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Cationic poly mers have been widely used as  promis ing non-viral gene carriers, but t heir 

undes irable t oxicity is a drawback. Hydrophobic modificat ion has been developed as an 

efficient strat egy t o overcome this disadvant age. In this  study, 25 kDa poly ethyle neimine (PEI), 

the gold st andard of polycat ions for effective gene delivery, was modified with the 

hydrophobic luminogen tetraphenylethene (TPE), which shows aggregat ion-induced emiss ion 

(AIE) and has been utilized as  a luminescent probe in various applicat ions. The modified PEI 

(TPEI) self-assembled into micelle-like nanoparticles (T PEI-NPs) and disp layed AIE behavior 

in aqueous media. The TPEI-NPs exhibit ed bright blue fluorescence and were suit able for 

long-t erm cell imaging. Comp ared with PEI, TPEI -NPs showed lower cytotoxicity but the 

transfect ion efficiency was nearly high. T herefore, modification of polycat ions wit h 

hydrophobic fluorescent molecules represents an advanced strategy  for des igning visible gene 

vehicles with low toxicity. 

 

 

Introduction 

Gene t herapy has become a promis ing strat egy for treat ment  
of diseases ranging from hereditary  disorders  to acquired 

illness.1 The soaring interests and rapid progress in gene 

therapy benefit from the development of gene delivery  

systems.2 Cationic poly mers, one of the most important non -

viral gene delivery systems, have attracted intense research 
efforts due to their facile manufacture, flexibility, stability and 

proven gene delivery efficiency.3, 4 However, low transfection 

efficiency and undesirable cytotoxicity are still the greatest  

obstacles  preventing the clinical application of polycations .5 A  

wide range of modificat ions have been implemented to tackle 
these disadvantages while maint aining or improving the gene 

delivery efficiency, among which hydrophobic conjugat ion 

exhibits great promise.6 As shown in previous research, the 

addit ion of hydrophobic segments  can influence the formation 

and st ability of complexes  formed  by carriers  and nucleic 
acids,7 and the interaction between hydrophobic groups and the 

lipophilic cell membrane improves the compat ibility of 

complexes as they cross the plasma membrane, thus  enhancing 

cellular uptake.8  These propert ies  all contribute to more 

efficient gene transfer with reduced cytotoxicity. 
Traditional cationic gene delivery systems lack a suitable 

signal for long-term and real-t ime imaging of the process  of 

gene transfer.9  In order to monitor gene delivery and release for 

the improvement of current gene therapy protocols, carriers  can 

be modified with fluorescent reagents  and tracked t hrough 
fluorescence microscop e.10  However, fluorescent dy es often 

suffer from the aggregat ion-caused quenching (ACQ) effect11  

and poor photostability,12 which decrease their suit ability for 

this purpose. T hese limitations  can be overcome by us ing 

quantum dots (QDs), which have been reported as a dual modal 

gene delivery carrier and imaging agent thanks  to their unique 

optical properties. However, t he intrinsic toxicity of QDs in 

oxidative biological environments hinders their further 
applications.13, 14 

The unique phenomenon of aggregat ion-induced emiss ion 

(AIE) holds  great promise for the develop ment  of novel 

fluorescent agents.11 An AIE fluorophore is almost non -

emissive in a monodisperse st ate but emits efficiently when 
aggregated because of restrict ion of intermolecular rot ation 

(RIR).15  Previously, we prepared amphiphilic polymeric 

micelles  as a vis ible drug delivery system with low cytotoxicit y 

and superior imaging quality.16 T he micelles  were comprised of 

amino-methoxypolyethylene, which provided the hydrophilic 
arms, and t etraphenylethene (TPE, an archetypal AIE 

luminogen), which provided the hydrophobic imaging moieties. 

Tang’s group also took advantage of the unique “turn on” 

fluorescence of AIE molecules  and fabricat ed a fluorogenic 

probe by attaching large amounts  of TPE to a chitosan (CS) 
chain.17 T he result ant TPE-CS bioconjugat e exhibited bright  

emission when the molecules were aggregated, and the 

aggregates  were eas ily t aken up int o cells, where they remained 

det ect able for as long as 15 passages . All this  evidence 

indicates  that  TPE possesses hydrophobicity with high 
biocompatibility, good photo-st ability and access ible 

functionaliz ation. 

