
FU
LL P

A
P
ER

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 3907wileyonlinelibrary.com

  1.     Introduction 

 Gene-based therapies hold great promise 
in treating diseases that are not curable 
with conventional treatment modalities. 
This method uses different carrier sys-
tems to insert plasmid DNA (pDNA) into 
cells that could express a therapeutic pro-
tein of interest. [ 1 ]  Currently, genes can be 
delivered to human patients directly or to 
patient derived freshly isolated cells that are 
transfected and subsequently transfused 
back to the same patient. [ 2 ]  Among dif-
ferent gene delivery carriers developed thus 
far, engineered viral particles are the most 
successful delivery agents that have been 
tested in a clinical setting. [ 3 ]  These vectors, 
however, have exhibited immunogenic and 
toxicological complications, thus limiting 
their clinical translation. [ 4 ]  As a result, non-
viral gene delivery systems are sort after, 
albeit transfection effi ciency of these sys-
tems is not comparable with that of viral 
particles. Amongst different nonviral gene 
delivery carriers, polyethylenimine (PEI) 
and numerous PEI-based hybrid nanopar-

ticles have been the most successful transfection reagent, which 
may be considered the “gold standard.” However, PEI elicits 
inherent toxicity and expresses limited in vivo transfection effi -
ciency. All nonviral delivery carriers known today exploit the elec-
trostatic interaction between the anionic phosphate backbone of 
pDNA and cationic charge on the liposome or polymer backbone 
that eventually condenses the pDNA into a nanoparticle. [ 5 ]  The 
positively charged nanoplexes facilitate cellular internalization via 
ionic interactions with anionic cell surface proteoglycans. How-
ever, the excessive positive charge in these nanoparticles induces 
unwanted cellular toxicity. Therefore, several strategies have been 
explored to reduce the excess positive charges on these particles 
by consuming the surface amines using conjugation strategies 
with molecules such as anionic biopolymers, [ 6–8 ]  polyethylene 
glycol chains, antibodies, [ 9 ]  and growth factors. [ 10 ]  Such modifi ca-
tions partially compromise their complexation ability resulting in 
a weaker nanoplex formation, [ 11 ]  and variability of particle sizes [ 12 ]  
that could compromise the transfection effi ciency. 
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 Other prerequisites required for achieving effi cient trans-
fection involve disassembly of polyplex upon internalization, 
release of intact pDNA from endosome, counter extra/intra-
cellular degradation, minimal immune activation, and effec-
tive nuclear transport. [ 13 ]  Among these, endolysosomal escape 
is identifi ed as a key step because these organelles are rich in 
degrading enzymes as well as toll-like receptors (TLR 7, 8, and 
9), which activate immune response after binding with DNA 
sequences. 

 To achieve endosomal escape, Behr et al. proposed the cati-
onic polymer-mediated endosomal disruption hypothesis also 
known as “proton sponge effect.” [ 14 ]  This effect is believed to 
be due to the neutralization of acidic compartment, which trig-
gers infl ux of Cl −  ions, resulting in swelling of endolysosomal 
compartments, with eventual release of pDNA. This type of 
pDNA escape mechanism results in rupture of these orga-
nelles, causing the burst release of the plasmid into the cytosol. 
Recently, new evidence suggests that fast release of plasmid 
may not be ideal for effective gene expression. Controlling the 
plasmid release rate from the endosome by simply adding non-
coding DNA along with coding DNA and cationic polymer has 
shown to prolong DNA release, resulting in enhanced transfec-
tion effi ciency. [ 15,16 ]  This controlled release could be due to the 
endosome destabilization resulting in pore formation that leaks 
nanoparticles without rupture of these organelles. [ 17 ]  However, 
no simple strategies exist, which could prolong the sustained 
plasmid release from the endosome compartment without 
using any nonfunctional excipients, available. 

 In this article, we present a modular strategy using aldehyde-
modifi ed chondroitin sulfate (CS-CHO) as a multifunctional 
agent that can covalently coat pDNA/PEI binary complex and 
improve gene expression. Chondroitin sulfate (CS) is a nat-
ural glycosaminoglycan present in extracellular matrix that is 
known to bind cell surface CD44 receptor and internalise cargo 
through receptor-mediated endocytosis. The CS-CHO cova-
lently conjugated the excess secondary amines of PEI using 
imine/enamine chemistry and markedly improved the stability 
of the nanoplex as compared with the pDNA/PEI/CS complex, 

which was stabilized only by electrostatic interactions. This 
ensued higher gene transfection effi ciency with reduced cel-
lular toxicity compared with the PEI.  

