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Background: Liver fibrosis is a chronic liver disease with excessive production of extra
cellular matrix proteins, leading to cirrhosis, hepatocellular carcinoma, and death.
Purpose: This study aimed at the development of a novel derivative of polyethyleneimine 
(PEI) that can effectively deliver transforming growth factor β (TGFβ) siRNA and inhibit 
chemokine receptor 4 (CXCR4) for TGFβ silencing and CXCR4 Inhibition, respectively, to 
treat CCl4-induced liver fibrosis in a mouse model.
Methods: Cyclam-modified PEI (PEI-Cyclam) was synthesized by incorporating cyclam 
moiety into PEI by nucleophilic substitution reaction. Gel electrophoresis confirmed the PEI- 
Cyclam polyplex formation and stability against RNAase and serum degradation. 
Transmission electron microscopy and zeta sizer were employed for the morphology, particle 
size, and zeta potential, respectively. The gene silencing and CXCR4 targeting abilities of 
PEI-Cyclam polyplex were evaluated by luciferase and CXCR4 redistribution assays, respec
tively. The histological and immunohistochemical staining determined the anti-fibrotic activ
ity of PEI-Cyclam polyplex. The TGFβ silencing of PEI-Cyclam polyplex was authenticated 
by Western blotting.
Results: The 1H NMR of PEI-Cyclam exhibited successful incorporation of cyclam content 
onto PEI. The PEI-Cyclam polyplex displayed spherical morphology, positive surface 
charge, and stability against RNAse and serum degradation. Cyclam modification decreased 
the cytotoxicity and demonstrated CXCR4 antagonistic and luciferase gene silencing effi
ciency. PEI-Cyclam/siTGFβ polyplexes decreased inflammation, collagen deposition, apop
tosis, and cell proliferation, thus ameliorating liver fibrosis. Also, PEI-Cyclam/siTGFβ 
polyplex significantly downregulated α-smooth muscle actin, TGFβ, and collagen type III.
Conclusion: Our findings validate the feasibility of using PEI-Cyclam as a siRNA delivery 
vector for simultaneous TGFβ siRNA delivery and CXCR4 inhibition for the combined anti- 
fibrotic effects in a setting of CCl4-induced liver fibrosis.
Keywords: polyethyleneimine, cyclam, gene delivery, liver fibrosis, CXCR4

Introduction
Liver fibrosis is an essential characteristic of chronic liver diseases, which boosts 
the disease progression by damaging normal hepatic parenchyma.1 Liver fibrosis 
involves multiple cell types and signaling pathways. If the disease is not treated in 
time, it will lead to liver cirrhosis and cancer,2 which are the leading causes of 
mortalities globally.3 Unfortunately, because of lack of symptoms in the early onset 
of liver fibrosis and inadequate therapeutic options, liver replacement is the only 
treatment option. Thus, we need to develop an effective anti-fibrotic strategy to 
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inhibit the fibrotic process and disease progression.4–8 

Among current conventional treatment options, urso
deoxycholic acid, vitamin E, caffeine, chenodeoxycholic 
acid, and silymarin revealed improved therapeutic out
comes in liver fibrosis, but none of them displayed 
a potential survival benefit.9

Chemokines and chemokine receptors lead to 
a complex network in a variety of pathological conditions. 
Among the family of chemokines and their receptors, 
stromal-derived growth factor-1 (SDF-1) along with its 
CXCR4 causes cell proliferation, survival, angiogenesis, 
chronic diseases like cancer, and eventually death.10,11 

Hepatic stellate cells (HSC) are key players involved in 
liver fibrosis.1,12 During liver damage, the upregulated 
SDF-1/CXCR4 axis activates HSC.13,14 The activated 
HSC results in overexpression of TGFβ, α-smooth muscle 
actin (α-SMA), extracellular matrix (ECM; mainly col
lagen), and liver fibrosis.15 Previous studies revealed pro
mising results using cyclam like AMD3100 (a CXCR4 
antagonist) to inhibit the SDF-1/CXCR4 axis for amelior
ating liver fibrosis.14,16–19 Thus, inhibiting the upregulated 
SDF-1/CXCR4 axis prevents HSC activation and could be 
a treatment of choice for liver fibrosis.6,14,20

TGFβ is a major cytokine released by infiltrating 
mononuclear cells, hepatocytes, and HSC.21 The released 
TGFβ further activates HSC and results in ECM 
overproduction.22,23 Studies show that the regulation of 
TGFβ significantly ameliorates liver fibrosis.24,25 

Silencing TGFβ expression can be an excellent treatment 
option to prevent the activation of HSC, ECM overproduc
tion, and liver fibrosis.

Recently, RNA interference (RNAi)26,27 has emerged as 
a powerful therapeutic tool for treating numerous diseases28– 

30 like liver fibrosis, cirrhosis, and liver cancer by silencing 
the target genes.31–35 Targeted siRNA delivery (for gene 
silencing) is a complicated and challenging process and the 
lack of efficient and safe nanocarriers remains a major obsta
cle for its clinical application.36 Currently, cationic polymers 
are extensively being employed as siRNA delivery vectors 
because of their efficient complexation ability with siRNA 
(to form polyplexes) and resistance against enzymatic and 
serum degradation, thus promising safe siRNA delivery 
across cell membranes.37 Polyplexes offer multiple advan
tages, including versatility in functional modification, mini
mal immunogenicity, and low toxicity.38,39 Among cationic 
polymers, PEI is an ideal one with a well-reported transfec
tion efficiency.40,41 Also, PEI efficiently facilitates the endo
somal escape of the polyplex, in part because of its high 

cationic charge density contributing to its membrane-active 
characteristics. Still, such high cationic charge density leads 
to higher cytotoxicity, which is a key concern for PEI that 
limits its clinical applications. Numerous methods are 
employed to solve this issue, like changing the molecular 
architecture and molecular weight of the polymer,42,43 mod
ification of amines using hydrophobic moieties,44 and com
plexing PEI with lipid scaffolds to form hybrid polycation 
liposomes.45,46

SDF-1/CXCR4 axis regulates chronic diseases such as 
cancer.10,11,47 The Inhibition of such interactions using 
a CXCR4 antagonist like cyclam (eg, AMD3100, a type of 
cyclam) revealed significant improvements.48,49 Previously, 
PEI-based polymeric CXCR4 antagonists have been 
employed as a dual functional delivery vector for simulta
neous siRNA delivery and CXCR4 inhibition50,51 to con
strain tumor angiogenesis and metastasis.52,53 Therapeutic 
strategies that can silence TGFβ expression and inhibit 
CXCR4 may be a potential therapeutic choice to treat liver 
fibrosis.20,25 Similarly, the goal of the present study is to 
present a novel strategy to modify PEI with a cyclam-based 
CXCR4 antagonist (to form PEI-Cyclam). The potential of 
PEI-Cyclam/siTGFβ polyplex as an anti-fibrotic treatment 
strategy that combines TGFβ silencing with simultaneous 
CXCR4 inhibition was evaluated in a setting of the CCl4- 
induced liver fibrosis in a mouse model (Scheme 1).

