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Reversibly hydrophobilized 10 kDa polyethylenimine (PEI) based on rapidly acid-degradable acetal-
containing hydrophobe was designed for nontoxic and highly efficient non-viral gene transfer. Water
soluble PEI derivatives with average 5, 9 and 14 units of pH-sensitive 2,4,6-trimethoxybenzylidene-
tris(hydroxymethyl)ethane (TMB-THME) hydrophobe per molecule, denoted as PEI-g-(TMB-THME)n,
were readily obtained by treating 10 kDa PEI with varying amounts of TMB-THME-nitrophenyl chlor-
oformate. Gel retardation assays showed that all PEI-g-(TMB-THME)n derivatives could effectively
condense DNA at an N/P ratio of 5/1. Notably, polyplexes of PEI-g-(TMB-THME)n derivatives had smaller
sizes (about 100w170 nm) and higher surface charges (þ25w þ43 mV) than the parent 10 kDa PEI at the
same N/P ratios ranging from 10/1 to 40/1. MTT assays revealed that these PEI-g-(TMB-THME)n deriva-
tives were practically non-toxic at polymer concentrations used in transfection experiments. The acetal
degradation of PEI-g-(TMB-THME)9 was shown to be highly pH dependent in which half lives of 1.3, 2.8
and 11 h were determined for pH 4.0, 5.0 and 6.0, respectively, while negligible hydrolysis (<12%) was
observed after 24 h at pH 7.4. Gel electrophoresis, dynamic light scattering (DLS) and zeta potential
analyses indicated that polyplexes formed at an N/P ratio of 10/1 were dissociated following 5 h incu-
bation at pH 5.0, highlighting the importance of hydrophobic TMB-THME moieties in DNA condensation
and supporting that acetal hydrolysis in endosomes would facilitate DNA release. Notably, in vitro
transfection experiments performed at N/P ratios of 10/1 and 20/1 in HeLa, 293T, HepG2 and KB cells
using plasmid pGL3 expressing luciferase as the reporter gene showed that reversibly hydrophobilized
PEIs had superior transfection activity to 25 kDa PEI control. For example, polyplexes of PEI-g-(TMB-
THME)14 showed about 235-fold and 175-fold higher transfection efficiency as compared to 10 kDa PEI in
HeLa cells in serum-free and 10% serum media, respectively, which were approximately 7-fold and 16-
fold higher than 25 kDa PEI formulation at its optimal N/P ratio under otherwise the same conditions.
Confocal laser scanning microscope (CLSM) studies confirmed that PEI-g-(TMB-THME)14 efficiently
delivered Cy5-labeled DNA to the nuclei of HeLa cells. These endosomal pH-sensitive reversibly hydro-
phobilized PEIs have great potentials for safe and efficient non-viral gene transfection.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In the past decade, non-viral vectors in particular cationic
polymers have gained rapidly growing interests for gene trans-
fection in that they present several advantages over viral systems
ratory, College of Chemistry,
University, Suzhou 215123,

All rights reserved.
including facile synthesis and tuning of vector structures and
properties, large DNA loading capacity, possible repeated admin-
istration, and reproducible large-scale pharmaceutical grade
production [1e4]. Moreover, polymeric vectors can be modified to
achieve prolonged circulation and deliver therapeutic genes to the
targeted cells in vivo [5e10]. It should be noted, however, that
despite their obvious merits, few polymeric systems have advanced
to the clinical trials, primarily due to a low transfection activity as
compared to the viral counterparts [11,12].

Polyethylenimine (PEI) is one of the most efficient non-viral
gene carriers that are able to deliver DNA to a variety of cells due
to its unique combination of high charge density and proton sponge

mailto:zyzhong@suda.edu.cn
www.sciencedirect.com/science/journal/01429612
http://www.elsevier.com/locate/biomaterials
http://dx.doi.org/10.1016/j.biomaterials.2011.08.017
http://dx.doi.org/10.1016/j.biomaterials.2011.08.017
http://dx.doi.org/10.1016/j.biomaterials.2011.08.017