  2.     Results and Discussion 

 Coating of pDNA/PEI binary nanoplexes by several anionic 
poly mers such as hyaluronic acid, [ 12 ]  CS, [ 13 ]  and alginic acid [ 18 ]  
has been reported previously. These methods either used 
coating of binary nanoplexes with anionic polymers exploiting 
the electrostatic interactions or PEI is conjugated to an anionic 
polymer, which was treated with pDNA to form ternary nano-
plexes. The problem with the former method is that the ionic 
nanoplexes obtained are not stable under high salt concentra-
tion or in the presence of anionic polymers (e.g., heparin). [ 7a ]  
However, the problem associated with the latter strategy is 
that PEI–polymer conjugation neutralizes the overall charge 
resulting in poor pDNA/PEI conjugation. We, therefore, envi-
sioned developing a modular strategy to obtain stable ternary 
nanoplexes after pDNA/PEI binary nanoplex formation. 

  2.1.     Preparation of CS-CHO Derivative and Its Interaction 
Studies with PEI 

 We developed CS-CHO under mild conditions following our 
recently published procedure. [ 19 ]  This modifi ed biopolymer 
can covalently bind terminal primary amines of linear PEI 
by Schiff-base chemistry (imine formation), whereas the pre-
dominant secondary amines would form enamine linkages 
( Scheme    1  ). The imine bonds are reversible and unstable in 
aqueous conditions; however, enamines bonds are relatively 
more stable under these conditions. The aldehyde modifi ca-
tion of CS contributes to the covalent conjugation as well as 
electrostatic interactions between the sulfate groups of CS 
and free amino groups of PEI. To verify the covalent conjuga-
tion between CS-CHO and PEI, we performed  1 H-NMR and 
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 Scheme 1.    Proposed mechanism indicating covalent conjugation between CS-CHO and PEI resulting in imine and enamine products.
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ATR-FTIR analysis of CS-CHO–PEI complexes and compared 
it with CS–PEI ionic complexes without using pDNA. In case 
of CS–PEI, we observed the formation of colloidal suspension 
upon the addition of PEI. The  1 H-NMR analysis showed meth-
ylene CH 2  protons of PEI at 3.1 ppm along with CS signals 
as anticipated ( Figure    1  ). However, when CS-CHO was mixed 
with PEI, we observed immediate precipitation of the product 
at high concentrations used for  1 H-NMR studies.  1 H-NMR 
analysis of this sample showed only CS signals, whereas the 
PEI signals disappeared. This could be either due to poor solu-
bility of the CS–PEI adduct, or due to the formation of compact 
core–shell assembly, which can result in disappearance of  1 H 
NMR signal of the PEI core. [ 20 ]  Notably, the hemiacetal signal 
of hydrated aldehyde observed at 3.6 ppm also disappeared 
after the addition of PEI, indicating consumption of aldehyde 
functional group (Figure  1 ). ATR-FTIR analysis of the precipi-
tate clearly demonstrated that the aldehyde signal at 1726 cm −1  
from CS-CHO disappeared after the addition of PEI. We could 
also observe a new peak at 1604 cm −1 , which could be attrib-
uted to the enamine product (Scheme  1  and Figure  1 ). The 
reaction of secondary amine and aldehyde rendering enamine 
product under aqueous condition is well documented in the 
literature. [ 21 ]  

     2.2.     Preparation and Characterization of Ternary Complexes 

 To prepare pDNA/PEI binary nanoplexes we selected the 
nitrogen to phosphate molar ratio of 10 (N/P = 10) as it is 
reported to the give the highest transfection effi ciency in 
vitro. [ 22 ]  The DLS studies of these binary nanoplexes showed an 
average size distribution of –60 nm and  ζ -potential of +42.8 mV 
( Figure    2  B). Of note, the pDNA/PEI binary complex under-
went gradual aggregation and precipitated out within 30 min 
(data not show). To develop ternary nanoplexes, CS-CHO or CS 
was added to the binary nanoplexes at different weight ratios 
(Figure 2A). Among different weight ratios tested, nanoplexes 
having 5 and 25 wt% CS showed spontaneous aggregation with 
fl uctuating  ζ -potential. However, the 10 wt% CS and CS-CHO 
provided the most stable ternary nanoplexes, as observed by 
DLS analysis. The sizes of the CS and CS-CHO coated nano-
plexes were 59.73 ± 2.736 and 60.18 ± 1.407 nm, respectively, 
and the  ζ -potentials of the corresponding nanoplexes were 
−26.9 and −33.8 mV, respectively (Figure 2B). 