Materials and Methods
Cyclam was bought from Vesina Industrial company 
(Tianjin, China). Branched PEI (MW = 10 kDa) was 
purchased from Polysciences (Warrington, PA, USA). 
AMD3100 was obtained from Biochempartner 
(Shanghai, China). TGFβ siRNA (5-GCAACAACGC 
CAUCUAUGATT-3), FAM siRNA (5-UUCUCCGAACG 
UGUCACGUTT-3), scrambled siRNA (siScr) (5-UUC 
UCCGAACGUGUCACGUTT-3), siRNA targeting luci
ferase (5-GGACGAGGACGA GCACUUCUU-3) were 
acquired from Gene Pharma (Shanghai, China). 
Phosphate buffered saline (PBS) and the assay kits to 
measure aspartate aminotransferase (AST), alanine amino
transferase (ALT), bicinchoninic acid (BCA), and hydro
xyproline (HYP) were obtained from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, Jiangsu, China). CCl4 

was from Sinopharm chemical reagent (Shanghai, China). 
Olive oil was bought from Agric-bemvig (Barcelona, 
Spain). FBS, trypsin, penicillin/streptomycin (Pen-Strep), 
and RPMI-1640 medium were purchased from Hyclone 
(Waltham, MA, USA). DMEM and LysoTracker™ Red 

https://doi.org/10.2147/IJN.S314367                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 4452

Ullah et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)

R
E
T
R
A
C
T
E
D

Powered by TCPDF (www.tcpdf.org)

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


were obtained from Gibco (CA, USA) and Beyotime 
(Shanghai, China). G418 and SDF-1 were bought from 
Life Technologies (Carlsbad, CA, USA). α-SMA, anti- 
TGFβ, anti-PCNA, anti-Col-III, and β-actin antibodies 
were purchased from Abcam (Cambridge, MA, USA). 
3,3-Diaminobenzidine (DAB) kit was obtained from 
Boster biological (Hubei, China).

PEI-Cyclam Synthesis
PEI-Cyclam was synthesized following the previously 
reported method.53 Briefly, branched PEI (10 kDa), 
cyclam derivative, and K2CO3 were suspended in acetoni
trile (20 mL) and followed by refluxing for 16 h. Then, 
20 mL of trifluoroacetic acid (TFA) was added and fol
lowed by immediate stirring overnight to achieve depro
tection. The obtained product was a hydrochloride salt 
after dialysis in water (pH 3.0) for 48 h, followed by 
another dialysis with deionized water for an additional 
24 h before lyophilization. The final product was charac
terized by the technique of 1H NMR.

Preparation and Characterization of 
Polyplexes
The desired w/w ratios of PEI-Cyclam polyplex were 
obtained by mixing equal volumes of PEI-Cyclam with 
either siRNA TGFβ (siTGFβ) or siRNA scrambled (siScr) 
solution (20µg/mL) prepared in 20 mM HEPES buffer (pH 
7.4). Then, the mixture was followed by immediate 

vortexing for 30 s and incubated for 30 min at room 
temperature. To determine the formation of polyplexes, 
the samples at various w/w ratios were loaded in the 
wells of agarose (2% Wt) gel containing JelRed, and run 
for 30 min. UV illumination was used for siRNA band 
detection. The hydrodynamic particle size and zeta poten
tial were analyzed by dynamic light scattering and zeta 
potential analyzer (ZetaPlus, NY, USA). Briefly, PEI- 
Cyclam polyplex were obtained by mixing equal volumes 
of PEI-Cyclam with siRNA scrambled (siScr) solution 
(20µg/mL) prepared in 20 mM HEPES buffer (pH 7.4) 
and the obtained polyplexes were diluted with HEPES 
buffer before measuring the particle size and zeta poten
tial. The morphology of polyplex was determined by using 
TEM (H-600, Hitachi, Ibaraki-ken, Japan).

In vitro Enzymatic and Serum Stability of 
Polyplexes
The protection ability of PEI-Cyclam against RNAse and 
serum degradation was investigated by using gel electro
phoresis. For RNAse stability, different w/w ratios of PEI- 
Cyclam polyplexes were incubated with 2µL of RNAse 
(5U/µL) at 37 °C for 30 min. Then, a 2% sodium dodecyl 
sulfate (SDS) solution was added to each sample to extract 
siRNA from the polyplexes and followed by vortexing. 
The integrity of siRNA was detected on agarose (2% Wt) 
gel. For serum stability, PEI-Cyclam polyplexes (w/w ratio 
1.5) were incubated with an equal volume of FBS at 

Scheme 1 Mechanism of action of PEI-Cyclam/siTGFβ polyplex in the treatment of liver fibrosis. CCl4 causes hepatocyte damage and HSC activation. Persistent damage by 
CCl4 and activation of HSC leads to the hyperactive secretion of profibrotic growth factors like TGFβ and chemokines like SDF-1, which result in abnormal wound healing 
response characterized by the accumulation of extracellular matrix (ECM) components. Here, we tested if intravenous administration of PEI-Cyclam/siTGFβ polyplex 
achieves superior antifibrotic effects due to concurrent TGFβ silencing and CXCR4 inhibition.
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37 °C. Then, 20 µL samples were collected at 0 h, 1 h, 2 h, 
4 h, 8 h, 16 h, and 24 h, respectively. Then, a 2% SDS 
solution was added to each sample and vortexed for dis
placing siRNA from the complexes. Finally, the released 
siRNA was examined by gel electrophoresis.

Cell Culture
Murine breast 4T1 (stably expressing luciferase) cells and 
murine melanoma B16 (stably expressing luciferase) cells 
(ATCC, VA, USA) were cultured in RPMI-1640 (10% FBS 
and 1% Pen-Strep). Human epithelial osteosarcoma (U2OS) 
cells expressing EGFP-CXCR4 (Thermo Scientific, 
Waltham, MA, USA) were cultured in DMEM (10% FBS, 
1% Pen-Strep, 2 mM L-Glutamine, and 0.5 mg/mL G418). 
Immortalized rat HSC-T6 (HSC-T6) cells were obtained 
from Shanghai FuMeng Gene Biotechnology Co., LTD. 
(Shanghai, China) and were cultured in DMEM (10% 
FBS and 1% Pen-Strep). The cells were maintained at 
37 °C with 5% CO2 in a humidified incubator.

Cytotoxicity Assay
The toxicity of the synthesized polycations was determined 
by MTT assay using 4T1, B16, HSC-T6, and U2OS cells. 
Briefly, 200µL of complete medium (10% FBS) containing 
cells (8x103 cells per well) were added into 96-well plates 
and incubated overnight. The old medium was replaced with 
a complete fresh medium containing PEI, PEI-Cyclam, and 
PEI-Cyclam polyplexes for 24 h. Then, 20 µL of MTT 
reagent (5 mg/mL) was subsequently incorporated into the 
fresh medium and incubated for an additional 4 h. Finally, 
the medium was removed, and 150 μL of DMSO was added 
to each well. The cells were maintained at 37 °C with 5% 
CO2 in a humidified incubator. The absorbance was detected 
at 490 nm by using a microplate reader (BioTek Synergy, 
Montpelier, VT, USA).

