
used to reflect the tranfection efficiencies. As shown in Fig. 7 A,
the peak height of EGFP intensity of cells transfected by CAR-
CBA-pDNA with chlorpromazine pretreatment was lower than
cells transfected by CAR-CBA-pDNA without inhibitor pre-
treatment, and the peak position of the former was more
leftward than the latter. While, the EGFP intensity peaks of
cells transfected by CHL-CBA-pDNA with these three types
of inhibitors pretreatments were neither lower nor more left-
ward than cells transfected by CHL-CBA-pDNA without in-
hibitor pretreatment ( Fig. 7 B). Thus, the transfection efficiency
of CAR-CBA-pDNA was decreased under the pretreatment of
chlorpromazine, while the transfection efficiency of CHL-CBA-
pDNA was not decreased by the pretreatments of these three
endocytosis inhibitors. 

3.4. Endosomal escape abilities of complexes 

Chloroquine is a type of lysosomotropic agent, which could
accumulate in the endosomes/lysosomes [37] . When chloro-
quine enters lysosomes, it is protonated in the organelles
with low pH, causing its accumulation. Chloroquine accumu-
lation leads to the swell of endosomes/lysosomes, and then
destabilization or rupture of endosomal/lysosomal membrane
[38] . When the rupture of endosomal/lysosomal membrane
happens, the fluorescent intensity of Lyso-Tracter (an en-
dosomal/lysosomal dye) becomes weaker [39] . As shown in
Fig. 8 , compared to the negative control (treated with naked
pDNA), cells treated by CHL-CBA-pDNA demonstrated no sig-
nificant difference in the red fluorescence intensity in acidic
compartments. As for the positive control (treated with
300 μM chloroquine for 4 h), the red fluorescence intensity
in acidic compartments became significantly weaker. For the
cells treated by CAR-CBA-pDNA, the intensity of red color be-
came slightly weaker compared to the negative control. From
the above results, we could conclude that the complex of CAR-
CBA-pDNA is entrapped in endosomes/lysosomes, but it has
the ability of endosomal/lysosomal escape, while CHL-CBA-
pDNA could keep itself away from .endosomal/lysosomal en-
trapment. 
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Fig. 10 – Images of cell membrane incubated with: (A) naked pDNA (negative control), (B) 1% Triton X-100 (positive control), 
(C) CAR-CBA-pDNA, and (D) CHL-CBA-pDNA, respectively. The images were recorded by fluorescence microscopy, and the 
scale bar corresponds to 10 μm. 
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.5. Lactate dehydrogenase release assay 

DH exists in intracellular micro-environment only when the 
ell membrane is intact, while it could be released into cell 
ulture medium when the cell membrane becomes disrup- 
ive. Therefore, LDH release assay has been used to evalu- 
te cell membrane integrity [40] . The levels of LDH release 
rom each treatment were calculated and presented in Fig. 9 .
ompared to the negative control (7.87% ± 0.75%, treated with 

aked pDNA), the LDH release levels from CAR-CBA-pDNA 

40.12% ± 3.22%) and CHL-CBA-pDNA (18.41% ± 0.83%) were 
igher, but they were lower than that of the positive control 

98.50% ± 0.63%, treated with LDH release reagent). 

.6. Morphology of cell membrane after transfection 

iI was used to stain cell membrane to show the image of cell 
embrane in red color, and the red image of cell membrane 

ould reflect the integrity of cell membrane to some degree.
s shown in Fig. 10 , the red color of cell membrane’s image 

or the negative control (exposed to naked pDNA) was uni- 
orm, while after cells were treated with 1% Triton X-100, the 
ed color of cell membrane almost could barely be observed.
or the groups of CAR-CBA-pDNA and CHL-CBA-pDNA, the im- 
ges of cell membrane could be observed, even though the red 

olor was weaker compared to the negative control, but more 
vident than the treatment group of 1% Triton X-100. To some 
ontent, the two cationic polymers destabilize the membrane 
avoring their entry into cells, but the skeleton of cell mem- 
rane transfected by the two polymers still remains. 

. Conclusion 

he results of this research indicated that the introduction 

f guanidino groups could endow polymers of CAR-CBA and 

HL-CBA unique nucleolus localization abilities. MCF-7 cells 
rrested at M phase are in favor of the transfection efficien- 
ies of the two polymers, and it is unadvisable to perform 

ransfection on cells arretd at G2 phase. According to the re- 
ults of endocytosis inhibitor treatments coupled with en- 
osomal/lysosomal escape ability studies of complexes, we 
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could confirm that the internalization of CAR-CBA-pDNA is
dependent on clathrin-mediated endocytosis, and CAR-CBA-
pDNA could escape from endosomes/lysosomes. While the
cellular uptake of CHL-CBA-pDNA maybe occur via clathrin-
and caveolae-independent endocytosis. The differences of
structural and physio-chemical property between CAR-CBA
and CHL-CBA, such as the molecular weight, zeta potential,
flexibility of structure, amount and position (main chain or
side chain) of guanidine groups, could make their endocyto-
sis mechanisms different. 
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