Z. Liu et al. / Biomaterials 32 (2011) 9109e91199110
effect [13e15]. The transfection performance of PEI depends on its
macromolecular structures andmolecular weights, inwhich 25 kDa
branched PEI (denoted as 25 kDa PEI) and 22 kDa linear PEI have
turned out to be the best and are currently applied as golden
standards for non-viral transfection [16,17]. These PEI reagents are,
nevertheless, associated with varying levels of cytotoxicity and
furthermore their transfection activity remains moderate as
compared to viral vectors. In recent years, based on the fact that low
molecular weight PEIs have low cytotoxicity, various types of
hydrolytically or reductively degradable PEI polymers and
networks have been designed for in vitro transfection [18e26].
These degradable PEIs have shown significantly enhanced trans-
fection activity as compared to the parent low molecular weight
PEIs, with transfection efficiency approaching or in a few cases
exceeding that of 25 kDa PEI control. It should be noted, never-
theless, that the synthesis of degradable PEI polymers and
networks are mostly not controlled due to the involvement of
coupling reactions between reagents with multiple reactive
centers, yielding usually ill-defined vectors in terms of structure as
well as molecular weight. Hydrophobic modification represents
Scheme 1. Illustration on reversibly hydrophobilized 10 kDa PEI for efficient intracellular d
condensation ability and cellular interactions while reversal of hydrophobic modification in
another effective approach to improve the transfection activity of
low molecular weight PEIs [27,28]. For example, Kim reported that
cholesterol-modified 1.8 kDa PEI had higher transfection efficiency
in CT-26, 293T and A7R5 cells than the parent 1.8 kPEI [29,30].
Klibanov and coworkers reported that dodecylation of 2 kDa PEI
resulted in 5-fold higher transfection efficiency relative to that of
25 kDa PEI [31]. Uludag reported that substitution of 2 kDa PEI with
aliphatic lipids including caprylic, myristic, palmitic, stearic, oleic
and linoleic acids led to a transfection efficiency comparable to
25 kDa PEI [32]. Ramezani and coworkers reported that 10 kDa PEI
after conjugation with alkyl-oligoamine had an increased trans-
fection activity in N2Amurine neuroblastoma cells to a level similar
to that of 25 kDa PEI [33]. The enhanced transfection activity by
hydrophobic modification is likely due to its balanced protection
and release of DNA as well as enhanced interactions with cellular
membranes [34].

In this paper, we report on reversibly hydrophobilized 10 kDa
PEIs based on rapidly acid-degradable acetal-containing hydro-
phobe for nontoxic and marked enhanced non-viral gene trans-
fection (Scheme 1). The commercial 10 kDa PEI has an approximate
elivery and release of DNA. Hydrophobic modification of 10 kDa PEI enhances its DNA
endosomes facilitates intracellular release of DNA.
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ratio of primary to secondary to tertiary amino groups of 1:1:1 [35].
This acid-degradable hydrophobe uniquely combines the functions
of (i) hydrophobic modification, which was assumed to enhance
the DNA condensation ability and cellular interactions of 10 kDa PEI
[27,28], and (ii) pH-sensitive degradation, which was hypothesized
to reverse hydrophobic modification in endosomes and hence
facilitate intracellular release of DNA. Inefficient intracellular DNA
release is a major barrier for non-viral gene transfection [36,37].
Fréchet and coworkers reported that rapid hydrolysis of cyclic
benzylidene acetals at mildly acidic pH of 5.0e6.5 could result in
efficient intracellular release of hydrophobic as well as hydrophilic
payloads from the nano and micro-particles [38e41]. Inspired by
Fréchet’s work, we recently prepared rapidly pH-sensitive biode-
gradable micelles and polymersomes based on benzylidene acetals
for triggered release of anti-cancer drugs [42,43]. The present study
revealed that benzylidene acetal-modified 10 kDa PEI while being
non-toxic mediated up to 175-fold higher transfection efficiency as
compared to the parent 10 kDa PEI in HeLa cells, exceeding 16-fold
that of 25 kDa PEI. The DNA complexation and release behaviors,
cytotoxicity, and gene transfection of reversibly hydrophobilized
10 kDa PEIs were investigated.

2. Materials and methods

2.1. Materials

PEI (10 kDa and 25 kDa), 2, 4, 6-trimethoxybenzaldehyde (TMB, 99%), p-tolue-
nesulfonic acid monohydrate (99%) and p-nitrophenyl chloroformate (p-NC, 97%)
were purchased from Alfa Aesar and used as received. 1, 1, 1-tris(hydroxymethyl)
ethane (THME, 99%) and dextran sulfate sodium (DSS) were obtained from Aldrich.
Tetrahydrofuran (THF) was distilled over sodiumwire and CH2Cl2 was distilled over
CaH2 prior to use. 4 Å molecular sieves were dried at 110 �C prior to use. 2, 4, 6-
trimethoxybenzylidene tris(hydroxymethyl)ethane (TMB-THME) was prepared
similar to our previous report [43].

2.2. Preparation of 2, 4, 6-trimethoxybenzaldehyde-tris(hydroxymethyl)ethane-
nitrophenyl chloroformate (TMB-THME-NC)

To a solution of TMB-THME (2.31 g, 7.8 mmol) in CH2Cl2 (70 mL) were added
NEt3 (2.36 g, 23.4 mmol), pyridine (0.60 g, 7.8 mmol) and 4-nitrophenyl chlor-
oformate (1.565 g, 9.13 mmol). The reaction was allowed to proceed at room
temperature (r.t.) for overnight before adding 300 mL of Et2O (to precipitate
HCl,NEt3 salt). The solution after filtration was precipitated in cold hexane, filtered
and dried in vacuo for 2 d. Yield: 60%. 1H NMR (400MHz, CDCl3): d 8.30 (d, 2H), d 7.42
(d, 2H), d 6.10 (s, 2H), d 6.00 (s, 1H), d 4.77 (s, 2H), d 4.05 (d, 2H), d 3.83 (s, 6H), d 3.79
(s, 3H), d 3.68 (d, 2H), d 0.90 (s, 3H).