CXCR4 Antagonism
The CXCR4 antagonism of PEI-Cyclam and polyplex was 
evaluated by using the CXCR4 redistribution assay. 
Briefly, 200 μL of U2OS cells were seeded (8x103 cells 
per well) in a 96 well plate and cultured for 24 h. Cells 
were washed twice with assay buffer (DMEM containing 
2 mM L-glutamine, 1% FBS, 1% Pen-Strep, and 10 mM 
HEPES), and incubated with AMD3100 (300 nM), PEI 
(1μg/mL), PEI-Cyclam (2 μg/mL), and polyplexes for 
30 min. Then, SDF-1 (final concentration 10 nM) was 
incorporated. After 1 h incubation, cells were then fixed 

(4% paraformaldehyde) for 20 min at room temperature, 
followed by washing and staining with PBS, and 1 μM 
Hoechst solution, respectively. Finally, cells were imaged 
using the FL microscope (Thermo Scientific, Waltham, 
MA, USA).

Cell Uptake and Endosomal Escape
To investigate the cell uptake and endosomal escape, 
fluorescently labeled FAM siRNA was employed. The 
cellular uptake of polyplex was studied by confocal laser 
scanning microscopy and flow cytometry. Briefly, for con
focal laser scanning microscopy, HSC-T6 cells were 
seeded (5x104 cells per glass-bottom dish) and incubated 
for 24 h. Then, PEI/FAM siRNA polyplexes or PEI- 
Cyclam/FAM siRNA polyplex (FAM siRNA; 100 nM) 
was added to each well. After 2 h incubation, cells were 
washed twice (PBS) and fixed (4% paraformaldehyde) for 
20 min at room temperature. Nuclei were stained with 
4′,6-diamidino-2-phenylindole (DAPI) for 10 min, and 
cell uptake was observed under a confocal microscope 
(Carl Zeiss, Jena, TH, Germany). For flow cytometry 
analysis, the HSC-T6 cells were cultured and treated as 
above. After 2 h incubation, cellular uptake was stopped 
with ice-cold PBS. Then, the cells were collected by 
trypsinization, and fluorescence intensity for FAM siRNA 
in the cytoplasm of cells was measured by flow cytometer 
(FACS-Calibur, BD, Biosciences). For the observation of 
endosomal escape, cells were treated with polyplex for 
2 h or 6 h, washed twice (PBS), and stained 
(LysoTracker™ Red) for 30 min. Finally, cells were 
washed thrice (PBS) and imaged using the confocal 
microscope.

Luciferase (Luc) Gene Silencing Assay
The Luc gene silencing ability of PEI-Cyclam/siLuc poly
plex was investigated in 4T1 and B16 cells. Briefly, cells 
were cultured (5x104 cells per well) in a 48-well plate and 
incubated for 24 h. Then, cells were incubated with free 
siLuc, PEI/siLuc polyplexes, or PEI-Cyclam/siLuc poly
plexes at various w/w ratios in a serum-free medium. After 
4 h incubation, a fresh medium containing 10% FBS was 
added, and cells were further incubated for 24 h. Cells 
were then washed and lysed with PBS and lysis buffer, 
respectively. Finally, cell lysates were incubated with luci
ferase kit reagents, and the relative luciferase expression 
was detected by using a microplate reader.
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The in vivo Anti-Fibrotic Activity of PEI- 
Cyclam/siTGFβ Polyplexes
BALB/C mice (20±2 g, 3–4 weeks old), provided by the 
Laboratory Animal Center Yangzhou University (Jiangsu, 
China), were maintained in a pathogen-free laboratory envir
onment. All animal procedures were approved by the 
Animal Ethics Committee of Experimental Animal Center, 
Shantou University medical college, and carried out follow
ing the Regulations on Experimental Animals of Shantou 
University medical college (SUMC2016-200). The in vivo 
anti-fibrotic activity of PEI-Cyclam and PEI-Cyclam 
/siTGFβ polyplexes was evaluated in BALB/C mice. To 
induce liver fibrosis, BABL/C mice (n=5) received CCl4 

(1mL/kg body weight) in olive oil (CCl4: olive oil; 1:9) by 
intraperitoneal injection (twice a week for 4 weeks). Mice 
received only olive oil by intraperitoneal route was used as 
controls. After 48 h of the last injection of CCl4, animals 
were killed to obtain blood and liver samples. Blood and 
liver samples were assayed to confirm the successful gen
eration of the liver fibrosis model. To investigate the com
bined anti-fibrotic effect of TGFβ siRNA and PEI-Cyclam 
in vivo, mice with induced liver fibrosis were separated into 
3 groups, which were intravenously administered with PBS 
(n=5) or PEI-Cyclam/siScr polyplex (n=5) (siScr 0.5 mg/ 
kg), and PEI-Cyclam/siTGFβ polyplex (siTGFβ 0.5 mg/kg) 
(n=5) twice a week for four weeks. Mice were killed for 
blood and liver sample collection.

Effect of PEI-Cyclam/siTGFβ Polyplex on 
Liver Functions
Liver functions were evaluated by serological assay for 
serum biomarkers using AST and ALT kits. Briefly, the 
obtained blood samples were centrifuged (3000 rpm, 10 
min) at 4 °C. The serum AST and ALT were detected by 
using a microplate reader.

Effect of PEI-Cyclam/siTGFβ Polyplex on 
Liver Collagen Content
Hydroxyproline (HYP) content level is a direct measure of 
collagen expression.54,55 Liver HYP content was deter
mined by using a HYP testing kit. Briefly, liver tissue 
(50 mg) was homogenized at 100 °C (pH 6.0–6.8) for 10 
min. Then activated carbon was incorporated into the 
obtained tissue homogenates and centrifuged (3500 rpm, 
20 min). Next, the supernatant was obtained, and chlora
mine-T was incorporated. After 10 min incubation, 
dimethylaminobenzaldehyde (DMBA) was added to each 

sample. After 15 min incubation at 60 °C, the absorbance 
was measured by using a microplate reader. Liver HYP 
content was expressed as μg/gram.

Effect of PEI-Cyclam/siTGFβ Polyplex on 
Inflammation and Immunohistochemistry 
(IHC)
The hepatic morphology (inflammation) was determined 
by H&E staining, while collagen content was determined 
by Sirius red and Masson trichrome staining, respectively. 
For inflammation and collagen deposition, liver tissues 
were fixed in 10% formalin followed by embedding in 
paraffin and were cut precisely into 4 μm thick sections. 
Then, the samples were deparaffinized, hydrated, and 
finally stained. Images were taken under the FL 
microscope.