   To verify the stability of the nanoplexes upon storage, we per-
formed DLS analysis after incubating the nanoparticles for 24 h 
at room temperature. The DLS study of pDNA/PEI binary com-
plex could not be carried out due to its poor stability. On the 
contrary, pDNA/PEI/CS nanoplexes and pDNA/PEI/CS-CHO 
remained stable up to ≈90% and ≈98% after 24 h as compared 
with the freshly prepared nanoplexes (estimated by the per-
centage of aggregated and nonaggregated particle distribution 
by DLS measurement) (Figure 2B,C). To further elucidate the 
role of covalent conjugation for particle stability, we performed 
 ζ -potential measurement by DLS in high salt conditions 
(500 × 10 –3   M  NaCl). We anticipated that the addition of salt 
would disrupt the ionic interactions, whereas the covalent inter-
actions would remain intact. The  ζ -potential remained stable in 
PBS buffer for 24 h; however upon addition of NaCl solution, 
the  ζ -potential spiked indicating disruption of electrostatic asso-
ciation. Upon the addition of salt, the  ζ -potential of pDNA/PEI/
CS nanoplexes markedly increased from −26.9 to −13.8 mV, 
whereas the pDNA/PEI/CS-CHO nanoplexes showed a mar-
ginal increase from −25.7 to −21.6 mV (Figure 2D). This indi-
cates the synergistic contribution of electrostatic and covalent 
interaction in CS-CHO/PEI association. 

 We also analyzed the above-mentioned particles by agarose 
gel electrophoresis assay, where nanoplexes having higher 
molecular weight fraction would show lower mobility. In this 
assay, free DNA is stained by SYBR Gold. As anticipated, 
compact pDNA/PEI nanoplexes with condensed DNA dis-
played poor mobility in the gel and were not stained by the dye 
( Figure    3  , lane 2). The free DNA showed higher mobility, which 
was easily stained by the dye (Figure 3, lane 1). On the other 
hand, pDNA/PEI/CS nanoplexes demonstrated presence of 
condensed DNA as well as some free DNA that was stained by 
SYBR Gold (Figure 3, lane 3). This is mainly due to the fact that 
the addition of excess anionic polymer can disrupt the existing 
ionic complex between pDNA and PEI. A similar observation 
has been reported previously where heparin or CS was used 
to evaluate the stability of ionic nanoplexes. [ 7a ]  The pDNA/
PEI/CS-CHO nanoplexes, on the other hand, showed robust 
complex formation similar to the pDNA/PEI binary complex 
(Figure 3, lane 4). This clearly indicates that covalent conjuga-
tion of CS on pDNA/PEI can overcome the ionic disruption 
caused by the electrostatic interaction of native CS. 

  To further analyze the topography of our nanoplexes, we 
performed AFM experiments. Notably, all the nanoplexes 
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 Figure 1.    Characterization of CS-CHO–PEI interaction. A)  1 H NMR and B) ATR-FTIR analysis covalent conjugation of CS-CHO and PEI.
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showed homogenous round morphology with the average size 
of 7–15 nm ( Figure    4  ). The size distribution observed was 
markedly smaller than that was observed by DLS (60 nm). 
This can be attributed to the difference in hydration of poly-
electrolyte coat in DLS measurement and dry analysis in 
AFM measurement. The size obtained by DLS study would 
resemble the natural hydration of the particles in cell culture 
system. 

    2.3.     CD44 Expression Levels in Different Cells and the Cellular 
Uptake of Nanoplexes 

 Since effi cient cellular delivery of nanoplexes with minimal 
toxicity is the major evaluation criteria for any gene delivery 
carrier, we selected human colon cancer cells (HCT116) [ 23 ]  and 
human embryonic kidney cells (HEK 293). In addition to cell 
lines, we also tested mouse skin-derived primary stem cells 
(MSCs), as they are known to be diffi cult to transfect cells with 
high therapeutic potential. Before performing transfection 
experiments, we estimated the relative CD44 expression levels 

 Figure 3.    Agarose gel electrophoreses indicating stability of nanoplexes. 
Lanes 1, 2, 3, and 4 show pDNA, pDNA/PEI, pDNA/PEI/CS, and pDNA/
PEI/CS-CHO, respectively, after staining with SYBR Gold.
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 Figure 2.    Ternary nanoplexes preparation strategy and particles size and  ζ -potential analysis of nanoplexes by DLS. A) Schematic representation of 
pDNA/PEI, pDNA/PEI/CS, and pDNA/PEI/CS-CHO nanoplexes. B) Size distribution of pDNA/PEI, pDNA/PEI/CS, and pDNA/PEI/CS-CHO nano-
plexes at the ratio of N/P = 10. C) Size distribution of pDNA/PEI/CS and pDNA/PEI/CS-CHO nanoplexes after 24 h incubation at room temperature. 
D) Kinetic studies of  ζ -potential of pDNA/PEI/CS and pDNA/PEI/CS-CHO nanoplexes.