2.3. Synthesis of PEI-g-(TMB-THME)n

10 kDa branched PEI (0.917 g, 0.092 mmol) was dissolved in 4 mL of CH2Cl2. A
solution of TMB-THME-NC (0.497 g,1.1mmol) in 2mL of CH2Cl2 was added dropwise
at r.t. The reaction was allowed to proceed for 24 h. The product was isolated by
precipitation in cold diethyl ether for three times, dialysis against water to remove p-
nitrophenol, and freeze-drying. Yield: 73%, 1H NMR (400 MHz, CDCl3) for PEI-g-
(TMB-THME)9: d 6.07 (s, 2H), d 5.93 (s, 1H), d 4.50 (s, 2H), d 3.97 (s, 2H), d 3.81 (s, 6H),
d 3.75 (s, 3H), d 3.57 (s, 2H), d 0.74 (s, 3H) d 3.00e2.50 (PEI). PEI-g-(TMB-THME)n
derivatives with average 5, 9, and 14 TMB-THME substituents per PEI molecule were
obtained by varying mole feed ratios of TMB-THME to PEI from 9, 12 to 17.

2.4. Characterization

1H NMR spectra were recorded on a Varian Inova 400 MHz spectrometer using
CDCl3 as a solvent. The degree of substitution was determined by the 1H NMR. The
buffer capacity of PEI-g-(TMB-THME)n was determined by acid-base titration assay
over a pH range of 10.0e2.0. In brief, PEI-g-(TMB-THME)n (0.1 mmol N) was dis-
solved in 5 mL of 150 mM NaCl aqueous solution. The pH of the polymer solution
was brought to 10.0 and the solution was titrated with 0.1 M HCl using a pH meter
(DELTA 320). For comparison,10 kDa PEI and 25 kDa PEI was also titrated in the same
way. The buffering capacity defined as the percentage of amine groups becoming
protonated from pH 7.4 to 5.1, was calculated from equation:

Buffer capacityð%Þ ¼ 100ðDVHCl � 0:1MÞ=N mol

where DVHCl, is the volume of HCl solution (0.1 M) required to bring the pH value of
the polymer solution from 7.4 to 5.1, and N mol (0.1 mmol) is the total moles of
protonable amine groups in the polymer.

2.5. Particle size and zeta-potential measurements

The polyplexes were prepared at varying N/P ratios from 10/1, 20/1 to 40/1 by
adding a HEPES buffer solution (20 mM, pH 7.4) of polymer (600 mL, varying
concentrations) to a HEPES buffer solution (20 mM, pH 7.4) of plasmid DNA (150 mL,
37.5 mg/mL), followed by vortexing for 5 s and incubating at r.t. for 30 min. The
surface charge and the size of polyplexes were measured at 25 �C with a Zetasizer
Nano ZS instrument (Malvern) equipped with a standard capillary electrophoresis
cell and dynamic light scattering (DLS, 10 mW HeeNe laser, 633 nm wavelength),
respectively. The measurements were performed in triplicate.

2.6. Gel electrophoresis assay

The polyplexes were prepared as above at varying N/P ratios from 1/1 to 8/1.
Electrophoresis was carried out on 0.8% agarose gel with a current of 110 V for
40 min in TAE buffer solution (40 mM TriseHCl, 1 v. % acetic acid, and 1 mM EDTA).
The retardation of the complexes was visualized by staining with ethidium bromide.

2.7. Determination of the pH-dependent hydrolysis rate of acetals in the polyplexes

The acetal hydrolysis was determined by UV/Vis spectroscopy by measuring the
absorbance at 290 nm according to the previous reports by Fréchet and coworkers
[40,41]. The polyplex suspension prepared as above-mentioned was divided into
four aliquots and adjusted to pH 4.0, 5.0, 6.0 and 7.4, respectively, by adding 22.5 mL
of 4.0 M pH 4.0, 5.0, 6.0 acetate buffer or 7.4 phosphate buffer, while keeping the salt
concentration the same. At desired time points, 80 mL aliquot was removed and
diluted with 3.5 mL of phosphate buffer (0.1 M, pH 7.4) and the absorbance at
290 nm was measured. In the end, all the samples were completely hydrolyzed by
adding two drops of concentrated HCl and were measured again to determine the
absorbance at 100% hydrolysis, which was used to calculate extent of acetal
hydrolysis.