For IHC staining, liver specimens were deparaffinized 
using xylene, followed by hydration with sequential ethanol 
(100%, 95%, 85%, and 75%) and deionized water, respec
tively. To block endogenous peroxidase, the samples were 
incubated in 3% H2O2. The liver tissues were boiled in 
sodium citrate buffer (10 mM, pH 6.0). After this, samples 
were blocked by using the serum for 1 h at room temperature. 
Then, samples were incubated with primary antibodies anti- 
TGFβ antibody (Abcam, Cambridge, MA, USA) (Product 
number: ab190503, diluted 1:500), anti-α-SMA antibody 
(Abcam, Cambridge, MA, USA) (Product number: ab7817, 
1:500), anti-Collagen type III (Col-III) antibody (Abcam, 
Cambridge, MA, USA) (Product number: ab7778 diluted 
1:1000), and anti-proliferating cell nuclear antigen (PCNA) 
antibody (Abcam, Cambridge, MA, USA) (Product number: 
ab92552, diluted 1:100) at 4 °C. The liver tissues were 
incubated with secondary HRP-conjugated antibodies for 
an additional 1 h. The immune-reactivity was observed 
using DAB staining, and the brown color displayed the 
expressions of proteins. The stained areas were quantified 
by Image J (NIH, MD, USA).

Terminal Deoxyuridine Triphosphate 
Nick-End Labeling (TUNEL) Staining
To detect cells undergoing apoptosis, the deparaffinized liver 
sections were exposed to TUNEL staining using an apoptosis 
detection kit (Roche, Germany), as reported previously.56 

The deparaffinized and dehydrated samples were incubated 
sequentially with cytonin, 3% H2O2, TUNEL solution (200 
µL), and TUNEL peroxidase-labeled antibody (TUNEL 
POD), respectively. Then, the samples were treated with 
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chromogen, washed with PBS, and finally stained with 
Mayer hematoxylin staining solution. TUNEL-positive 
cells were identified by 3-amino-9-ethyl carbazole staining. 
The stained areas were quantified by using Image J software.

Western Blotting
Liver tissue samples were homogenized in RIPA buffer 
(Beyotime, Shanghai, China) and centrifuged (12,000 rpm, 
4°C) for 20 min. The obtained supernatants (protein extracts) 
were used for the biochemical analysis. Equal amounts of 
total protein were separated by 10% SDS-PAGE and trans
ferred to PVDF membrane (St. Louis, MO, USA). The 
membrane was blocked with 5% nonfat milk and incubated 
with anti-TGFβ antibody at 4°C overnight and washed with 
Tris-buffered saline. Then, the membrane was again incu
bated with a secondary IgG-HRP antibody for 2 h at (room 
temperature). Finally, the protein bands were detected by 
ECL reagent (Beyotime, Shanghai, China) with an ECL 
system (Tanon 5200, Beijing, China).

Biodistribution of Polyplexes
The fibrotic mice were administered with a single i.v. 
injection of the polyplexes prepared with Cy5-labeled 
siRNA (2.5 mg/kg, w/w 4). The fluorescence signals of 
the mice were monitored and analyzed at 0.5 h, 3 h, 12 h, 
and 24 h after injection using the IVIS Lumina imaging 
system (Xenogen Co., USA). The organs were isolated and 
excised. The fluorescence was determined using ex-vivo 
imaging assays.

Statistical Analysis
Graph Pad Prism (San Diego, CA) was used for statistical 
analysis using a two-tailed Student’s t-test and one-way 
ANOVA. A p-value of <0.05 was considered statistically 
significant. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001

Results
Synthesis, Characterization and of 
PEI-Cyclam
As shown in Scheme 2, the synthesis and characterization 
of PEI-Cyclam (25 mol%) were carried out according to 
the previously reported method.53 The cyclam content in 
PEI-Cyclam was determined using 1H NMR (Figure 1 and 
Table 1). The signal of the protons on the phenylene ring 
(δ 6.9–7.8) was compared to the signals of the PEI ethy
lene groups (δ 2.2–2.8), and the cyclam content was cal
culated as shown in Table 1.

Preparation and Characterization 
PEI-Cyclam Polyplexes
PEI-Cyclam completely condensed siRNA at a w/w ratio of 
1.5. The disappearance of the white band was observed, 
which demonstrates the complete formation of the poly
plexes (Figure 2A and B). The polyplexes displayed 
a positive surface charge, and the zeta potential was increased 
with increased w/w ratios (Figure 2C). The particle size 
distribution recorded ranging from 84 to 206 nm 
(Figure 2D). TEM observations revealed that the polyplexes 
adopted a spherical morphology (Figure 2E). Hydrodynamic 
sizes of PEI-Cyclam polyplexes were prepared at various w/ 
w ratios and were measured by DLS. The particle size of 
PEI-Cyclam polyplexes was the smallest at the lowest w/w 
around 85 nm (Figure 2F). Polydispersity index (PDI) char
acterization is vital in nanoparticle applications, as it is 
problematic to control sample-wide uniformity with surface 
conjugation chemistry, and frequently aggregation of nano
particles occurs. The PDI detected for different w/w ratios 
was less than 0.200 (Figure S1).

Protection Ability of PEI-Cyclam on 
siRNA Against RNAse and Serum 
Degradation
Compared to PEI (Figure S2A and B), siRNA remains 
intact at a w/w ratio of 1.5 in the presence of PEI- 
Cyclam (Figure S2C and D). Also, compare to free 
siRNA, the intact siRNA was protected by PEI (Figure 
S3A and B) and PEI-Cyclam and survived against serum 
degradation for 24 h (Figure S3C and D). Also, upon 
incubation with FBS and PBS, a variation in particle size 
and PDI was observed (Figure S4A and B).

Cytotoxicity of PEI-Cyclam and 
Polycations
Despite the higher gene delivery efficacy of PEI, it is also 
cytotoxic.57–60 Biosafety of polycations is a major concern 
for biomedical applications.61 It’s well reported that cyclam 
moiety decreases cytotoxicity.53 To prove this, MTT assay 
was utilized to investigate the cytotoxicity of PEI-Cyclam in 
U2OS (a model cell line to determine CXCR4 antagonism), 
B16, breast cancer 4T1, and non-cancerous HSC-T6 cells. 
Unmodified PEI was added as a control group. The cell 
viability curves and IC50 values of PEI-Cyclam and PEI 
are shown in Figures 3 and S5 and summarized in Tables 2 
and S1. Compared with PEI, PEI-Cyclam displayed less 
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cytotoxicity in all cell lines, as indicated by the compara
tively higher IC50 values. Compared to PEI, the observed 
IC50 of PEI-Cyclam was ~ 3.25-fold higher than PEI in 
U2OS cells, ~ 4.67-fold higher than PEI in 4T1 ~ 7.79-folds 
higher than PEI in B16 cells. Interestingly, in HSC-T6 cells, 
the cell viability was more than 80% even after treatment 
with 100 μg/ mL. These findings suggest that PEI-Cyclam is 
safe in non-cancerous cells, but it may show selective cyto
toxicity in cancerous due to their CXCR4-mediated effects 
by the incorporated cyclam. Also, PEI-Cyclam polyplexes 
formed with siRNA were safe at increasing w/w ratio 
(Figures S5–S7). These findings show that the cytotoxicity 
of PEI-Cyclam is less than unmodified PEI, demonstrating 
increased biocompatibility.

