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A polymeric polyethylenimine (PEI)-based prodrug of anticancer doxorubicin (DOX) (PEI-hyd-DOX) was designed by at-
taching DOX to PEI via an acid-labile hydrazone bond, for the achievement of biocontrollable gene and drug co-delivery in
response to the intracellular acid microenvironments in the late endosome/lysosome compartments. The cytotoxicity of
PEI-hyd-DOX was evaluated by the MTT assay and the cellular uptake was monitored using confocal laser scanning micros-
copy. The polymeric prodrug can respond with a high sensitivity to the specific acid condition inside cells, thus permitting the
precise biocontrol over intracellular drug liberation with high drug efficacy. The chemical attachment of drug molecules also
led to the relatively reduced toxicity and the enhanced transfection efficiency compared with parent PEIL. The resulting data
adumbrated the potential of PEI-hyd-DOX to co-deliver DOX and therapeutic gene for the combination of chemotherapy and
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1 Introduction

Gene therapy has shown great promise in cancer treatments
and the therapy performance relies on the accomplishment
of effective and safe gene delivery [1-3]. Therefore, it is
critical to develop proper gene delivery systems that can
meet the requirements for desired gene delivery, such as
high transfection efficiency, low cytotoxicity and targeting
specificity to cancer cells. Over the past decades, non-viral
gene vectors have attracted increasing attention for their
superior advantages, such as non-immunogenicity, structure
diversity, and ease of production as compared to viral vec-
tors [4,5]. Polyethylenimine (PEI) with the molecular weight
of 25k (PEI25k) is known as the gold standard of gene vec-
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tors for its high transfection efficacy detected in a variety of
cell lines due to its strong affinity with DNA, easy intracel-
lular internalization and effective endosomal escape. How-
ever, high-molecular-weight PEI always exhibits significant
cytotoxicity that impedes its application. To address this
issue, an approach of hydrophobic modification toward PEI
was reported recently [6-8], leading to both the improved
safety profile and the increased transfection efficiency.
Cancer progression is very complex and involves multi-
ple signaling pathways [9]. Studies have shown that the
single inhibition of one signaling pathway by a therapy
modality may be insufficient for the sustained and complete
tumor response. The concept of combinational therapy has
emerged in turn and displayed vast potentials to revolution-
ize the future of cancer treatments [10]. To this end, nucleic
acid-based anticancer therapy has been currently under in-
tense investigation in combination with the chemotherapy
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using small molecule drugs, with the goal of improving the
therapeutic outcome [11,12]. For the drug-nucleic acid
combination therapy, nanocarriers play an important role
and are necessarily needed. They ought to deliver drug-gene
combinations to cancer cells in a synchronized fashion to
achieve synergistic antitumor effects [13—15]. Till now, the
nanoparticle-based drug delivery still faces great challenges
due to the various physiological barriers in vivo, which
make them far from satisfactory [16,17]. It is preferable to
not only effectively deliver but also controllably release the
drug cargoes in the cancer cells. Because the nanoparticles
are always internalized through endocytic routes, they are
inevitably entrapped in acid endosomes and eventually
reach lysosomes with a much lower pH of 4-5 [18]. This
special biological microenvironment can be used for the
bio-controllable release of drug cargoes loaded in the
nanosystems.

Taking these into account, a pH-sensitive polymeric pro-
drug of doxorubicin (DOX) modified PEI was designed to
co-deliver DOX and gene. By attaching hydrophobic DOX
to PEI5S000 (M,=5 kDa), the cytotoxicity was expected to
be decreased while the gene transfection efficiency ought to
be further enhanced [6-8]. Of note, DOX was coupled to
PEI through an acid-labile hydrazone bond, which was sta-
ble in the physiologically normal condition and thus pre-
vented the premature liberation of DOX during the blood
circulation (Scheme 1). Upon the endocytosis into the lyso-
some, the pH decline would induce the drug liberation away
from polymeric prodrug, favoring the synchronization of
two therapeutic mechanisms [16,19].