Herein, to overcome the poor p erformance of cat ionic 

polymers in gene delivery while adding the advantages of a 

hydrophobic AIE luminogen, we conjugated polyethyleneimine 
(PEI) with carboxy lated TPE (TPE-COOH) and palmitic acid 

(PA). PA was introduced here to provide a larger hydrophobic 
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segment than TPE alone. As shown in Scheme 1, the conjugat e 

(abbreviated as TPEI) was  des igned to self -assemble into 

micelle-like nanoparticles (TPEI-NPs) in aqueous media and 

display bright emission for long-t erm tracking. In addition, we 
predict ed that nucleic acids would int eract with T PEI-NPs  

through electronic adsorption and would be transferred 

efficiently into cells with low cytotoxicity. 

 

Sch eme 1 Sy nthetic route of  TPEI and schem atic il lustration of  the se lf -

assembly  of  TPEI nanoparticles (TPEI-NPs). 

Results and Discussion 

Synthesis and characterization of TPEI 

As the gold st andard for effective gene transfection, 25 kDa 

branched PEI was chosen as the skelet on of the cationic 
polymer. TPEI was synthesiz ed s imply by conjugat ing T PE -

COOH and PA to PEI via amide linkage. The molar ratios  

between primary  amino on PEI and carboxy l groups  were 10:1, 

20:1, and 40:1 (denoted as 10-1 TPEI, 20-1 TPEI, and 40-1 

TPEI), with TPE-COOH and PA contributing equal amounts of 
carboxyl groups. According to the 1H NMR characteriz ation 

shown in Figure S1-S4, the appearance of new peaks  at 1.26 

ppm and 7.30 ppm suggested that the PEI skeleton was  

successfully modified wit h hydrophobic segments, and their 

integrals indicated that the degrees of substation were 1.25% 
for 10-1 TPEI, 0.96% for 20-1 T PEI and 0.71% for 40-1 T PEI 

respectively. Moreover, it could be learned from 1H NMR 

spectrums that the molar ratio of TPE-COOH and PA was  

about  1:3 on p er-molar PEI modification, thus  molecular 

weights of 10-1 TPEI, 20-1 TPEI and 40-1 TPEI were 
calculated as 27130, 26639 and 26216 respectively. The solid 

TPEI powders  had a faint yellow colo ur under daylight, and 

became emiss ive when excit ed by a UV light (F ig. 1A). The 

blue fluorescence intens ified as  the ratio of TPE increased . 10-1 

TPEI powder showed the highest intens ity of fluorescence, 
which is  1.41 times  that of 20-1 TPEI powder and 1.75 times  

that of 40-1 TPEI under the same mass (Figure S5). This result  

confirmed the successful modification of PEI by the TPE 

moiety with increas ing feed ratios. It also suggest ed that T PEI 

has  characteristics of AIE rather than ACQ, as a powdered 
polymer labelled with an ACQ fluorescent dy e would show a 

dramat ically weakened emiss ion as  the degr ee of labelling 

increased.17 

The AIE behaviour of T PEI was further investigated 

spectroscopically. In a benign solvent (DMSO), TPEI (100 

μg/ml) dissolved complet ely and showed rather weak 

fluorescence due to the free intramolecular rotation of the 
phenyl rings of TPE. The fluorescence intensity of TPEI rose 

dramat ically as the wat er fraction of the DMSO solution 

gradually  increased (Fig. 1B-1D). This  is  consist ent with the 

RIR mechanism, and suggests that TPEI shows typical AIE 

characteristics. It is notable that, unlike other TPE derivatives  
report ed previous ly, TPEI still showed faint emiss ion in the 

benign solvent and its fluorescence increased nonlinearly when 

water was gradually added. The poly mer chain might tangle 

with and enwrap TPE fluorogen, thus strengt hening t he RIR 

process.18 

 

Fig. 1 AIE behav iors of  TPEI. (A) Fluorescent im ages of  TPEI under  

day light (upper panel) and U V-light (bottom panel). Fluoresc enc e spectra 

of  (B) 10-1 TPEI, (C ) 20-1 TPEI and (D)  40-1 TPEI (100 μg/ml) in  

DMSO/water mixtures with dif f erent water f ractions (v ol %) (λex = 330 nm). 