FU
LL P

A
P
ER

3911wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of the different cells. For this purpose, we performed FACS 
analysis using the FITC-conjugated anti-CD44 antibody. These 
experiments revealed differences in CD44 expression levels. 
HCT116 cells had a high CD44 expression level than other 
cell types, although HEK293 cells and the MSCs also showed a 
moderate-to-high expression as well. 

 We further evaluated whether cellular uptake of CS-coated 
nanoplexes was associated with CD44 cellular expression levels. 
For this purpose, we tested cellular uptake of Cy3-labeled binary 
and ternary nanoplexes using FACS after 1 h of incubation. 
However, for the ternary nanoplexes, HCT116 cells showed 
enhanced cellular uptake, suggesting a CD44-mediated endocy-
tosis ( Figure    5  C,D, green curve). On the other hand, HEK293 
cells and the MSCs also demonstrated cellular uptake of nano-
plexes but to a lower extent, correlating to the CD44 expression 
pattern in these cells (Figure 5A,C,D, blue and red curves). 

    2.4.     Toxicity Studies of Nanoplexes 

 Since cellular toxicity of gene delivery vehicle is the key aspect 
that limits the full potential of gene-based biomedicine, we 
performed cytotoxicity studies using our nanoplexes. For this 
purpose, we performed transfection experiments with HCT116 
cells, HEK293 cells, and primary MSCs after incubation with 
the nanoplexes for 24 h and evaluated the viable cells by meas-
uring the lactate dehydrogenase (LDH) levels after cell lysis. 
The LDH levels correlate to the early necrosis and late apop-
tosis event, as a result of treatment. [ 24 ]  The evaluation of LDH 
assay revealed that unlike PEI-coated binary nanoplexes, the 
LDH levels of CS- and CS-CHO-coated ternary nanoplexes were 
similar to untreated negative control in all the three cell types 
tested demonstrating biocompatibility of CS- and CS-CHO-
coated particles ( Figure    6  ). 

 Figure 4.    Microscopic images of nanoplexes. AFM images of pDNA/PEI, pDNA/PEI/CS, and pDNA/PEI/CS-CHO nanoplexes. Scale bar: 500 nm.

 Figure 5.    Determination of cell surface CD44 receptor in different cell types and its relation to cellular uptake of nanoplexes. A) Representative FACS 
histogram showing CD44 expression level analysis with respect to isotype control (black). Cellular uptake of Cy3-labeled nanoplexes in different cell 
lines, B) pDNA/PEI, C) pDNA/PEI/CS, and D) pDNA/PEI/CS-CHO, as determined by fl ow cytometry. Three independent experiments were carried 
out for each nanoplex.
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    2.5.     In Vitro Gene Transfection Studies in Different Cell Types 

 We then evaluated if cellular uptake characteristics of dif-
ferent nanoplexes could be translated to efficient gene 
expression in vitro. For this purpose, we selected codon-opti-
mized firefly Luc2 plasmid and performed gene transfection 
studies in the above-mentioned cell types. The luciferase 
activity was analyzed in terms of luminescence intensity in 
different experimental groups. Because the cellular uptake 
of different nanoplexes relies on interactions between cell-
surface receptor and nanoplexes, we performed transfec-
tion studies by incubating nanoplexes for 1, 4, and 24 h, 
respectively. These experiments clearly showed that cova-
lently coated nanoplexes, pDNA/PEI/CS-CHO, showed the 
highest level of luciferase activity, followed by pDNA/PEI/
CS and pDNA/PEI in all the cell types tested ( Figure    7  ). 
The high CD44 expressing HCT116 cells showed higher 
transfection ability at the three tested incubation times, fol-
lowed by HEK293 cells and the mouse primary skin MSCs 
(Figure 7A–C). This clearly corroborates with the cellular 
uptake characteristics observed previously. We also observed 
that the gene expression profiles between binary and ternary 
nanoplexes varied with incubation time. The 24 h incubation 
time was found to be the most optimal for CS- and CS-CHO-
coated nanoplexes, whereas the 4 h incubation time was 
optimum for pDNA/PEI nanoplexes. This difference could 
be attributed to the inherent toxicity of PEI that is evident 
after longer incubation time, which is completely abolished 
by CS coating. 