2 Experimental

2.1 Materials

Polyethyleneimine with a high molecular weight of 5000
(PEISk) was purchased from Aladdin (USA). Doxorubicin
hydrochloride (DOX-HCI) was purchase from Zhejiang
Hisun Pharmaceutical Co. (China). Hydrazine hydrate,
bromoacetyl bromide, di-fert-butyl dicarbonate ((Boc),0)
were purchased from Sinopharm (China) and used as re-
ceived. Hoechst 33342, Dulbecco’s Modified Eagle’s Me-
dium (DMEM), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide (MTT), fetal bovine serum (FBS) and
Dulbecco’s phosphate buffered saline (PBS) were pur-
chased from Invitrogen Corp. (USA). Bax was purchased
from Sigma (USA). -Butyl carbazate and N-boc-2-bromo-
acetohydrazide were synthesized according to the literature
[20,21].

2.2 Instruments

The dynamic light scattering (DLS) was used to determine
the size potential of the nanoparticles at 25 °C by Nano-ZS
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ZEN3600 (Malvern instruments, UK).

2.3  Synthesis of hydrazone bond modified DOX
(DOX-Br)

DOX-Br was synthesized according to the amended method
described in the literature through the route as shown in
Figure S1 (Supporting Information online). Briefly, the
synthesized N-boc-2-azideacetohydrazide (80 mg) was dis-
solved in 3 mL of dichloromethane (DCM) containing 3 mL
of trifluoroacetic acid (TFA) and the mixture solution was
stirred at room temperature for 30 min. After that, the sol-
vent was removed by rotary evaporation and the residue
was co-evaporated three times with toluene to remove the
excess TFA. The obtained yellowish oil was dried over
P,Os and NaOH under vacuum.

2.4 Synthesis of DOX modified PEI (PEI-hyd-DOX)

The above yellowish oil and doxorubicin hydrochloride
(DOX-HCI) (180 mg) were dissolved in 15 mL of anhy-
drous menthol and then introduced with a drop of TFA.
After refluxed for 48 h under dark, the solvent was removed
by rotary evaporation after the mixture was cooled down.
The residue was precipitated in excess ethyl acetate. Then
the precipitate was collected by centrifugation and washed
with ether. The crude product was obtained as a dark red
solid, which was used in the next step without further puri-
fication. Yeild: 100 mg (38.5%).

A typical preparation procedure of PEI-hyd-DOXj 7,4
was described as follow: the above product (15 mg) and
PEI5Sk (200 mg) were dissolved in 13 mL of anhydrous
menthol. After reaction at 70 °C for 24 h, the solution was
poured into 300 mL of ether to isolate the insoluble product.
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Scheme 1 Illustration of bio-controllable PEI-hyd-DOX prodrug for
tumor-specific drug/gene co-delivery. The prodrug design enables both the
low liberation of drug cargo in the physiologically normal conditions and
intracellularly the lysosome-induced drug liberation in situ and enhanced
gene transfection (color online).
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The precipitates were collected and dried in vacuum. Using
the same method, PEI-hyd-DOXj; 7,4 PEI-hyd-DOX; g34,
PEI-hyd-DOX; 5,4 and PEI-hyd-DOXjs¢, were prepared
with different grafting degree (wt%). The grafting degree of
DOX was determined on the basis of the fluorescence ab-
sorbance intensity at 583 nm.

2.5 Cell culture

Human cervix carcinoma (HeLa) cells and human embry-
onic kidney transformed 293 (293T) cells were incubated in
DMEM containing 10% FBS and 1% antibiotics (penicil-
lin-streptomycin, 10000 U/mL) at 37 °C in a humidified
atmosphere containing 5% CO,.

2.6 Amplification and purification of plasmid DNA

pGL-3 plasmid as the luciferase reporter gene was trans-
formed in Escherichia coli (E. coli) JM 109. The plasmid
was amplified in Terrific Broth medium at 37 °C overnight.
The amplified plasmids were purified by a NucleoBand
Xtra Maxi Plus EF kit (MACHEREY-NAGEL GmbH &
Co. KG, Germany). Then the plasmids were dissolved in TE
buffer solution and stored at —20 °C. The integrity of the
plasmids was confirmed by agarose gel electrophoresis, and
the purity and concentration of the plasmids were deter-
mined using a UV spectrophotometer (UV-2401, Shimadzu,
Japan) at the wavelengths of 260 and 280 nm.