Preparation and characterization of TPEI-NPs 

Based on its amphiphilic propert ies , T PEI should self-

assemble into TPEI-NPs in aqueous media, and this process  

should induce intense emission due to the RIR of TPE. This  
sudden increase in fluorescence is  convenient for measuring the 

critical micelle concentration (CMC) of TPEI. As  shown in F ig. 

2A, 10-1 TPEI, 20-1 TPEI and 40-1 TPEI had different CMCs 

of 12 μg/ml, 24 μg/ml and 96 μg/ml respectively. Fluorescence 

images of the different poly mer solutions (100 μg/ml), shown 
in the inset of F igure 2A, indicat es that 10-1 TPEI and 20-1 

TPEI can aggregat e in aqueous media and provide efficient  

fluorescence for cell imaging. A higher concentration of 40-1 

TPEI is needed for format ion of aggregates. Based on these 

results, only 10-1 TPEI and 20-1 TPEI were used in the 
subsequent experiments, because the aggregat es are stable at a 

lower concentration and are less likely to be cytotoxic. Next, 

the morphologies of 10-1 TPEI-NPs  and 20-1 TPEI-NPs  were 

imaged by transmiss ion electron microscopy (TEM) (Fig. 2B 

and C), and siz e distributions (Fig. 2D and E) and zet a 
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potentials  were measured via dynamic light scattering (DLS). 

Above the CMC, both 10-1 TPEI and 20-1 TPEI self-assembled 

into tight and uniform aggregates  with good optical 

performance. The zeta pot entials were 40.1 mV for 10 -1 TPEI-
NPs and 45.3 mV for 20-1 TPEI-NPs. T hus, t he aggregat es  

have a high pos itive charge, which lay the foundation for 

electrostatic interactions with negatively charged nuclei acids. 

 

Fig. 2 Charact erization of  TPEI-N Ps. (A) Meas urem ent of  the critic al  

mice lle  f ormation conc entration (C MC). I nset: F luorescent image s of  TPEI  

and PEI s olutions (100 μg/ml). TEM images  of  (B) 10-1 TPEI-N Ps and (C )  

20-1 TPEI-NPs, and their respectiv e size distributions (D and E).  

Characterization of complexes 

To investigate the potential of TPEI -NPs in gene delivery  

and transfection, we chose plasmid DNA (pDNA) encoding 

green fluorescent  protein (GFP) as a model nucleic acid. An 
important parameter of the carrier in a gene delivery system is  

the ability to bind pDNA and condense it into complexes. 

Herein, agarose gel electrophoresis  was  p erformed to 

characteriz e the complexes of T PEI-NPs and pDNA at different  

N/P  ratios, and the particle siz es and zet a potentials were als o 
det ermined. For the sake of simple calculat ion of N/P ratio, the 

amount of amino groups on TPEI were cons idered to be same 

as PEI with the low graft ing degree of hydrophobic groups on 

PEI. As shown in Fig. 3, the results indicated that the 

introduction of hydrophobic segments affected the ability of 
TPEI-NPs  to bind and condense pDNA. 10 -1 T PEI-NPs  

inhibit ed pDNA migrat ion at an N/P  ratio of 6, while 20-1 

TPEI-NPs  required an N/P  ratio of 4. T hese results can be 

comp ared with a previous report that 25 kD PEI comp let ely  

retards pDNA migration at an N/P rat io of just 2.19 The 
different binding affinity for pDNA might be due to the 

different level of free amino groups on the polycations . In 10-1 

TPEI, more of the PEI amino groups were coup led with TPE 

and PA. The zet a potentials of complexes showed an upward 

trend as the N/P ratios increased. The 10-1 TPEI-NPs/pDNA 
and 20-1 TPEI-NPs/pDNA complexes got the smallest siz e at  

an N/P  ratio of 10. It  is  worth noting that the 20-1 TPEI-

NPs/pDNA complexes  were smaller in s ize at all the N/P  ratios  

tested, which might result in higher gene transfect ion efficiency.  