    2.6.     Evaluation of Endosomal Escape Characteristics 
of Nanoplexes 

 Endosomal escape of nanoplexes, preventing proteolytic degra-
dation, has been attributed to be a key feature for effective gene 
transfer. Cationic polymer such as PEI can favor endosomal 
escape by “proton sponge effect” initiating the swelling of the 
endosomes. [ 25 ]  Recently, Symens et al. reported that prolonged 
release of coding pDNA from nanoplexes by diluting the pDNA 
with noncoding DNA could favor transfection effi ciency. [ 15 ]  
Thus, tuning endosomal release of pDNA could have signifi -
cant implication on transfection effi ciency as this could prevent 
premature degradation of the DNA in cytosol. 

 We therefore investigated whether coating pDNA/PEI nano-
plexes with CS could promote controlled endosomal release 
of the pDNA. For this purpose, we performed transfection 
experiment with HCT116 cells and added LysoTracker Red (at 
different time points), a pH sensitive dye, which accumulates 
in acidic compartments of the cell such as endosomes and lys-
osomes (Figure S1 in the Supporting Information). The accu-
mulation of the dye in these compartments results in red fl uo-
rescence, which indirectly indicates the presence of endolyso-
somal compartments at a particular time point. These experi-
ments revealed that within the fi rst 3 h after transfection, the 
acidic organelles markedly increased and gradually decreased 
in number with time ( Figure    8  A). Comparison of intracellular 
acidic organelles after incubation with different nanoplexes 
revealed that the presence of cationic charges (e.g., pDNA/PEI 
nanoplexes) showed a sharp increase in acidic compartment. 
This could be explained by the fact that the presence of positive 
charges results in swelling of endolysosomal compartments 
due to ion fl ux, resulting in an increase in the volume of acidic 
organelles and eventual burst release of the cargo molecules. 
Comparison of pDNA/PEI/CS and pDNA/PEI/CS-CHO nano-
plexes revealed that covalent conjugation of binary complex 
with an anionic polymer delayed such swelling process of the 
endolysosomes, which is clearly evident after 8 h. This presum-
ably could delay the release of the cargo molecules, allowing 
a controlled release, which could prevent cytosolic degrada-
tion of pDNA. Controlled release of pDNA could also result 
in an increased availability of these molecules during mitosis, 
the process that increases nuclear transport of pDNA. The 
improvement in transfection effi ciency as a result of CS coating 
could also be due to nuclear accumulation of CD44 receptor in 

 Figure 6.    Cell viability of the A) HCT116, B) HEK293, and C) MSCs after 
treatment with different nanoplexes for 24 h of incubation.
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 Figure 7.    Comparison of gene transfection effi ciency of different nanoplexes in different cell types. Luciferase activity in A) HCT116 cells, B) HEK 293 cells, 
and C) the MSCs transfected with different nanoplexes, namely pDNA/PEI, pDNA/PEI/CS, and pDNA/PEI/CS-CHO.
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cancer cells. [ 26 ]  Although the exact role of this receptor within 
the nuclear compartment is unclear, nuclear translocation of 
this cell-surface receptor occurs in a transportin-dependent 
manner, which could favor CD44-mediated nuclear transport of 
the cargo molecules. [ 26 ]  

  To further verify the role of endolysosomal disruption on 
transfection effi ciency, we performed a transfection experiment 
in the presence of chloroquine, a known lysosomotropic agent. 
Chloroquine (100 × 10 –6   M ) was used for this experiment as 
we have previously shown that such a concentration does not 
induce any toxicity to HCT116 cells. [ 23 ]  Chloroquine is known 
to accumulate within acidic subcellular compartments, and 
triggers its disruption. [ 27 ]  The addition of chloroquine during 
the transfection experiments showed an intriguing result with 
different nanoplexes. When pDNA/PEI nanoplex was used, the 
addition of chloroquine had no impact on the transfection effi -
ciency. This is in agreement with a previous report that sup-
ports the endosomolytic characteristic of PEI. [ 19 ]  Notably, in 
cases of pDNA/PEI/CS and pDNA/PEI/CS-CHO nanoplexes, 
the transfection effi ciency markedly diminished and became 
nearly identical to that of pDNA/PEI-based transfection experi-
ment (Figure 8B). This demonstrates that controlled release of 
the nanoplexes from endolysosomal compartments is critical 
for improving transfection effi ciency as the half-life of pDNA in 
the cytosol rarely exceeds 90 min. [ 15 ]    