2.7 Agarose gel retardation assay

The PEI-hyd-DOX/pGL-3 polyplexes were prepared with
different N/P ratios of PEI-hyd-DOX vs. pGL-3. 0.1 ug of
pGL-3 was added to an appropriate volume of PEI-hyd-
DOX solution containing 150 mM NaCl. The obtained solu-
tions were diluted by 150 mM NaCl solution to 8 pL. and
vortexed for 30 s, then the mixture solution were incubated
at 37 °C for 30 min. After that, 1 pL of GelRed™ was add-
ed to the complexes solution respectively prior to electro-
phoresis on 0.7% (W/V) agarose gel, which was put in
Tri-acetate (TAE) running buffer at 80 V for 1 h. Finally the
location of the pDNA bands was visualized with a UV lamp
using a Vilber Lourmat imaging system (France).

2.8 Invitro transfection study by luciferase assay

Transfection of the pGL-3 plasmid mediated by PEI-hyd-
DOX was studied in HeLa and 293T cells. The transfection
of PEI25k was used as a positive control. The cells were
seeded in 24-well plates with a density of 6x10* cells per
well and incubated for 24 h at 37 °C. The polyplexes were
prepared by adding 1 pg pGL-3 to an appropriate volume of
a PEI-hyd-DOX solution containing 150 mM NaCl with
various N/P ratio of PEI-hyd-DOX vs. pGL-3 ranging from
5 to 25. After that, the polyplex solution were diluted to 1 mL
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by serum-containing DMEM and added to the cell wells
after they were vortexed for 30 s and incubated for 30 min
at 37 °C. After incubation with cells for 4 h at 37 °C, the
medium was removed and the cells were washed with PBS.
Then the cells were fed again for 44 h by 1 mL of fresh
DMEM containing 10% FBS at 37 °C. The luciferase assay
was performed according to the manufacturer’s protocol.
Relative light units (RLU) were measured by a chemilumi-
nometer (Lumat LB9507, EG&G Berthold, Germany). The
total protein was determined according to the BCA protein
assay kit (Pierce, USA). Luciferase activity was expressed
as RLU per mg protein. Data were shown as meanz+standard
deviation (SD) based on three independent measurements.

2.9 Determination of drug loading capacity

A known amount of dried PEI-hyd-DOX was dissolved in
1 mL of methanol, the amount of loaded DOX was deter-
mined on the basis of the fluorescence absorbance intensity
at 583 nm, using a standard calibration curve that was ex-
perimentally obtained. Each value was averaged from three
independent experiments. The drug loading efficiency
(DLE) was defined as:

DLE=(mass of loaded drug)/(mass of drug loaded poly-
mers)x100%

2.10 Invitro drug release profile

The release of DOX from PEI-hyd-DOX conjugates and
PEI-DOX was assayed in buffer solution of pH 7.4
(NaH,PO,-Na,HPO,) (pH of blood plasma) and pH 5.0
(HAc-NaAc) (pH tumor interstitial space and endosome
content). The ionic strength of all the buffer solution was
fixed at 0.02 M. The equation of [=1/2(£C,Z%) was used to
calculate the ionic strength and the needed amount of so-
dium chloride, where C; is the ionic concentration (mol/L)
and Z; is the amount of electric charge. 6.2 mg of dried
PEI-hyd-DOX/ PEI-DOX conjugates in 1 mL of buffer so-
Iution (pH 7.4 and 5.0) was sealed in a dialysis bag
(MWCO 3500). The dialysis bag was immersed in 20 mL of
corresponding buffer, and was incubated at 37 °C. At de-
sired time intervals, 3 mL of release media was taken out
and the same volume of fresh buffer solution was added.
The amount of released drug was determined on the basis of
the fluorescence absorbance intensity at 560 nm for DOX,
using a standard calibration curves running with DOX in
corresponding buffer solutions at different pH. The amount
of unreleased drug that remained in the tube was obtained
by the same method as that afore-mentioned for the drug
loading determination.