 

Fig. 3 (A) Agaros e ge l electrophoresis ass ay  of TPEI-N Ps/pDN A 

com plexes. S izes and zet a potentials of  (B) 10-1 TPEI-N Ps/pDN A 

com plexes and (C) 20-1 TPEI -N Ps/pD NA complex es at dif f erent N/ P 

ratios. 

Biocompatibility in vitro 

To demonstrate the biocompatibility of TPEI-NPs in vitro, 

their cytotoxicity to cells from the human embryonic kidney  
cell line 293T was  evaluated by MTT assay. As  shown in F ig.  

4A, cells  treated with 10-1 and 20-1 TPEI-NPs  displayed high 

viabilities at all t he t ested concentrations. For PEI, the parental 

cationic poly mer, the cell viabilit ies dropped sharply at high 

concentrat ions. When TPEI-NPs  and PEI were mixed with a 
fixed amount of pDNA (0.1μg) at different N/P ratios , the 10-1 

and 20-1 TPEI-NPs /pDNA complexes  showed much better 

biocompatibility (Fig. 4B), while the PEI/pDNA complexes  

gradually became more toxic with increasing N/P ratios. The 

toxicity of PEI arises  mainly from the strong int eraction 
between the pos itively charged poly mer and the negat ively  

charged cell membrane, which subsequently dis rupts the 

membrane.20 The introduction of hydrophobic segments helps  

to reduce this undesired toxicity due to the hydrophobic 

interaction with cell membrane conferred to the resulting 
amphiphilic poly cation derivatives and the enhancement of cell 

uptake.21 , 22 T herefore, TPE modified PEI showed much lower 

cytotoxicity than its parent al polymer, a crucial property for 

subsequent cell-based experiments. 

 

Fig. 4 Ev aluation of  the toxic ity  of  TPEI and PEI at diff erent conc entrat ions  

(A) and of  the binary  complex es at diff erent N/P ratios (B) us ing 293T cel ls.  

Cell imaging 

Next, to test whether TPEI-NPs  are suit able for cell imaging, 

we treat ed 293T  cells  with 10-1 or 20-1 TPEI-NPs  and 

observed them by confocal laser scanning microscopy (CLSM ). 

As shown in Fig. 5A, the TPEI-NPs treated cells displayed 

obvious blue fluorescence in the cytoplasm. Lysosomes  were 
further st ained with LysoTracker® Deep Red to identify the 

subcellular localiz ation of the TPEI -NPs . The fluorescence 

overlap between TPEI-NPs  and LysoTracker® Deep Red 

indicated that TPEI-NPs were efficiently internalized by cells  

and mainly accumulated in the perinuclear area. T PEI-NPs  
were then studied as a vehicle to deliver pDNA encoding GFP. 

293T cells were treated with 10-1 and 20-1 TPEI-NPs/pDNA 

complexes  and then imaged by CLSM. 24 h aft er transfect ion, 

when GFP was expressed and showed green fluorescence, the 

blue fluorescence of TPEI-NPs in the cellular cy toplasm 
remained vis ible (Fig.  5B). T his  suggested that  TPEI-NPs  can 

deliver pDNA efficiently and serve as  bioprobes for long-term 

Page 3 of 7 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4  |  J.  Nam e. ,  2012,  0 0,  1 -3 This journal is ©  The Royal Society of Chemistry 2012 

cell tracking. T hus, TPEI-NPs  provide an optical tool for real-

time and long-term tracing of gene delivery and transfection. 

Transfection in vitro 

Even though TPEI-NPs show high biocompatibility and good 
optical properties in cells, they also need to guarantee 

transfection efficiency similar to PEI, which has the highest  

transfection efficiency at an N/P rat io of 10,23-25 in order to be 

useful in future applications. F low cytometry  was used to 

evaluate the transfect ion efficiency of TPEI-NPs/pDNA 
complexes  at different N/P ratios  from 6 to 30 (Fig.  6A). The 

results indicated that  20-1 TPEI-NPs/pDNA comp lexes showed 

higher transfection efficiency than 10-1 TPEI-NPs/pDNA 

complexes  at all t ested N/P  ratios. For both 10 -1 and 20-1 

TPEI-NPs/pDNA complexes, the great est transfection 
efficiency was observed when the N/P ratio was 10. The better 