  3.     Conclusions 

 In conclusion, we present the fi rst direct evidence suggesting 
that nanoplex stabilization and controlled release from endo-
some compartment are the key parameters for improving 
gene transfection effi ciency using nonviral vectors. Coating 
of the polyplex with a tumor targeting biopolymer such as CS 
promotes tumor targeting ability and biocompatibility. The 
pDNA/PEI nanoplexes were stabilized by synergistic covalent 
(enamine/imine) and ionic interactions (amine/sulfate) using 

CS-CHO. Such a coating stabilized the pDNA/PEI binary nano-
plexes and changed the net positive charge to a net negative 
without changing the particle size. This also eliminated PEI-
induced cellular cytotoxicity. Our results provide a new insight 
into improving transfection effi ciency by modulating the cel-
lular release of pDNA from endosome. Such a control over 
pDNA release will also be signifi cant for other lipid and cati-
onic peptide/polymer-based delivery systems that are currently 
developed for clinical applications.  

  4.     Experimental Section 
  Materials and Methods : All reagents and chemicals were purchased 

from Sigma-Aldrich, unless otherwise stated. Chondroitin sulfate-A 
(CS-A, 54 kDa from bovine trachea) was purchased from Sigma-Aldrich 
(Sweden). Dialysis membranes used for purifi cation were purchased 
from Spectra Por-6 (MWCO 3500). Dulbecco’s modifi ed Eagle’s 
medium (DMEM), antibiotics (penicillin 100 U mL –1  and streptomycin 
100 µg mL –1 ), and other culture reagents were obtained from Gibco 
BRL (Life Technologies, Sweden). DNA labeling kit was purchased from 
Mirus. Lactate dehydrogenase (LDH) assay kit and luciferase activity 
kit were obtained from Invitrogen. HCT 116 and HEK293 cells were 
obtained from American Type Culture Collection (ATCC-LGC Standards, 
Sweden). The mouse derived skin primary MSCs were provided by 
Prof. Hong Qian and characterization of these cells will be published 
elsewhere. Linear PEI of 25 kDa was used in this study. The NMR 
experiments were carried out on Jeol JNM-ECP Series FT NMR system 
at a magnetic fi eld strength of 9.4 T, operating at 400 MHz for  1 H. 
FTIR analyses were carried out on PerkinElmer Spectrum One AT-FTIR 
instrument and DLS measurement was carried out in Zetasizer 
Nano-ZS from Malvern. 

  Plasmid Preparation : pDNA sequence that encodes copepod green 
fl uorescent protein (copGFP) and codon-optimized fi refl y luciferase 
(Luc2) was previously developed [ 28 ]  based on pSh(CMV). The transgene 
expression is under the control of cytomegalovirus immediate early 
constitutive promoter and separated by a self-cleaving peptide derived 
from Thosea asigna virus. 

  Synthesis and Characterization of CS-CHO : Synthesis of CS-CHO 
was performed according to our recently reported two-step 
procedure. [ 19 ]  Briefl y, CS (500 mg, 1 mmol of disaccharide repeating 

 Figure 8.    Endosomes disruption capacity of pDNA/PEI, pDNA/PEI/CS, and pDNA/PEI/CS-CHO nanoplexes in HCT116 cells. A) Relative fl uorescence 
intensity of LysoTracker Red after incubation of nanoplexes for different time points. B) Luciferase activity in the presence and absence of chloroquine.
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units) was dissolved in 100 mL of deionized water. To this solution, 
 N -hydroxybenzotriazole (153 mg, 1 mmol) and 3-amino-1,2-propanediol 
(91 mg, 1 mmol) were added, and it was stirred until it was completely 
dissolved (approximately for 30 min). The pH of the resultant solution 
was adjusted to 6 by 1  M  HCl. The coupling reagent, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (57.5 mg, 0.3 mmol), was added and 
stirred overnight. The reaction mixture was purifi ed by dialysis (Spectra 
Por-3, MWCO 3500) against dilute HCl (pH = 3.5) containing 0.1  M  NaCl 
in (2 × 2 L) for 48 h. This was followed by dialysis against deionized 
water (2 L) for 24 h and was lyophilized to obtain 450 mg of the product. 
3-Amino-1,2-propanediol-conjugated product (250 mg, 0.5 mmol of 
disaccharide repeating units) was dissolved in 45 mL of deionized water 
and treated with 107 mg of predissolved NaIO 4  (0.5 mmol dissolved in 
0.5 mL water). After 10 min, reaction was quenched using fi vefold excess 
of ethylene glycol (0.16 mL, 2.5 mmol) and the mixture was stirred for 
additional 1 h. The reaction product was dialyzed against deionized 
water (2 L) for 48 h (Spectra Por-3, MWCO 3500) and lyophilized to 
obtain 240 mg of the desired product. The lyophilized product was 
characterized by  1 H-NMR analysis and attenuated total refl ectance 
Fourier transform infrared spectroscopy (ATR-FTIR), as described 
previously,29 and the degree of aldehyde modifi cation was found to 
be 10%. 