2.11 Invitro cytotoxicity assay

Cell cytotoxicity assay of PEI-hyd-DOX conjugates before
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and after DNA loading in pH 7.4 and 5.0 were performed
by MTT assay in HeLa cells. The HeLa cells were seeded in
96-well plates at a density of 6.0x10’ cells per well and in-
cubated in 100 uL. DMEM containing 10% FBS for 24 h
prior to PEI-hyd-DOX conjugates and PEI-hyd-DOX/DNA
polyplexes addition. After the cells were incubated with the
samples for 4 h, the medium was replaced and the cells
were further incubated for 44 h with 200 puL of fresh
DMEM containing 10% FBS. After that, the medium was
replaced with 200 pL of fresh DMEM containing 10% FBS
and 20 pL of MTT (5 mg/mL in PBS buffer) solution was
added to each well and further incubated for 4 h at 37 °C.
Subsequently, the medium was removed and 150 pL of
DMSO was added. The absorbance intensity at 570 nm was
measured using a microplate reader (Bio-Red, Model 550,
USA). The relative cell viability was calculated as:

Cell Vlablhty (%)=(0Ds7o (sample))/OD570 (comrol))>< 100%
where ODs7 (controny and ODs7g (sampley Were obtained in the
absence/presence of the sample, respectively. Data were
shown as meanzstandard deviation based on three inde-
pendent measurements.

2.12 Dynamic light scattering (DLS) analysis

The mean particle size and size distribution of PEI-hyd-
DOX/DNA complexes at different pH value were deter-
mined by DLS technique at 25 °C with Nano-ZS ZEN3600
instrument (Malvern instruments, UK). The polyplexes with
N/P ratio 5 was prepared by adding 1 pg of pGL-3 to an
appropriate volume of PEI-hyd-DOX solution containing
150 mM NaCl. The polyplex solution was vortexed for 30 s
and incubated for 30 min at 37 °C. Then the polyplex solu-
tion was diluted to 1 mL by a 150 mM NaCl solution prior
to the measurements. Data were shown as meanztstandard
deviation based on three independent measurements.

2.13 Confocal laser scanning microcopy (CLSM)

HeLa cells were cultured in a single disc to ~70% conflu-
ence (8><104 cells/disc) for 24 h, the medium was replaced
with 1 mL of fresh medium containing PEI-hyd-DOX/
pGL-3 nanocomplexes (N/P=5). After incubation for 3, 6
and 25 h, the culture medium was removed and the cells
were rinsed thrice with 500 pL of PBS. Subsequently, 1 mL.
of fresh DMEM containing 10 plL Hoechst 33342 was add-
ed and the cells were further incubated for 15 min at 37 °C.
Prior to observation, the cells were washed thrice with 500
pL PBS. The fluorescence was observed using a confocal
laser scanning microscope (C1-Si, Nikon, Japan) equipped
with 405 and 543 nm argon laser for blue light and red light
respectively. The micrographs of cells were recorded using
EZ-C1Free Viewer 3.70 version software. The whole prep-
aration process should be performed without exposure to
strong light in order to protect the fluorescent dyes.
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3 Results and discussion

3.1 Synthesis and DNA affinity of PEI-hyd-DOX

The PEI-hyd-DOX conjugates were synthesized through the
condensation reaction between PEISk (M,=5 kDa) and
DOX by forming hydrazone bonds. As shown in Scheme 2.
PEI—hyd—DOX7‘72%, PEI-hyd-DOX5‘83%, PEI-hyd-DOXZ‘Sl%
and PEI-hyd-DOX¢s¢ were prepared with varying grafting
degrees (wt%). As shown in Figure S2, the binding ability
of PEI-hyd-DOXs to pGL-3 was indicated by the retarding
N/P ratio where the mobility of DNAs could be entirely
retarded. It was found that all the PEI-hyd-DOX polymers
were able to bind plasmid pGL-3 at the N/P ratio of around
4, almost the same as that of unmodified PEISk. The result
indicated the hydrophobic modification with DOX made
few influence on the DNA affinity though the amine
amount was reduced, which agreed well with the finding
previous reported [6-8].