transfection efficiency of 20-1 T PEI-NPs might result from the 

higher level of free groups on the backbone, which would offer 

better pDNA binding capacity and enhance the formation of 

small,  compact polyplexes  as  indicated by DLS measurements.7  
Fluorescence microscope was utilized to examine 293T cells  

transfected with 10-1 and 20-1 TPEI-NPs /pDNA complexes at  

their optimized N/P ratio of 10. As shown in F ig. 6B-6D, cells  

treat ed with 10-1 TPEI-NPs/pDNA comp lexes exp ressed a low 

level of GFP and exhibited weak green fluorescence. However, 
cells treated with 20-1 TPEI-NPs /pDNA complexes  and 25 kDa 

PEI/pDNA complexes showed bright  green emiss ion due to 

high expression of GFP. 

 

Fig. 5 (A) CLSM images of  293T c ells treated with TPEI-N Ps. Ly sosom es,  

stained by  Ly soTracker® Deep Red, exhibit ed red emission. (Sc ale bar = 

20 μm) (B) C LSM im ages of  293T c ells treat ed wit h 10 -1 and 20-1 TPEI-

NPs/pDNA complexes f or 24 h. (scale bar = 10 μm).  

Conclusions 

In conclus ion, we designed and successfully synthes ized 

TPEI (PEI modified with the AIE luminogen TPE) to tackle the 
problem of undes ired cytotoxicity of cationic poly mers used for 

gene transfection, and also to provide an optical tool for cellular 

imaging of the gene delivery process. Following the 

incorporation of hydrophobic TPE and PA, TPEI can self-

assemble into micelle-like nanop articles  (TPEI-NPs) above the 
CMC. The TPEI-NPs exhibit bright blue emission based on the 

RIR of the T PE moieties, and this  fluorescence was  utilized for 

real-time and long-term cell imaging. TPEI-NPs  have uniform 

morphologies  and a high pos itive charge, and can bind and 

condense pDNA efficient ly. Comp ared with PEI, the 
hydrophobic conjugat ion dramatically improved the 

biocompatibility of the cat ionic poly mer, while the transfection 

efficiency  of 20-1 T PEI-NPs remained as  high as  that of 25 

kDa PEI. These features and capabilities  of TPEI represent a 

major step toward des igning gene delivery systems with low 
toxicity and high visibility.  

 

Fig. 6 (A) Ev aluation of  the expres sion of  GF P in 293T c ells using f low 

cy tometry . Fluoresc ence mic rosc opy  of  293T cel ls transf ected by  (B)  10-1 

TPEI-N Ps/pDN A, (C) PEI/pDN A and (D ) 20 -1 TPEI-NPs/ pDN A in v itro  

(N/P=10, scale bar = 50 μm). 

Experimental section 

Materials 

O-(7-azabenzotriazole-1-yl)-1,1,3,3-tetramethy luronilum 

hexafluorophosphat e (HAT U) and diisopropylethylamine 

(DIEA) were purchased from BO MAI JIE Technology Co., 
Ltd (Beijing, China). Branched PEI (MW=25 kDa), dimethyl 

formamide (DMF), dimethyl sulfoxide (DM SO), et hidium 

bromide, agarose, and 3-[4, 5-dimethylt hiazol-2-yl]-2, 5-

diphenylt etraz olium bromide (MTT) were purchased from 

Sigma Aldrich (St. Louis, MO). LysoTracker® Deep Red was  
purchased from Molecular Probes Inc. (Eugene, OR, USA). 

EGFP-N1 plasmid (4700 bp) was supplied by Clont ech 
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Laboratories , Inc. (Mountain View, CA). The human 

embryonic kidney cell line 293T was obtained from American 

Type Culture Collection (ATCC, Manassas, VA). Cell culture 

medium and fetal bovine serum were from Wisent Inc. 
(Multicell,  Wisent Inc., St. Bruno, Quebec, Canada). 0.25% 

Trypsin-EDTA and ant ibiotic solutions of penicillin and 

streptomy cin were obtained from Invitrogen (Invitrogen, 

Carlsbad, CA). Culture dishes  and plat es were purchased from 

Corning (Corning, New York, USA). 