2.8. Acid-triggered unpacking of PEI-g-(TMB-THME)n polyplexes

The polyplex suspension prepared at an N/P ratio of 10/1 as above-mentioned
was divided into two aliquots. One sample was adjusted to pH 5.0 by adding
4.0M pH 5.0 acetate buffer while the other sample was added with the same volume
of 4.0 M 7.4 phosphate buffer, to keep the same ionic strength. At different time
intervals, the samples incubated at pH 5.0 were adjusted back to pH 7.4 with 4 M pH
7.4 phosphate buffer, and then polyplex sizes and zeta potentials were measured.
The samples incubated at pH 7.4 were also added with equal volume of 4 M pH 7.4
phosphate buffer before measurement.

Acid-triggered DNA release from polyplexes of PEI-g-(TMB-THME)n was also
studied by agarose gel electrophoresis. The polyplexes of PEI-g-(TMB-THME)14 at an
N/P ratio of 10/1 were prepared as above-mentioned. The solution pH was adjusted
to pH 5.0 using 4.0 M pH 5.0 acetate buffer. For the control sample at pH 7.4, same
volume of 4 M pH 7.4 PB buffer was added. After 4.5 h, 2 mL of DSS (DSS/DNA charge
ratio¼ 40/1) was added and incubated for additional 0.5 h before gel electrophoresis
assay.

2.9. MTT assays

The cytotoxicity of PEI-g-(TMB-THME)n conjugates was evaluated in HeLa, 293T,
and HepG2 cells by MTT assays. In brief, HeLa, 293T, and HepG2 cells were seeded in
a 96-well tissue culture plate at 6000 cells/well in 100 mL DMEMmedium containing
10% FBS for 1 d. PEI-g-(TMB-THME)n solutions were added to give varying polymer
concentrations and the cells were cultured for additional 2 d. The medium was
replaced with 100 mL of fresh medium containing 100 mg MTT and cells were further
incubated for 4 h at 37 �C. The mediumwas aspirated, the MTT-formazan generated
by live cells was dissolved in 150 mL of DMSO, and the absorbance at a wavelength of
570 nm of each well was measured using a microplate reader. The relative cell
viability (%) was determined by comparing the absorbance at 570 nm with control
wells containing only cell culture medium. Data are presented as average � SD
(n ¼ 3).

The cytotoxicity of PEI-g-(TMB-THME)n polyplexes prepared at N/P ratios of 10/1
and 20/1 was also evaluated in HeLa, 293T, and HepG2 cells by MTT assays. To
facilitate comparison, the experiment was performed using the same protocol as
transfection studies. In brief, HeLa, 293T, and HepG2 cells were seeded in a 96-well
tissue culture plate at 6000 cells/well in 100 mL DMEM medium containing 10% FBS
for 1 d. PEI-g-(TMB-THME)n polyplex dispersions were added and the cells were
cultured for 4 h at 37 �C. Next, the polyplexes were removed, 200 mL of fresh culture
medium containing 10% serum was added, and the cells were cultured for 2 d. The
mediumwas replaced with 100 mL of freshmedium containing 100 mg MTT and cells
were further incubated for 4 h at 37 �C. The relative cell viability (%) was determined
as described above.
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2.10. In vitro gene transfection

Transfection experiments were performed in HeLa, 293T, HepG2 and KB cells
using the plasmid pGL3 as a reporter gene. Transfections were conducted using
polyplexes formed at N/P ratios of 10/1 and 20/1. The cells were plated in 24-well
plates (cell density 6 � 104 cells/well) and maintained in DMEM supplemented
with 10% FBS at 37 �C in a humidified atmosphere containing 5% CO2 for 1 d. In
a standard transfection experiment, the cells were rinsed with PBS and incubated
with 100 mL of polyplex dispersion (1 mg of plasmid DNA per well) and 400 mL of
culture medium with or without 10% serum for 4 h at 37 �C. Next, the polyplexes
were removed, 500 mL of fresh culture medium containing 10% serum was added,
and the cells were cultured for 2 d. Luciferase quantification was done using
a commercial luciferase assay kit (R-Protagen Co., Ltd) and TD-20/20 Luminometer
(Promega, USA). Transfection efficiency was expressed as relative light unit (RLU)
per mg of protein. 25 kDa PEI/DNA formulation prepared at an optimal N/P ratio of
10/1 was used as a reference. All the experiments were carried out in triplicate.