3.2 Invitro cytotoxicity

Biocompatibility is one of the critical properties for gene
vectors with regard to in vivo application. Studies have re-
vealed that for polycation/DNA transfer systems, free poly-
cations are more possibly the major concern of toxicity is-
sue rather than DNA-combined polycations [8]. To prelim-
inarily evaluate the safety profile of PEI-hyd-DOXs, in vitro
cytotoxicity tests were conducted in HeLa cells by MTT
assay, and free PEISk was used as the control. As shown in
Figure 1, PEI5Sk showed the highest toxicity in HeLa cells.
Relatively, PEI-hyd-DOXs exhibited substantially enhanced
biocompatibility. A small grafting degree of 0.95% can
even cause a marked reduction of cell cytotoxicity. Howev-
er, with increasing grafting degree, the cell toxicity was
further increased. This is mainly due to the larger availabil-
ity of free DOX that was liberated from the PEI-hyd-DOX
prodrug when entering acid lysosome in cells, which had
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Scheme 2 Illustration of the preparation and structure of PEI-hyd-DOX
(color online).
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Figure 1 Cytotoxicity profiles of PEI-hyd-DOXs and PEISk in HeLa
cells (data shown as mean+SD (n=3)) (color online).

been proved in the next section. To simplify the research,
the PEI-hyd-DOX, 5,4, with a moderate grafting degree was
used for further study.

3.3 pH-dependent in vitro drug release

For tumor-specific drug delivery, the delivery nanosystems
should preferably maintain their structural stability during
the circulating period. After reaching the target sites and
being intracellularly internalized, the drug should be timely
released. The site-specific selectivity of drug release be-
havior is highly preferred so as to improve the drug efficacy
and minimize the side effects [5,22,23]. In comparison with
the physiologically normal condition with the pH value of
7.4, the late endo-/lysosome organelles are typical acidic
environments with the pH of 4.0-5.5 [24]. In our study,
DOX was conjugated to the PEI by a hydrazone bond,
which is known to be readily cleavable under mildly acidic
conditions. To demonstrate this, the conjugates were incu-
bated at different pH values and the in vitro drug release of
PEI-hyd-DOX was monitored. The pH of 5.0 and 7.4 were
selected to simulate the physiological conditions and the
late endo-/lysosomal microenvironments, respectively. As
shown in Figure 2, no burst release took place at pH 7.4 and
less than 10% DOX was leaked out during a 200 h period.
The result indicated that the majority of DOX drugs were
still chemically attached on PEI surface, consistent with the
high stability of hydrazone bond under the normal condi-
tion. However, when the pH was adjusted to 5.0, more than
80% of DOX were rapidly released after 100 h incubation,
implying the sensitivity of PEI-hyd-DOX to endo-/lysosomal
pH. The poor liberation of the drugs at neutral condition
was advantageous since the premature drug leakage would
be minimized during the circulation. In contrast, after
reaching tumor cells, the drug release pattern would be
changed to “ON”. This controllable transition would en-
hance the drug bioavailability at the tumor sites while
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Figure 2 Time-dependent cumulative release of DOX from PEI-hyd-
DOX conjugate at different pH (color online).

reducing the systematic toxicity, consequently benefiting
the cancer treatment.

3.4 pH-conditioned stability

The stability of PEI-hyd-DOX in the buffer solutions with
different pH (7.4 and 5.0) was investigated respectively by
DLS technique. As shown in Figure 3, the particle size and
size distribution of PEI-hyd-DOX/pGL-3 complexes pre-
pared at N/P ratio of 5 always remained steady at pH 7.4. At
pH 5.0, however, the size was sharply increased from 250
nm to 2 pm with an apparently broadened size distribution
from 0.189 to 0.578. The DLS data manifested the high
stability of PEI-hyd-DOX at the normal condition from an-
other perspective. Furthermore, it was suggested that the
acidity-induced DOX detachment would weaken the DNA
affinity of PEISk. As documented, this would make it easy
for the intracellular DNA liberation and thus favor the fol-
lowing protein expression [25].

3.5 Intracellular sensitivity of PEI-hyd-DOX/pGL-3
complexes

To demonstrate whether the covalently conjugated DOX
can be efficiently liberated from PEI-hyd-DOX prodrug
inside cells, as triggered by the endo-/lysosomal acidity,
PEI-hyd-DOX/pGL-3 complexes were incubated with the
HeLa cells at pH 7.4. After a predetermined period, the me-
dium was removed, and the cells were washed with PBS for
several times and then subjected to CLSM observation. As
shown in Figure 4, after 3 h incubation with HeLa cells, the
red signals representing DOX were almost localized in cy-
toplasm domain. Nevertheless, at 6 to 25 h, the amount of
DOX resided in the cell nuclei was apparently increased,
suggesting the detachment of DOX away from PEI-hyd-
DOX conjugate. To further demonstrate the close relation-
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Figure 3 DLS data of PEI-hyd-DOX/pGL-3 complexes prepared at N/P ratio of 5 in the buffer solutions with different pH of 7.4 (a) and 5.0 (b) (color
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Figure 4 CLSM images of HeLa cells after different time incubation
with PEI-hyd-DOX/pGL-3 (red). Hoechst 33342 was used to stain cell
nuclei (blue) (color online).