Synthesis of TPEI 

In order to obtain TPEI, carboxylat ed tetr aphenylethylene 

(TPE-COOH) was  first  synthes iz ed according t o our p reviously  

published procedures. 26 To synthesiz e TPEI, equimolar TPE-

COOH and PA were dissolved in DMF at room temperature. 
HATU and DIEA were then added to the solution, which turned 

yellow after stirring for 3 min. According to the different feed 

ratios, TPE-COOH and PA solut ions were added dropwise into 

PEI solut ion in DMF and the mixt ure st irred continuously at  

room temp erature for 48 h. The product solution was  
precipitat ed by cold diethyl ether and the precipitation was t hen 

dissolved in 2 mL TFA, subsequently precipitat ed by cold 

diethyl et her again to remove the TPE-COOH and PA. Next, to 

remove the PEI, the precipitation was dissolved in the solution 

of DMF/H2O (1:100) and then dialyzed with a molecular 
weight cutoff of 34 kDa. The pure product was lyophiliz ed and 

analysed by nuclear magnetic resonance (NMR, AVANCE III,  

Bruker Biospin). 

Determination of the critical micelle formation concentration 

(CMC) of TPEI-NPs 

The CMC of 10-1, 20-1 and 40-1 TPEI was determined by  

det ect ing the sudden increase in TPE fluorescence when T PEI 

assembled into aggregates in aqueous  media. A series of T PEI 

solutions with concentrations from 0.1 μg/mL to 300 μg/mL 

were placed in vials then sonicated for 10 min. T hen 
fluorescence intens ity at a wavelength of 460 nm (excited at  

330 nm) was evaluated us ing a fluorescence sp ectrophotometer 

(LS55, Perkin Elmer). A graph was plotted of the fluorescence 

intens ity as  a function of TPEI concentrat ion and the CMC was  

obtained from the junction of the two linear portions. 

Preparation and characterization of TPEI-NPs 

A solvent displacement met hod was used to prepare TPEI-

NPs. T PEI was dissolved in DMSO and the DM SO solution 

was  added dropwise into dist illed water under sonication for 10 

min. The mixture was then placed in a dialys is bag (Mn=10 kD) 
and dialyzed against water to remove DMSO for 24 h. After the 

TPEI-NPs  had formed, t heir siz e distribut ions and zet a 

potentials  were det ermined us ing a Zet asiz er 5000 (Malvern 

Instruments, Malvern, Worcestershire, U.K.), and the 

morphologies  were imaged us ing a T ecnai G2 20 transmiss ion 
electron microscope (TEM) with 200 kV acceleration voltage. 

Preparation and characterization of TPEI-NPs/pDNA complexes 

The N/P rat ios  of complexes were calculat ed as the molar 

ratio of the amino groups (N) on TPEI to the phosphat e groups  

(P) on the plasmid DNA (pDNA). pDNA (1 μg/50 μl) was  
mixed us ing a pipette with 50 μl of TPEI-NPs at different N/P  

ratios to form binary comp lexes. All the comp lexes were 

incubated for 30 min at room t emperature before being used in 

experiments. An agarose gel electrophores is was  performed to 

evaluate the DNA binding and condens ing ability of TPEI-NPs  

and the stability of the complexes . 10 μl of T PEI-NP/pDNA 

complex solution was mixed with 2 μl 6 × loading buffer, and 

10 μl of the mixt ure was loaded into a 0.8% (wt) agarose gel 
containing 0.5 μg/ml ethidium bromide. Electrophoresis  was  

performed in 1 × TAE buffer at 120 V for 20  min. DNA 

retardation was analysed under UV light at a wavelength 254 

nm to visualize the DNA, and the images were obtained us ing 

an Image M aster VDS T hermal Imaging System (Bio-Rad, CA). 
Based on the results of agarose gel electrophoresis , the siz e 

distributions and the zet a potent ials of TPEI-NP/pDNA 

complexes at different ratios were measured us ing a Z etas izer 

Nano Z S (Malvern Instrument, Inc.,  Worcest ershire, UK), and 

the morphologies of the complexes were investigated via TEM. 