CXCR4 Antagonistic Activity of 
PEI-Cyclam and Polyplex
The translocation of CXCR4 on the plasma membrane to 
endosomes after SDF-1 interaction is a distinctive 

characteristic of G-protein coupled receptors. Herein, the 
sham group displayed normal intracellular behavior 
(Figure 4A). The SDF-1 and PEI showed CXCR4 translo
cation, as shown by the bright green fluorescence 
(Figure 4B and C). AMD3100 (a cyclam) was used as 
a positive control, and it showed a diffused green fluores
cence, demonstrating the prevention of CXCR4 transloca
tion (Figure 4D). Also, PEI-Cyclam and PEI-Cyclam 
polyplexes displayed strong CXCR4 antagonism com
pared with PEI and SDF-1 (Figure 4E–G).

Cellular Uptake and Endosomal Escape
To observe whether cyclam modification can preserve the 
siRNA delivery efficacy of PEI, we incubated FAM- 
labeled siRNA polyplexes with HSC-T6 cells. As shown 
in Figure 5A, compared to PEI and FAM siRNA groups, 
significant green fluorescence after 2 h was observed in the 
PEI-Cyclam polyplex group, possibly due to CXCR4 tar
geting, which is consistent with the flow cytometry results 
(Figure 5B). These results demonstrate that PEI-Cyclam 

Scheme 2 Synthesis of PEI-Cyclam. *Could be any primary, secondary or tertiary amine.
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polyplex exhibits improved cellular uptake and intracellu
lar distribution, confirming that PEI-Cyclam is a suitable 
siRNA delivery vector. Furthermore, cells treated with 
increasing concentration of pretreated PEI-Cyclam, the 
fluorescence intensity was decreased because of the 
reduced affinity of PEI-Cyclam polyplex for the CXCR4 
positive cells due to CXCR4 blockade by the pretreated 
PEI-Cyclam through competitive inhibition (Figure S8).

Besides the cellular uptake, endosomal escape is 
another factor that contributes to siRNA delivery.62 The 
endo-lysosomal escape capacity of PEI-Cyclam polyplex 
was examined post 2 h and 6 h incubation with HSC-T6 

cells. The LysoTracker™ Red (red fluorescence) stained 
the endo/lysosomes. After 2 h incubation, the green fluor
escence of FAM-siRNA overlapped the red fluorescence of 
LysoTracker™ Red, and both PEI and PEI-Cyclam poly
plexes displayed strong yellow fluorescences shown in the 
merged images, demonstrating that maximum of the endo
cytosed FAM siRNA was contained in the endosome 
(Figure S9A). However, 6 h later, compared to PEI, 
a substantial separation between the green and the red 
fluorescence was observed, showing that FAM siRNA 
was effectively escaped from the endosomes (Figure S9- 
AB). Taken all together, PEI-Cyclam polyplex was cap
able of entering into HSC-T6 cells by endocytosis and 
achieved endosomal/lysosomal escape for efficient 
siRNA delivery.

Luc Gene Silencing Effects
To investigate the PEI-Cyclam polyplexes could achieve 
gene silencing effects, the Luc gene silencing assay was 
conducted. 4T1 and B16 cells were transfected with dif
ferent w/w ratios of PEI-Cyclam polyplexes, but w/w 
ratios 4 and 8 displayed more than 75% decreased lucifer
ase expression than controls (PEI-Cyclam/siScr polyplex 

Figure 1 The typical 1H-NMR spectrum of PEI-Cyclam (PEI-Cyclam in D2O) is used to determine the cyclam content. Integration of the proton on the aromatic ring (a and 
aʹ) and the unconjugated ethylenimine (b and c) were used to calculate the conjugation ratio.

Table 1 Composition of PEI-Cyclam

Polymer Conjugation Ratio 
(mol%)a

Cyclam Content 
(mol%)

Mw 
(kDa)

Infeed In 
Polymer

PEI 0 0 0 10.0

PEI-Cyclam 33 40 25 24.1

Notes: aConjugation ratio (mol%) is defined as the ratio of conjugated ethyleni
mines to unconjugated ethylenimines based on 1H NMR.
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and free siLuc RNA) (Figure 6A and B). Luc expression 
was determined relative to total proteins (Figure 6C and 
D). The luciferase gene silencing effect was increased with 
increasing w/w ratios. These results suggested that cyclam 
modification can be a promising gene delivery strategy. On 
the other hand, with prolonged incubation time, the Luc 
expression was decreased at lower w/w ratios (Figure 

S10A–D) while increasing the FBS concentration 
increased the Luc expression (Figure S11A–D).

Restoration of Liver Functions
The restoration effect of PEI-Cyclam/siTGFβ polyplexes on 
liver functions like serum AST and ALT levels and liver 
HYP level in fibrotic mice was determined by serological 

Figure 2 Physicochemical characterization of polyplexes. (A) siRNA binding with PEI determined by agarose gel electrophoresis (B) siRNA binding with PEI-Cyclam 
determined by agarose gel electrophoresis (C) Zeta potential of PEI and PEI-Cyclam polyplexes at different w/w ratios 2, 4, and 8 (D) particle size distribution of PEI-Cyclam 
polyplexes determined by DLS (E) transmission electron micrograph of PEI-Cyclam Polyplex (F) hydrodynamic size of PEI and PEI-Cyclam polyplexes at different w/w ratios 
2, 4, and 8.

Figure 3 Cytotoxicity of PEI-Cyclam in U2OS, 4T1, B16, and HSC-T6 cells (A–C) IC50 values were calculated from the figures as shown in Table 2 (D) cell viability assay 
using HSC-T6 cells.
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and HYP assays. Compared to Sham mice (without CCl4 

treatment), PBS-treated fibrotic mice displayed elevated 
serum AST, ALT, and liver HYP levels, exhibiting chronic 
liver damage (Figure 7A–C). PEI-Cyclam/siTGFβ polyplex 
significantly reduced the levels of AST (73%), ALT (67%), 
and HYP (58%) compared to the PBS-treated group. Also, 
PEI-Cyclam/siScr polyplex significantly reduced AST 
(43%), ALT (38%), and HYP levels (22%) and revealed 
modest anti-fibrotic activity, which might be ascribed to 
the CXCR4 antagonistic activity from cyclam moiety. 
Collectively, these results suggested that the combined 
TGFβ silencing and CXCR4 Inhibition of PEI-Cyclam 
/siTGFβ polyplex ameliorated chronic liver damage.