2.11. Intracellular DNA release studies with confocal laser scanning microscope
(CLSM)

The cellular uptake and intracellular DNA release behaviors of PEI-g-(TMB-
THME)14 polyplexes at an N/P ratio of 10/1 were studied in HeLa cells with CLSM
using Cy5-labeled DNA. The polyplexes of 10 kDa PEI and 25 kDa PEI at an N/P ratio
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of 10/1 were used as controls. In brief, HeLa cells were plated on coverslips in 24-
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d5.98characteristic of acetal protonandan intensity ratioof signals at
d 6.09 (benzyl protons of TMB), 5.98 and 0.69 (methyl protons of
THME) close to 2:1:3 (Fig. S1), corroborating equivalent coupling of
TMB and THME. TMB-THME was then activated with 4-nitrophenyl
chloroformate (p-NC) to give TMB-THME 4-nitrophenylcarbonate
(TMB-THME-NC). 1H NMR revealed that the methylene protons at
d 3.54 neighboring to the hydroxyl group vanished while new peaks
appeared at d 4.77 (attributable to the methylene protons next to
carbonate) and d 8.30e8.28 and 7.41e7.39 (assignable to nitrophenyl
protons) (Fig. 1A). FT-IR spectrum of TMB-THME-NC showed
absorptions characteristic of carbonate at 1760 cm�1 and nitro group
at 1590 and 1330 cm�1 (Fig. S2). Finally, treatment of 10 kDa PEI with
TMB-THME-NC brought about trimethoxybenzylidene acetal-
modified PEI, denoted as PEI-g-(TMB-THME)n wherein n represents
averagenumberof TMB-THMEhydrophobeperPEImolecule.1HNMR
displayed that besides a broad peak of PEI at d 2.50e3.00 signals
attributable toTMB-THMEmoieties (d 4.50)were also detected,while
peaks characteristic of nitrophenyl protons disappeared completely
(Fig. 1B). The intensity ratio of benzyl protons of TMB, acetal proton,
and methyl protons of THME remained to be 2:1:3, indicating that
acetals were intact. The average number of TMB-THME hydrophobe
per PEI molecule (n) could be determined by comparing the integrals
of signals at d 2.50e3.00 and d 4.50. PEI-g-(TMB-THME)n conjugates
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Fig. 1. 1H NMR spectra (400 MHz, CDCl3) of TMB-THME-NC (A) and PEI-g-(TMB-
THME)9 (Table 1, Entry 2) (B).
with n ¼ 5, 9 and 14 were obtained at TMB-THME-NC/PEI mole feed
ratios of 9/1, 12/1 and 17/1, respectively (Table 1). FT-IR analysis dis-
played a peak at 1700 cm�1 due to urethane groupwhile absorptions
characteristic of carbonate and nitro groups disappeared (Fig. S2),
supporting successful synthesis of PEI-g-(TMB-THME)n conjugates.
All three PEI-g-(TMB-THME)n conjugates were well soluble in HEPES
buffer (pH 7.4, 20 mM) at a tested concentration of 1 mg/mL. Acid-
base titration showed that PEI-g-(TMB-THME)n had similar buffer
capacity as compared to the parent 10 kDa PEI (Fig. S3 and Table 1).
This is likely because TMB-THME is conjugated to PEImainly through
the primary amino groups as a result of their higher reactivity relative
to secondary amino groups. The buffer capacity of PEI is, however,
mostly determined by its secondary and tertiary amino groups.

3.2. Formation of DNA polyplexes

The plasmid DNA condensation abilities of PEI- g-(TMB-THME)n
conjugates were studied using gel electrophoresis, dynamic light
scattering (DLS) and zeta potential measurements. Gel retardation
assays revealed that all PEI-g-(TMB-THME)n conjugates, along with
10 kDa PEI, were able to completely inhibit DNAmigration at an N/P
ratio of 5/1 (Fig. 2). DLS results showed that these PEI-g-(TMB-
THME)n derivatives condensed DNA into nano-sized particles
(89e160 nm) when N/P � 10/1, with polydispersities (PDI) ranging
from 0.20 to 0.27 (Fig. 3A). The sizes of PEI-g-(TMB-THME)n
complexes decreased with increasing N/P ratios from 5/1 to 40/1.
Notably, PEI-g-(TMB-THME)n conjugates afforded in general
smaller particles than 10 kDa PEI at the same N/P ratios (e.g.
101e124 nm versus 162 nm at an N/P ratio of 20/1). The sizes of
polyplexes, however, increased with increasing grafting extents of
TMB-THME (Fig. 3A). This might be due to that TMB-THME modi-
fication of PEI on one hand enhances PEIePEI and/or PEI-DNA
assembly via hydrophobic interactions and on the other hand
decreases PEI-DNA ionic interactions as a result of depleted primary
amines in PEI and/or increases steric hindrance owing to bulky and
rigid nature of TMB-THME. Most likely, at low degree of TMB-THME
modification (n ¼ 5), increase of hydrophobic interactions domi-
nates steric hindrance and decrease of charge interactions, thereby
giving rise to significantly smaller polyplexes as compared to the
parent 10 kDa PEI. However, at higher levels of TMB-THME modi-
fication, steric hindrance and decrease of charge interactions
becomes more pronounced. Interestingly, PEI-g-(TMB-THME)n
polyplexes showed also better colloidal stability under 10% serum
conditions than the unmodified 10 kDa PEI control (Fig. S4).