ship between the DOX release and the PH-sensitivity of the
hydrazone linkage, PEI-DOX with a stable amide bond in-
stead of hydrazone linkage was used as the control for
comparison. Following incubation with HeLa cells under
identical conditions, the red signal of DOX was barely ob-
served in the nuclei even after 25 h incubation (Figure 5),
indicating the nuclear internalization at a very low level
owing to the difficult liberation of DOX from PEI-DOX.
The marked deviation in the intracellular distributions of
DOX signal between two cases confirmed the endo-/
lysosomal acidity-triggered DOX release from PEI-hyd-
DOX in cellular levels.

A quantitative comparison was conducted in HeLa cells
between the cytotoxicity profiles mediated by PEI-hyd-
DOX/pGL-3 and PEI/pGL-3 complexes after coincubation
for different times (from 1 to 48 h) (Figure 6). PEI-hyd-
DOX/pGL-3 afforded much lower cell viabilities than PEI-
DOX/pGL-3. This structure-associated difference was rep-
resented more evidently with time. The data further demon-
strated the hydrazone linkage between DOX and PEISk can
respond with high efficiency to the intracellular bio-stimulus

Figure 5 CLSM images of HeLa cells after different time incubation
with PEI-DOX/pGL-3 (red). Hoechst 33342 was used to stain cell nuclei
(blue) (color online).

of lysosomal acidity, which resulted in the effective libera-
tion of initially locked drugs and the enhanced drug efficacy
in turn.

3.6 Invitro transfection assay

A desirable polycation gene vectors should not only possess
the lower cytotoxicity, but also transport the gene cargoes to
the targeted site and maintain their activities at high levels.
Therefore, in vitro transfection of the PEI-hyd-DOX/pGL-3
complexes were examined in the 10% serum containing
medium. The cells were co-incubated with the PEI-hyd-
DOX/pGL-3 complexes for 4 h prior to the 48 h culture in
fresh culture medium. As expected, the transfection effi-
ciency was found to be moderately enhanced resulting from
DOX modification to PEI25k either in HeLa cells or 293T
cells (Figure 7). The improved transfection was supposed to
relate to the easy liberation of gene payloads after the DOX
liberation, as mentioned above [26]. Based on the results of
in vitro gene transfection assay, it was suggested that the
PEI25k still exhibited good gene transfection efficiency
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Figure 7 Transfection efficiency of PEI-hyd-DOX/pGL-3 and PEISk/pGL-3 polyplexes at different N/P ratios in 293T (a) and HeLa (b) cells in the 10%
serum containing medium. PEI25k polyplex prepared at w/w 1.3 was used as the control. The concentration of pGL-3 was fixed at 1 pg/mL (data shown as

mean+SD (n=3)) (color online).

after the hydrophobic modification with DOX. In addition,
the DOX has proven to be bio-controllably released inside
the cells with an enhanced drug efficacy. The results adum-
brated the promise of PEI-hyd-DOX to be applicable for the
combination of chemotherapy and gene therapy [27].

4 Conclusions

In summary, this work has established an efficient gene/
drug co-delivery system based on a polymeric prodrug. The
prodrug of pH-sensitive PEI-hyd-drug conjugate can effi-
ciently respond to intracellular acid environments, thus
permitting the precise bio-control over intracellular drug
liberation and consequently affording the high drug effica-
cy. The chemical attachment of hydrophobic DOX also led
to the relatively reduced toxicity and the enhanced transfec-
tion efficiency compared with the parent PEIL The resulting
data adumbrated the potential of PEI-hyd-DOX to co-
deliver DOX and therapeutic genes for the combination of
chemotherapy and gene therapy. Furthermore, this study of
prodrug vectors provides useful information in favor of the
rational design of vectors for the biocontrollable gene/drug
co-delivery.
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