PEI-Cyclam/siTGFβ Polyplex Reverses 
Liver Fibrosis
H&E staining of liver tissues from Sham mice showed 
normal liver architecture, PBS-treated fibrotic mice exhib
ited severe hepatic injuries like centrilobular necrosis, swel
ling of hepatocytes, extensive fatty changes (an indication of 
microvesicular steatosis), and extensive immune cells infil
tration (inflammation) into the hepatic parenchyma in 4 
weeks of CCl4 treatment (Figure 8A and D). PEI-Cyclam 
/siScr polyplex displayed signs of tissue damage and 

immune cell infiltration, but to a lesser degree than the PBS- 
treated group. Those abnormal morphological changes were 
considerably ameliorated in the PEI-Cyclam/siTGFβ poly
plexes treated mice except with only small areas of identifi
able atypia, and the overall appearance was similar to the 
Sham mice. To identify the areas of high collagen deposition 
as a result of chronic liver damage and to gauge how the 
polyplexes may impact liver fibrosis, Masson trichrome 
staining, and Sirius red staining were conducted. Masson 
trichrome staining and Sirius red staining results showed 
excessive accumulation of collagen (represented by blue 
and red color, respectively) in the PBS-treated group, 
demonstrating liver fibrosis (Figure 8B, C, E and F). 
Interestingly, fibrotic mice treated with PEI-Cyclam/siScr 
polyplex also revealed reduced levels of collagen accumula
tion when compared to PBS-treated mice, additionally sup
porting the anti-fibrotic effect of the PEI-Cyclam, which 
might be accredited to the CXCR4 inhibitory activity from 
the cyclam containing moiety of the polymer. However, 
mice receiving PEI-Cyclam/siTGFβ polyplex significantly 
reduced collagen deposition, revealing attenuated liver fibro
sis. These findings suggest that PEI-Cyclam/siTGFβ poly
plex can efficiently reduce liver fibrosis by combining 
CXCR4 inhibitory and TGFβ silencing effects.

Effect of PEI-Cyclam/siTGFβ Polyplexes 
on Hepatocytes Apoptosis and 
Proliferation
PEI-Cyclam/siTGFβ polyplexes might be expected to 
attenuate liver fibrosis by reducing hepatocyte apoptosis. 

Figure 4 CXCR4 antagonism of PEI-Cyclam and PEI-Cyclam polyplex. Bright green fluorescence indicates CXCR4 internalization (A) Sham: untreated cells (B) SDF-1: Cells 
were treated with SDF-1 only (C) cells were treated with PEI and SDF-1 (D) AMD3100: cells were treated with AMD3100 and SDF-1 (E) PEI-Cyclam: cells were treated 
with PEI-Cyclam and SDF-1 (F) PEI-Cyclam polyplex: Cells were treated with PEI-Cyclam polyplex and SDF-1. Scale Bar= 200 µm (G) the fluorescence intensity of CXCR4 
internalization was determined by Image J software. **p<0.01.

Table 2 IC50 Values of PEI and PEI-Cyclam

IC50 PEI (µg/mL) PEI-Cyclam (µg/mL)

U2OS 5.46 17.79
4T1 23.94 112

B16 9.37 73.08
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Therefore, the TUNEL assay was performed. The sec
tional images are shown in Figure 9A, and the quantitative 
evaluation is demonstrated in Figure 9C. Increased apop
tosis of hepatocytes was observed in the PBS-treated 
fibrotic mice. However, PEI-Cyclam/siTGFβ polyplex 
treatment significantly decreased the positively TUNEL- 
labeled cells, demonstrating attenuated liver fibrosis 
(Figure 9A and C). PCNA staining was further employed 
to investigate the effect of PEI-Cyclam/siTGFβ polyplex 
on the proliferation of hepatocytes.63 Compared to Sham 
mice, PCNA was highly expressed in the PBS-treated 
mice, indicating increased hepatocyte proliferation in the 
fibrotic tissue. However, the treatment of fibrotic mice 
with PEI-Cyclam/siScr and PEI-Cyclam/siTGFβ 

polyplexes gave rise to low expression of PCNA. PEI- 
Cyclam/siTGFβ polyplex decreased the expression of 
PCNA more significantly, demonstrating inhibition of 
further disease progression (Figure 9B and D).

Effect of PEI-Cyclam/siTGFβ Polyplexes 
on the Expression of Major Fibrotic 
Proteins
Following histopathological and serological analysis, the 
therapeutic activity of PEI-Cyclam/siTGFβ polyplexes 
was further authenticated using IHC staining on the liver. 
The effect of PEI-Cyclam/siTGFβ polyplexes on the 
expression of major fibrotic proteins like α-SMA, TGFβ, 
and Col-III was investigated (Figure 10A–C). These 

Figure 5 Cellular uptake of polyplex by HSC-T6 cells (A) cell uptake was determined by confocal laser scanning microscopy at 2 h post-incubation with polyplexes and free 
FAM siRNA (Green). Cell nuclei are stained with DAPI (blue). Scale Bar= 10 µm. (B) cell uptake was determined by flow cytometry at 2 h post-incubation with polyplexes 
and free FAM siRNA. **p<0.01, ***p<0.001.
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proteins were highly expressed in PBS-treated mice com
pared to Sham mice, demonstrating liver fibrosis. PEI- 
Cyclam/siTGFβ polyplex treatment significantly reduced 
the overexpression of α-SMA (decreased activation of 
HSC), TGFβ, and Col-III levels (Figure 10A–F). Also, 
PEI-Cyclam/siScr polyplexes exhibited a limited 

reduction, which is possibly accredited to inhibiting the 
SDF-1/CXCR4 axis due to the presence of cyclam moiety. 
Collectively, these results revealed that, compared to PBS- 
treated mice, PEI-Cyclam/siTGFβ polyplexes alleviated 
liver fibrosis by inhibiting the activation of HSC and over
expression of TGFβ.

Figure 6 Effect of polyplex on luciferase gene and total protein expression using 4T1 and B16 cells (A) effect of PEI-Cyclam/siLuc polyplexes on luciferase gene expression 
mediated by siLuc at different w/w ratios in 4T1 cells (B) effect of PEI-Cyclam/siLuc polyplexes on Luciferase gene knockdown mediated by siLuc at different w/w ratios in 
B16 cells (C) total protein expression in 4T1 cells (D) total protein expression in B16 cells.