Notably, zeta potential measurements revealed that polyplexes
of PEI-g-(TMB-THME)n had higher positive charges as compared to
those of the parent 10 kDa PEI (Fig. 3B). For example, surface
charges of þ21.5 mV and þ27.9e32.8 mV were observed for poly-
plexes of 10 kDa PEI and PEI-g-(TMB-THME)n formed at an N/P ratio
of 20/1, respectively. The surface charges of PEI-g-(TMB-THME)n
polyplexes increased with increasing N/P ratios from 5/1 to 40/1
Table 1
Characteristics of acid-degradable PEI-g-(TMB-THME)n conjugates.

Entry PEI conjugates NTMB-THME
a

(design)
NTMB-THME

b

(1H NMR)
buffer capacityc

(%)

1 PEI-g-(TMB-THME)5 9 5 13.9
2 PEI-g-(TMB-THME)9 12 9 13.7
3 PEI-g-(TMB-THME)14 17 14 13.0
4 10 kDa PEI e e 13.5
5 25 kDa PEI e e 13.9

a Designed number of TMB-THME moieties per PEI molecule.
b Average number of TMB-THME moieties per PEI molecule determined by

1H NMR.
c Determined by acid-base titration.



Fig. 2. Agarose gel electrophoresis of polymer/DNA complexes prepared at different N/P ratios ranging from 1/1 to 8/1. (A) 10 kDa PEI; (B) PEI-g-(TMB-THME)5; (C) PEI-g-(TMB-
THME)9; and (D) PEI-g-(TMB-THME)14.
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and grafting extents of TMB-THME (Fig. 3B). The fact that PEI-g-
(TMB-THME)n could condense DNA into particles with considerably
smaller sizes and higher surface charges as compared to the parent
10 kDa PEI is significant, as effective DNA condensation is a primary
requirement for efficient transfection. The better DNA condensa-
tion ability of PEI-g-(TMB-THME)n over unmodified PEI is likely due
to its largely increased surface charge density resulting from
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Fig. 3. Average particle size and polydispersity (PDI) (A) and zeta potential (B) of PEI-g-
(TMB-THME)n/DNA polyplexes prepared at different N/P ratios ranging from 5/1 to 40/
1 in HEPES buffer (20 mM, pH 7.4).
micellization. We reported recently that cationic micelles based on
low molecular weight PDMAEMA-PCL-PDMAEMA triblock copoly-
mers are able to complex even with siRNA [44].
3.3. Acid-triggered acetal degradation and Unpacking of polyplexes

The hydrolysis of the acetals in PEI-g-(TMB-THME)9/DNA
complexes prepared at an N/P ratio of 10/1 was investigated at
different pH values (i.e. pH 7.4, 6.0, 5.0 and 4.0). The extent of acetal
hydrolysis was conveniently determined using UV/vis spectroscopy
by monitoring the absorbance at 290 nm, which is the character-
istic absorbance of the hydrolysis product, 2,4,6-
trimethoxybenzaldehyde [40,41]. The results showed that the
hydrolysis rate of the acetals of PEI-g-(TMB-THME)9 polyplexes was
highly pH dependent (Fig. 4). While negligible hydrolysis was
observed after 24 h at pH 7.4 (<12%), rapid hydrolysis took place at
pH 4.0, 5.0 and 6.0, with corresponding half lives of 1.3, 2.8 and 11 h.
Within 5 h, approximately 96%, 75%, 33%, and 10% of acetals were
hydrolyzed at pH 4.0, 5.0, 6.0 and 7.4, respectively. Interestingly,
similar acetals in micelles and polymersomes were shown to
degrade much slower at mildly acidic pH of 5.0 and 6.0 [42,43]. The
greater pH-sensitivity of the acetals in the PEI-g-(TMB-THME)n
polyplexes is most likely due to their easy access of acids.

In the following, we investigated the influence of acetal degra-
dation on DNA release from PEI-g-(TMB-THME)n polyplexes. Gel
electrophoresis assays showed that polyplexes of PEI-g-(TMB-
THME)n prepared at an N/P ratio of 10/1 following 5 h incubation at
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Fig. 4. pH-Dependent hydrolysis of acetals in PEI-g-(TMB-THME)9/DNA complexes
(N/P ratio ¼ 10/1).