  Characterization of CS–PEI and CS-CHO–PEI Interactions : CS or 
CS-CHO (16 mg mL –1 ) was dissolved in deuterated water. To this 
solution, PEI (3 mg mL –1  in deuterated PBS) was added, and the pH was 
adjusted to 7.1 before recording the  1 H-NMR spectra. When CS-CHO 
was mixed with PEI, we observed precipitate, which was then isolated 
by centrifugation and dried. This material was subjected to ATR-FTIR 
analysis and compared with CS-CHO. 

  Preparation and Characterization of Binary and Ternary Nanoplexes : 
Linear PEI and pDNA was mixed in DNase free water such that 
the N/P = 10. The product obtained was further incubated at room 
temperature for 10 min, and the particle stability was evaluated using 
dynamic light scattering (DLS) measurements. These complexes 
were termed pDNA/PEI binary nanoplexes. These nanoplexes were 
subsequently coated with native CS or CS-CHO. To prepare the ternary 
nanoplexes, different weight ratios of CS and CS-CHO (i.e., 5, 10, and 
25) were tested, with respect to pDNA, and incubated for 45 min to 
obtain pDNA/PEI/CS and pDNA/PEI/CS-CHO nanoplexes, respectively. 
For a typical experiment with 10 wt% of CS or CS-CHO, we added 2 
µg of polysaccharide to pDNA/PEI nanoplexes containing 200 ng of 
pDNA and 265 ng of PEI. The nanoparticle sizes and their  ζ -potentials 
were evaluated using DLS instrument (Malven, Zetasizer Nano ZS). 
Atomic force microscopy (AFM; Nanosurf Mobile S system) was used 
to characterize the topography of nanoplexes using noncontact mode. 
To prepare the samples for AFM, the nanoplexes were prepared as 
mentioned above, and these suspensions were dropped onto a silicon 
wafer and distributed by nitrogen gas. The air-dried samples were placed 
in an AFM at noncontact mode. 

  Electrophoretic Gel Retardation Assay : The pDNA/PEI, pDNA/PEI/
CS, and pDNA/PEI/CS-CHO nanoplex formation was visualized by 
measuring electrophoretic gel shift assay using 0.7% agarose gel. Briefl y, 
pDNA/PEI nanoplexes (N/P = 10) were freshly prepared using 400 ng 
of pDNA (as mentioned above) and 10 wt% CS-CHO or CS solutions in 
water. These nanoplexes were subsequently loaded into each well and 
the same amount of pDNA was used as control. The gel was run for 
2 h at 100 mV in TBE buffer (0.22  M  Tris, 180 × 10 –3  M  Borate, 5 × 10 –3   M  
EDTA, pH 8.3). The gel was stained using SYBR Gold nucleic acid gel 
stain for 40 min at room temperature following manufacturer’s protocol 
and visualized under UV light. 

  CD44 Expression Level Analysis : FITC-conjugated anti-CD44 antibody 
(Sigma) was used to measure cell-surface CD44 expression levels 
on HCT116 and HEK293 cells and the skin MSCs. Briefl y, cells were 
detached using enzyme-free cell dissociation buffer (Life Technologies) 
and washed with PBS buffer. 20 000 cells were collected and resuspended 
in PBS buffer (500 µL) containing 0.5 µg of FITC-conjugated anti-CD44 
antibody. The cell suspension was incubated at 4 °C for additional 
30 min. Thereafter, cells were washed three times with PBS and analyzed 

using fl uorescence activated cell sorting (FACS). FITC-conjugated IgG 2 
antibody was used as isotype control to evaluate the unspecifi c binding. 

  Estimation of Cellular Uptake of Binary and Ternary Nanoplexes : pDNA 
was labeled with Cy3 using label IT kit, according to manufacturer’s 
protocol. Briefl y, DNA labeling reaction samples were prepared by mixing 
35 µL of molecular biology-grade H 2 O, 5 µL of 10 X labeling buffer A, 
5 µL of Label IT reagent, and 5 µL of 1 mg mL –1  pDNA, and incubated 
at 37 °C for 1 h. The labeled pDNA was purifi ed on G50 Microspin 
Purifi cation Column. pDNA/PEI binary nanoplexes and pDNA/PEI/CS 
and pDNA/PEI/CS-CHO ternary nanoplexes were prepared as mentioned 
earlier. To perform cellular uptake effi ciency study, 30 000 cells were 
seeded into 12-well plates and cultured with DMEM containing 10% 
foetal bovine serum (FBS) and 1% antibiotics. After 24 h, transfection 
medium containing nanoplexes were added and incubated for 1 h. Cells 
were washed three times with PBS and then detached and resuspended 
in FACS buffer. Quantifi cation of cellular uptake of fl uorescently labeled 
nanoplexes was performed by FACS analysis. 