Figure 7 Effect of PEI-Cyclam/siTGFβ polyplexes on liver functions (A) effect of PEI-Cyclam/siTGFβ polyplexes on serum AST levels (B) effect PEI-Cyclam/siTGFβ 
polyplexes on serum ALT levels (C) effect of PEI-Cyclam/siTGFβ polyplexes on hepatic hydroxyproline content. (n=5) *p<0.05, **p<0.01, ***p<0.001.
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The PEI-Cyclam/siTGFβ Polyplexes Cause 
TGFβ Silencing
The effect of PEI-Cyclam/siTGFβ polyplexes on TGFβ 
expression in fibrotic mice was further investigated by 
Western blotting. As shown in Figure 11A, TGFβ was highly 
expressed in the livers isolated from PBS-treated mice com
pared to Sham control, demonstrating liver fibrosis. 
Treatment with the PEI-Cyclam/siTGFβ polyplexes signifi
cantly reduced the TGFβ expression (Figure 11B). The PEI- 
Cyclam/siScr polyplexes also showed a limited reduction of 

TGFβ expression, which is probably ascribed to blocking the 
SDF-1/CXCR4 axis. The Western blot results agreed well 
with those from the IHC staining. These findings showed that 
PEI-Cyclam/siTGFβ polyplexes display TGFβ silencing. 
Conclusively, PEI-Cyclam could be utilized as a promising 
siRNA delivery nanocarrier and an anti-fibrotic polymeric 
drug for combined anti-fibrotic effects.

In vivo Imaging and Tissue Distribution
Effective biodistribution and liver accumulation is an obli
gatory condition for PEI-Cyclam polyplexes for liver 

Figure 8 The in vivo therapeutic activity of PEI-Cyclam/siScr and PEI-Cyclam/siTGFβ polyplexes on inflammation and collagen deposition. The PEI-Cyclam/siTGFβ polyplex 
collectively attenuated liver histopathology and reduced collagen deposition. Representative histological liver sections with H&E, Masson’s trichrome, and Sirius red staining 
(A) H&E staining of mouse liver sections (B) Masson Trichrome staining of mouse liver sections (C) Sirius red staining of mouse liver sections. Scale Bar = 200 µm. The black 
arrows indicate inflammation and collagen deposition. (Blue and Red color; collagen deposition) (D) pathological score of H&E staining (E) pathological score of Masson 
staining (F) pathological score of Sirius red staining. (n=5) **p<0.01, ***p<0.001.
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fibrosis therapy. Herein, we compared the biodistribution 
of PEI-Cyclam polyplexes and PEI- polyplexes prepared 
with Cy5-labeled siRNA. Compared with PEI-polyplexes, 
PEI-Cyclam polyplexes exhibited longer biodistribution 
throughout 24 h (Figure S12A). Also, compare to PEI- 
polyplexes, the PEI-Cyclam polyplexes showed maximum 
liver accumulation at 24 h (Figure S12B).

Discussion
Liver fibrosis is a sophisticated process related to the 
release of numerous cytokines and ECM overproduction. 
Due to the complex signaling networks involved in liver 
fibrosis that initiate and control disease progression, select
ing a suitable drug and siRNA combination targeting mul
tiple signaling pathways will be an effective treatment 
strategy for accomplishing the best therapeutic outcomes. 
The key obstacles for combination therapy are the absence 
of effective fibrosis-related pathway inhibitors and safe 
siRNA delivery vectors. Previously polymeric CXCR4 
antagonists were employed for simultaneous delivery of 
siRNA and CXCR4 inhibition. The cyclam moieties pro
vide both the siRNA binding and CXCR4 inhibition, 
therefore carrying the burden of offering both biological 

functions and improving the overall activity.50,64,65 Herein, 
we developed PEI-Cyclam (Polymeric CXCR4 antagonist) 
by conjugating cyclam (a CXCR4 antagonist) onto PEI for 
delivering TGFβ siRNA (a therapeutic nucleic acid for 
TGFβ silencing) and CXCR4 Inhibition. We assumed 
that the novel polymer design would combine CXCR4 
antagonism and TGFβ siRNA delivery in a single mole
cule, representing a simple tool to present an additional 
anti-fibrotic function to the existing nanocarrier 
(Scheme 1).

Compare to PEI, the PEI-Cyclam shows a slightly 
decreased affinity for siRNA complexation because of its 
complex and unusual protonation behavior. Out of four 
amines, only two could be protonated at physiological 
pH. In PEI-Cyclam, the fraction of protonated amines 
decreases, resulting in a decreased overall cationic charge 
density of the polymer. Thus, due to decreased cationic 
charge density, the affinity for complexation with siRNA 
also decreases (Figure 2A and B). It is well known that the 
particle size of drug delivery systems affects pharmacoki
netics. Physiological processes like hepatic uptake and 
accumulation, tissue diffusion, tissue extravasation, and 
renal excretion of nanoparticles depend on particle size. 

Figure 9 Effect of PEI-Cyclam/siTGFβ polyplexes on hepatocyte apoptosis and proliferation in CCl4-induced fibrotic mice by TUNEL and PCNA assays (A) the liver 
specimens were processed for immunohistochemistry using TUNEL assay reagent (B) the liver specimens were processed for immunohistochemistry using PCNA 
monoclonal antibody. TUNEL and PCNA-positive labeled hepatocytes (black arrows) showed brown staining. In contrast, nuclei were stained blue in PCNA and TUNEL- 
negative hepatocytes Scale Bar= 200 µm (C and D). Quantification of the stained areas of hepatocytes apoptosis and proliferation was analyzed with Image J software. (n 
= 5). *p<0.05, **p<0.01, ***p<0.001.
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Only nanocarriers of a specific size (≤150 nm) can enter or 
exit from the liver.66,67 Herein, the particle size distribu
tion ranged from 84 to 206 nm (Figure 2D), suitable for 
liver diseases. DLS is a commonly used PDI measurement 
technique. PDI as an indicator of particle uniformity.68 

PDI was employed to evaluate the average uniformity of 
particles. The larger the PDI values demonstrate larger 
particle size distribution and particle aggregation, while 
smaller PDI values indicate particle uniformity.68 The 
average PDI for nanoparticles ranging from 61–140 nm 
is between 0.097 and 0.22.69 Our prepared polyplexes 

showed PDI less than 0.200 indicating particle uniformity 
(Figure S1).

RNA degradation by nucleases and serum is one of the 
major obstacles in siRNA delivery, which eventually 
decreases the gene silencing efficiency.70,71 PEI-Cyclam 
protected siRNA against RNAse and serum degradation 
and infers the enhanced siRNA stability in vitro and 
in vivo (Figures S2, S3C and D).