Fig. 5. Agarose gel electrophoresis of PEI-g-(TMB-THME)n/DNA complexes (N/P
ratio ¼ 10/1) following 5 h incubation at pH 7.4 and 5.0. Lane 1: free DNA; Lane 2:
10 kDa PEI; Lane 3: PEI-g-(TMB-THME)5; Lane 4: PEI-g-(TMB-THME)9; Lane 5: PEI-g-
(TMB-THME)14. Lanes 2e5 were added with negatively charged DSS at a sodium
sulfate/DNA phosphate ratio of 40/1.
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pH 7.4 were stable against exchange with 40-fold excess of nega-
tively charged dextran sodium sulfate (DSS) relative to DNA phos-
phate groups, demonstrating high stability of PEI-g-(TMB-THME)n
polyplexes at neutral pH (Fig. 5). In contrast, release of DNA was
detected for 10 kDa PEI control under otherwise the same condi-
tions, which further confirms that hydrophobic modification of
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THME)9/DNA polyplexes (N/P ratio ¼ 10/1) over incubation time at pH 5.0 and 7.4.
10 kDa PEI results in more stable DNA complexes. Interestingly,
release of DNA was observed for all three PEI-g-(TMB-THME)n
polyplexes following 5 h incubation at pH 5.0 under otherwise the
same conditions (Fig. 5), supporting our hypothesis that reversal of
hydrophobic modification at mildly acidic pH would facilitate DNA
release.

The change in particle sizes and surface charges of PEI-g-(TMB-
THME)9 polyplexes prepared at an N/P ratio of 10/1 following
incubation at pH 5.0 and 7.4 was monitored in time by DLS and zeta
potential measurements. Notably, the sizes of polyplexes increased
from ca.130 nm to over 800 nm after 3 h incubation at pH 5.0, while
only slight increase of particle sizes was observed for polyplexes
incubated at pH 7.4 (Fig. 6A). Accordingly, PEI-g-(TMB-THME)9
polyplexes showed significant increase of PDI (>0.7) following 8 h
incubation at pH 5.0 (Fig. 6B). In linewith particle size changes, zeta
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concentrations corresponding to N/P ratios of 10/1 and 20/1 in the transfection
experiments; and (B) PEI-g-(TMB-THME)n polyplexes formed at N/P ratios of 10/1 and
20/1.
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potential measurements revealed that PEI-g-(TMB-THME)9 poly-
plexes turned into negative charges after 3 h incubation at pH 5.0
and decreased to over �20 mV after 6 h (Fig. 6B). In comparison,
little change of zeta potentials was observed at pH 7.4 even after 8 h
incubation. It is evident from these results that TMB-THME modi-
fied 10 kDa PEI forms smart DNA complexes that are stable at pH 7.4
but are rapidly dissociated to release DNA under a mildly acidic
conditionmimicking that of endosomes due to hydrolysis of acetals
with reversal of hydrophobilization.

3.4. Cytotoxicity and in vitro gene transfection

The cytotoxicity of PEI-g-(TMB-THME)n conjugates as well as
PEI-g-(TMB-THME)n polyplexes was investigated in 293T, HeLa and
HepG2 cells by MTT assays. Notably, all three PEI-g-(TMB-THME)n
derivatives, along with 10 kDa PEI, exhibited low cytotoxicities to
293T, HeLa and HepG2 cells (cell viability > 80%) at polymer
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concentrations corresponding to N/P ratios of 10/1 and 20/1 applied
in the following transfection experiments (Fig. 7A). Moreover, low
cytotoxicities (cell viability > 85%) were also observed for PEI-g-
(TMB-THME)n polyplexes formed at N/P ratios of 10/1 and 20/1
(Fig. 7B).

The in vitro transfection activity of PEI-g-(TMB-THME)n was
evaluated in HeLa, 293T, HepG2 and KB cells using pGL3 as
a reporter gene at N/P ratios of 10/1 and 20/1. Interestingly, poly-
plexes of all three reversibly hydrophobilized PEIs showed mark-
edly enhanced transfection efficiencies in HeLa cells as compared to
those of the parent 10 kDa PEI in serum-free medium (Fig. 8A). For
example, polyplexes of PEI-g-(TMB-THME)5, PEI-g-(TMB-THME)9,
and PEI-g-(TMB-THME)14 formed at an N/P ratio of 20/1 mediated
135-fold, 104-fold and 235-fold higher levels of gene expression as
compared to those of 10 kDa PEI, respectively, which were
approximately 3-fold, 2.5-fold and 7-fold higher than 25 kDa PEI
formulation at its optimal N/P ratio under otherwise the same
conditions (Fig. 8A). Under 10% serum conditions, PEI-g-(TMB-
THME)14/DNA complexes at an N/P ratio of 10/1 displayed 175-fold
enhancement of gene transfection efficiency relative to 10 kDa PEI
formulation, which exceeded 16 times that of 25 kDa PEI (Fig. 8B). It
should be noted that this remarkable enhancement of transfection
activity of PEI is unprecedented. Klibanov reported significant
improvement of transfection activity of 2 kDa PEI via dodecylation
to a level of 5-fold that of 25 kDa PEI [31]. While, most other studies
showed that modification of low molecular weight PEIs affords
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transfection efficiency slightly higher than or comparable to that of
25 kDa PEI [28,30,32].