Cell culture 

The human embryonic kidney cell line 293T was maint ained 

in Dulbecco's modified Eagle's medium/high glucose with 10% 

fetal bovine serum in a humidified at mosphere containing 5% 

CO2 at 37°C. 

Cytotoxicity studies by MTT assay 

293T cells were seeded at 5 × 10 3 cells per well in a 96-well 

plate, incubat ed for 24 h, and then cultured for another 24 h 

with TPEI-NPs  at  different concentrations  ranging from 0.05 

μM to 1.00 μM  or with TPEI -NP/pDNA complexes  at different  
N/P ratios. T he cell culture medium was  replaced wit h 100 μl 

0.5 mg/ml MTT and 3 h later the MTT solution was  replaced 

by 100 μl DM SO solution. T he results were evaluat ed by the 

absorbance measured at 570 nm versus a reference wavelengt h 

of 630 nm using an Infinit e M200 microplate reader (T ecan, 
Durham, USA). Untreated cells in medium were used as a 

control and all exp eriments were performed with three 

replicat es. The cytotoxicity of PEI and PEI/pDNA complexes  

were evaluated by the same method. 

Confocal laser scanning microscope imaging 

293T cells were seeded at 1 × 105  cells p er dish in a 35 mm 

glass  dish, pre-incubated for 24 h in complete DM EM and t hen 

incubated with TPEI-NPs for 3 h at 37°C. Cells  were t hen 

washed three times with PBS and st ained with LysoTracker® 

Deep Red (diluted 1000 t imes in PBS) for 12 min. Cells  were 
then washed a further three times  with PBS and imaged using a 

confocal laser scanning microscope (PerkinElmer UltraVIEW 

VoX) with excitation at 405 nm for TPE and 630 nm for 

LysoTracker® Deep Red. To confirm the cap acity of T PEI-NPs  

to delivery and track gene delivery effectively, cells  were 
washed with PBS and incubated in 1 ml of reduced serum Opti-

MEM, to which complexes were added cont aining 1 μg  

pEGFP-N1 p lasmid at an N/P ratio of 10. After 4 h incubation 

at 37℃ in a 5% CO2 humidified atmosphere, the transfection 

medium was removed and replaced with serum-containing 

medium for a further 20 h of incubation. Subsequently, cells  

were washed with PBS, stained with Lyso Tracker® Deep Red 

for 10 min, and washed with PBS again. After that, cells  were 

imaged under a confocal laser scanning microscope (CLSM) 
(LSM 710, Carl Zeiss Microscope Co. Ltd., Germany). 

In vitro plasmid transfection 

The p EGFP-N1 plasmid was utiliz ed to assess the 

transfection efficiency of binary complexes. PEI/pDNA 
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(N/P=10) was  used as  the positive control. 293T  cells  were 

seeded at  5 × 104  cells per well in a 24-well plat e and incubated 

for 24 h, and then the complet e medium was replaced with 

Opti-MEM. Subsequently, comp lexes containing 1 μg p EGFP-
N1 plasmid at different N/P ratios were add ed to each well.  

Each transfect ion was  carried out with three replicat es. After 

incubation for 4 h at 37℃  in a 5% CO 2 humidified atmosphere, 

the transfection solut ion was removed and replaced by fresh 
DMEM containing 10% FBS. The cells  were incubat ed for 

another 24 h under the same condit ions. Cells were then 

obtained by treatment of Trypsin-EDTA, and transfection 

efficiency was  determined using an Attune® acoustic focus ing 

cytometer (Applied Biosystems, Life Technologies, Carlsbad, 
CA). After that, an inverted fluorescence microscope (Oly mpus  

IX 70, Olympus , T okyo, Japan) was  ut ilized to examine 293T  

cells that were transfect ed with 10-1 and 20-1 T PEI-NP/pDNA 

complexes  at their optimiz ed N/P  ratio of 10, and micrographs  

were obtained with Cool SNAP-Pro (4.5.1.1) software.  
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Luminescent nanoparticles (TPEI) were synthesized to tackle the undesired cytotoxicity of 

cationic polymers and also were used for visible gene transfection. 
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