The biosafety of nanocarriers is one of the crucial 
factors when investigating any drug or gene delivery 
systems.61 In the PEI chemical structure, every third 

Figure 10 Effect of PEI-Cyclam/siTGFβ polyplex on the expression of the major fibrotic proteins (A) representative IHC staining images of α-SMA (B) representative IHC 
staining images of TGFβ (C) representative IHC staining images of Col-III. The black arrows indicate protein expression. Scale Bar= 200 µm. (D–F) The quantified 
expression of α-SMA, TGFβ, and Col-III levels were analyzed with Image J software. (n = 5). *p<0.05, ***p<0.001.
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atom is a protonizable amine, which gives the PEI a high 
charge density and significant buffering capacity. 
However, this high cationic charge density becomes 
a double-edged sword. At physiological pH, the high pro
tonation PEI offers higher complexation with nucleic acids 
(negatively charged) via electrostatic interactions, but this 
may lead to nonspecific interactions with cell membranes, 
leading to toxicity.72–74 However, Cyclam, has 
a sophisticated protonation behavior demonstrated by the 
pKa of the four amines in its chemical structure: 11.29, 
10.19, 1.61, and 1.91.75 Interestingly, at physiological pH, 
only two amines out of the four can be protonated. Thus, 
after cyclam modification, the fraction of protonated 
amines in PEI-Cyclam at physiological pH decreases sig
nificantly and decreases the polymer overall cationic 
charge density.53 Thus, cyclam modification significantly 
reduces protonated amines, resulting in a reduction of the 
polymer overall cationic charge density, hence decreasing 
cytotoxicity.53 Also, binding of polycations with nucleic 
acids typically decreases the toxicity.76 Compared to PEI, 
cell viability was increased in cells upon cyclam modifica
tion several folds (Figures 3A–D, S5 and 6, Tables S1 and 
2). Also, PEI-Cyclam polyplex exhibited 100% cell viabi
lity in all cell lines (Figure S7). The possible reason for 
decreased toxicity is cyclam modification of PEI and 
nucleic acid-binding.

SDF-1 activates HSC and results in proliferation and 
differentiation of myofibroblasts, causing pro-fibrogenic 
effects.13 The CXCR4 antagonistic ability of PEI-Cyclam 
was investigated by using a phenotypic CXCR4 receptor 
redistribution assay.50 Cyclam moiety functions as 
a CXCR4 antagonist.64,77 PEI-Cyclam and PEI-Cyclam 
polyplex displayed significant CXCR4 antagonistic activity, 

blocking the SDF-1/CXCR4 axis (Figure 4E and F), which 
may infer the in vivo inhibition of activated HSC, verified by 
the decreased α-SMA overexpression (Figure 10A and D).

Polyplexes cross cell membranes and enter the cyto
plasm for efficient gene delivery.78 Cyclam like AMD3100 
binds with CXCR4 at the plasma membrane blocks 
CXCR4 receptor. However, for polymeric CXCR4 antago
nists like PEI-Cyclam to attain dual functions as both 
CXCR4 antagonists and efficient delivery vectors for 
siRNA, the polyplexes are essential to be internalized by 
the cells. The incorporation of cyclam moiety in PEI may 
alter cellular uptake.53 Previously, polymeric CXCR4 
antagonists have been used as effective gene delivery 
vectors.53 Herein, PEI-Cyclam efficiently delivered 
siRNA as evidenced by the significant cellular uptake 
and endosomal escape confirmed by confocal microscopy 
and flow cytometry (Figures 5A and B, S8, S9A and B). 
Also, PEI-Cyclam/siLuc polyplex demonstrated robust 
luciferase gene silencing (Figure 6A and B).

During liver damage, numerous inflammatory mediators 
like TGFβ and PDGF activate KCs to activate HSC.79 In this 
study, the potent anti-inflammatory and anti-fibrotic potential 
of PEI-Cyclam/siTGFβ polyplexes were observed ascribed 
to the simultaneous CXCR4 inhibition and TGFβ silencing 
due to CXCR4 antagonistic effects of cyclam moiety and 
TGFβ siRNA in a single molecule (Figure 8A–F). Elevated 
levels of TGFβ induce hepatocyte apoptosis and massive cell 
death contributing to the advancement of the disease and 
eventually liver cancer.80–82 Numerous mechanisms demon
strate that apoptotic cells lead to fibrosis and increased apop
tosis leads to fibrosis progression.83 Apoptotic cells stimulate 
neutrophils and macrophages, which facilitates fibrotic 
effects.84 PEI-Cyclam/siTGFβ polyplexes treatment 

Figure 11 Effect of PEI-Cyclam/siTGFβ polyplexes on TGFβ expression (A) representative Western blot image of the expression of TGFβ (B) the expression levels of TGFβ 
was measured relative to the total β-actin level respectively. (n = 5). *p<0.05, ***p<0.001.
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significantly reduced the elevated apoptosis due to TGFβ 
silencing effects (Figure 9A and C). Additionally, the over- 
expressed TGFβ facilitates the production of other cytokines 
that contribute to cell proliferation and eventually leads to 
cancer.85 Normally, healthy liver tissues display less than 1% 
PCNA-positive hepatocytes; however, the number of PCNA- 
positive hepatocytes is markedly increased in fibrosis.86 PEI- 
Cyclam/siTGFβ polyplexes significantly reduced 
PCNA-positive hepatocytes, displaying inhibition of disease 
progression (Figure 9B and D).

The overexpressed α-SMA is considered to be an indicator 
of activated HSC.22 Activated HSC overexpresses TGFβ,21 

which further activates HSC and results in excessive ECM 
overproduction.22,23 Also, the upregulated SDF-1/CXCR4 
axis during liver damage leads to HSC activation,13,14 TGFβ 
overexpression, and progression of the disease to liver 
fibrosis.15 TGFβ is reported to activate the expression of 
many other profibrogenic cytokines like IL-13 and TNF-α, 
thus further boosting and spreading the fibrotic response.87 

PEI-Cyclam/siTGFβ polyplexes, decrease α-SMA, TGFβ, 
and Col-III expression by combined CXCR4 inhibition 
(SDF-1/CXCR4 axis blocking) and TGFβ silencing effects 
(Figures 4E–G, 10A–F, 11A and B). In a nutshell, TGFβ and α- 
SMA are overexpressed in the fibrotic livers, and polyplexes 
equipped with cyclam and TGFβ siRNA efficiently inhibited 
and silenced the CXCR4 (HSC activation: SDF-1/CXCR4 
axis) and TGFβ, respectively, thus mitigating liver fibrosis.

Conclusion
This study designed and developed novel polymeric 
CXCR4 antagonists based on PEI (PEI-Cyclam) that can 
concurrently deliver TGFβ siRNA and inhibit CXCR4/ 
SDF-1 axis, attaining combined anti-fibrotic effects in 
CCl4-induced liver fibrosis in a mouse model. Our findings 
established that conjugation of cyclam moiety to PEI is 
capable of (1) retain the siRNA delivery efficiency of PEI, 
(2) alleviate the cytotoxicity of PEI, and (3) exert CXCR4 
antagonistic activity. The PEI-Cyclam/siTGFβ polyplexes 
confirmed the combined anti-fibrotic activity because of 
the concurrent CXCR4 antagonism/inhibition and TGFβ 
silencing effects. The reported PEI modification presents 
a simple tool to introduce a new pharmacological function 
to existing siRNA delivery vectors to attain an enhanced 
siRNA delivery and therapeutic efficiency for potential 
anti-fibrotic applications. Conclusively, The PEI-Cyclam 
/siTGFβ polyplex treatment demonstrated combined anti- 
fibrotic effects because of the simultaneous CXCR4 
Inhibition (HSC activation) and TGFβ silencing efficiency. 

In summary, the PEI-Cyclam/siTGFβ polyplex presents 
a promising delivery system for designing a new treatment 
strategy for liver fibrosis.
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