The transfection activity of cationic polymers is often dependent
on their molecular structure, transfection medium and cell line.
Fig. 9 shows the normalized transfection efficiencies of PEI-g-(TMB-
THME)n polyplexes in four different cell lines. Notably, high trans-
fection efficiencies were also observed in 293T, HepG2 and KB cells.
For example, PEI-g-(TMB-THME)5 and PEI-g-(TMB-THME)9 medi-
ated approximately 4.5 and 6 times higher levels of gene expression
than 25 kDa PEI, respectively, in 293T cells in the absence of serum.
PEI-g-(TMB-THME)14 afforded 8-fold higher transfection in KB cells
in the absence of serum and 12-fold higher transfection in HepG2
cells in the presence of 10% serum than corresponding 25 kDa PEI
controls. Despite its slightly lower buffer capacity, PEI-g-(TMB-
THME)14 demonstrated the best transfection activity in HeLa,
Fig. 10. CLSM images of HeLa cells transfected with Cy5-labeled pDNA polyplexes of PEI-g-
10 kDa PEI and 25 kDa PEI polyplexes at an N/P ratio of 10/1 were used as controls. Cells were
left to right show Cy5-labeled pDNA (red), cell nuclei stained by Hoechst 33342 (blue), and
4 h; (B) PEI-g-(TMB-THME)9 polyplexes, 8 h; (C) 10 kDa PEI polyplexes, 8 h; (D) 25 kDa PEI
reader is referred to the web version of this article.)
HepG2 and KB cells, confirming the delicate effects of hydrophobic
modification (from DNA condensation, cellular uptake, to DNA
release inside cells) on gene transfection.

In the following, the cellular uptake and intracellular DNA
release behaviors of PEI-g-(TMB-THME)14 polyplexes formed at an
N/P ratio of 10/1 were studied in HeLa cells with CLSM using Cy5-
labeled DNA (Fig. 10). The nuclei were stained with Hoechst 33342
(blue). Interestingly, considerable amount of DNA (red) has been
delivered to the perinuclear region of HeLa cells following 4 h
transfection with polyplexes of PEI-g-(TMB-THME)14 (Fig. 10A).
Much more DNA was observed inside cells when increasing
transfection time to 8 h (Fig. 10B). It is important to note that
significant amount of DNA was colocalized within the nuclei of
HeLa cells (Fig. 10B), supporting efficient DNA delivery to the cell
nuclei. In comparison, negligible DNA was observed in HeLa cells
(TMB-THME)14 at an N/P ratio of 10/1 in the presence of 10% serum (1 mg DNA/well).
incubated with Cy5-labeled pDNA polyplexes for 4 or 8 h. For each panel, images from
overlays of two images. The bar represents 20 mm (A) PEI-g-(TMB-THME)9 polyplexes,
polyplexes, 8 h. (For interpretation of the references to colour in this figure legend, the
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following 8 h transfection with the unmodified 10 kDa PEI poly-
plexes (Fig. 10C). The cells transfected with 25 kDa PEI control
showed stronger DNA fluorescence than those with 10 kDa PEI, but
far less DNA fluorescence as compared to PEI-g-(TMB-THME)14
polyplexes (Fig. 10D). These results confirm that PEI-g-(TMB-
THME)14 mediates superior intracellular DNA delivery to 25 kDa
PEI.

The markedly enhanced transfection activity of PEI-g-(TMB-
THME)n conjugates is most likely because they have uniquely
satisfied two contradictory requirements, i.e. adequate DNA
protection in the extracellular conditions and efficient release of
DNA under the intracellular environments. The balance of DNA
protection and release has been a long challenge for non-viral gene
transfection [6,34]. Lack of an active DNA release mechanism inside
cells is one of the major barriers accounted for the low transfection
efficiencies of many current systems [2,12,45]. The reversible
hydrophobilization has appeared to be an appealing approach to
elegantly resolve the stability dilemma of polymeric gene delivery
systems. Furthermore, it should be noted that reversal of hydro-
phobic modification in endosomes also yields hydrophilically
modified PEIs with reduced cytotoxicity.

4. Conclusions

We have demonstrated that reversible hydrophobic modifica-
tion of 10 kDa PEI results in highly potent yet nontoxic gene transfer
vectors. The reversible hydrophobilization has elegantly resolved
the stability dilemma of cationic polymer-based gene delivery
systems in that hydrophobic modification enhances polyplex
stability in extracellular environments while reversal of hydro-
phobic modification in endosomes via acid-triggered acetal
degradation causes rapid de-stabilization of polyplexes to actively
release DNA inside cells. Lack of active DNA release mechanism in
cells is a general barrier for efficient non-viral gene transfection.
Moreover, reversal of hydrophobic modification inside cells leads to
also reduced cytotoxicity. It should further be noted that this
hydrophobic modification approach is straightforward and yields
PEI-based vectors with well-defined structures and controlled
extents of TMB-THME substitution. These reversibly hydro-
phobilized PEI vectors are highly promising for safe and efficient
non-viral gene transfection.
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