  Cellular Toxicity Study : The cellular toxicity studies of different 
nanoplexes were determined using LDH cytotoxic assay using HCT116, 
HEK293 cells and primary MSCs. Briefl y, cells were seeded into 96-well 
plates at a seeding density of 3000 cells/well and cultured as mentioned 
above. After 24 h, the cell culture medium was replaced with transfection 
medium containing pDNA/PEI nanoplexes, pDNA/PEI/CS, or pDNA/
PEI/CS-CHO nanoplexes, and incubated for 24 h. Thereafter, LDH levels 
in each well were determined according to the LDH assay kit. Briefl y, 
cells lysates were fi rst obtained by repeated freeze and thaw cycle (two 
times). Cell lysates (100 µL) were then treated with same volume of 
LDH lysis solution. The mixture was incubated for 20 min at 37 °C and 
the absorbance level was measured at 490 nm using the Labsystems 
Multiskan MS plate reader. The untreated cells were used as negative 
controls. Cell viability was quantifi ed by normalizing the LDH levels of 
different groups with negative control. 

  In Vitro Gene Transfection Assay : HCT116 and HEK293 cells and the 
MSCs were cultured in complete medium (DMEM/nutrient mixture F-12 
Ham’s medium, supplemented with 10% FBS) at 37 °C and 5% CO 2 . 
For performing transfection experiments, 3000 cells/well were seeded 
in 96-well plates and cultured, as mentioned above, and incubated 
for 24 h at 37 °C under humidifi ed atmosphere. Thereafter, the cell 
culture medium was replaced with fresh serum-free medium containing 
different nanoplex formulations such that each well contained 200 ng 
of Luc2-expressing pDNA and incubated at 37 °C for 1, 4, or 24 h, after 
which the medium was replenished with fresh complete medium and 
incubated for total 48 h. To quantify the level of Luc2 expression, 
One-Glo luciferase assay kit (Promega) was used, following the 
manufacturer’s instructions. Briefl y, after 48 h of incubation, 100 µL of 
luciferase substrate was added to each well and incubated for 30 min 
at room temperature. Thereafter, the luminescence in each well was 
measured using Labsystems Multiskan MS plate reader (Labsystems). 
The luminescence intensity was normalized with cell-alone control. 

  Determination of Controlled Release of pDNA from Endosome : To 
determine endosomal disruption capacity of different nanoplex 
formulation, endosomal disruption assay was performed using 
LysoTracker Red DND-99 kit (Life Technologies), following 
manufacturer’s instruction. Briefl y, HCT116 cells were seeded at a 
density of 3000 cells/well in 96-well plates and incubated in DMEM 
containing 10% FBS, 100 U L –1  penicillin and 100 µg L –1  streptomycin). 
Thereafter, the cell culture medium was replaced with fresh serum-free 
medium containing different nanoplex formulations such that each well 
contained 200 ng of pDNA and incubated at 37 °C for 2 h. The cell culture 
medium was replaced with fresh complete medium and incubated for 
1, 3, and 6 h, respectively. Thereafter, the culture medium was changed 
with probe-containing medium and incubated for additional 1 h. Cells 
were washed two times with PBS to remove excess of chromophore, 
and 100 µL of fresh PBS was added for fl uorescence measurement 
(excitation/emission: 577/590 nm) using the Labsystems Multiskan MS 
plate reader (Labsystems). To determine the endosomal escape property 
of nanoplexes, endosomal disruption experiment was performed in the 
presence of chloroquine, the endolysosomotropic agent. Briefl y, the 
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gene transfection experiment was performed using HCT116 cells as 
mentioned above, with the exception that 100 × 10 –6   M  of neutralized 
chloroquine in PBS was added to cells along with nanoplexes. 
The medium was replaced with fresh complete medium (without 
chloroquine) after 1 h and incubated for 48 h at 37 °C under humidifi ed 
atmosphere, as mentioned above. The Luciferase expression levels were 
measured as described earlier. 

  Statistical Analysis : Dunnett’s pairwise multiple comparison  t  test was 
used to analyze statistical signifi cance among groups.  
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