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There currently exists a significant gap in our understanding of how the detailed chemical characteristics
of polycation gene carriers influence their delivery performances in overcoming an important cellular-
level transport barrier, i.e., intranuclear gene transcription. In this study, a UV-degradable gene carrier
material (ENE4-1) was synthesized by crosslinking low molecular weight branched polyethylenimine
(bPEI-2k) molecules using UV-cleavable o-nitrobenzyl urethane (NBU) as the linker molecule. NBU de-
grades upon exposure to mild UV irradiation. Therefore, this UV-degradable carrier allows us to control
the chemical characteristics of the polymer/DNA complex (polyplex) particles at desired locations within
the intracellular environment. By using this photolytic DNA carrier, we found that the exact timing of the
UV degradation significantly influences the gene transfection efficiencies of ENE4-1/DNA(pGL2) poly-
plexes in HeLa cells. Interestingly, even if the polyplexes were UV-degraded at different intracellular
locations/times, their nuclear entry efficiency was not influenced by the location/timing of UV degra-
dation. The UV treatment did not influence the size or binding strength of the polyplexes. However, we
confirmed that the degradation of the carrier molecules impacts the chemical characteristics of the
polyplexes (it produces carbamic acid and nitrosobenzyl aldehyde groups on ENE4-1). We believe that
these anionic acid groups enhance the interaction of the polyplexes with nuclear transcription proteins
and thus the final gene expression levels; this effect was found to occur, even though UV irradiation itself
has a general effect of reducing transfection efficiencies. Excess (uncomplexed) ENE4-1 polymers appear
to not play any role in the UV-enhanced gene transcription phenomenon.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction In particular, an important gap exists in the lack of a discussion

and explanation of seemingly inconsistent data regarding the exact

Polymer-based gene carriers, though promising as safer alter-
natives to viral gene carriers, have yet been limited in large part due
to their poor transfection performance. Future design and devel-
opment of better polycation gene carriers will be greatly facilitated
by an improved understanding of the relationship between the
polycation chemistry and performance mechanism. Prior studies
over the years have revealed many useful information along these
lines. However, the current state of knowledge in this area is still
tentative and insufficient to serve the purpose [1,2].
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optimal timing and location of DNA release from polycation/DNA
complexes (polyplexes) during the post-internalization (i.e., post-
endocytosis) intracellular trafficking pathway [2]. It was originally
the objective of the present study to establish the correlations be-
tween various molecular parameters of polyplexes (such as poly-
plex size and compactness) and their performances in the above-
mentioned delivery aspects (post-endosomal trafficking, and
timely release of DNA) and ultimately in the expression of the
delivered gene. Specifically, we sought to answer the following
question: What is exactly the role that a polycation plays in pro-
moting the nuclear import of DNA? In order to address this prob-
lem, we developed a UV-degradable DNA carrier. We thought that
by using this photolytic DNA carrier it would be possible to control
the precise location of the (partial or complete) disintegration of
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Fig. 1. (Upper) Synthesis route for the preparation of a UV-degradable crosslinked polyethylenimine (PEI) material (named “ENE4-1"). Low molecular weight branched PEI (bPEI-
2Kk) polymers were crosslinked with a UV-cleavable o-nitrobenzyl urethane (NBU) spacer. (Middle) 'H NMR spectra of the bPEI-2k precursor and the PEI-NBU-PEI product in D,0. In
the synthesis of the ENE4-1 material, bPEI-2k was reacted with NBU in a 2:1 stoichiometric molar ratio. As the bottom right cartoon describes, the random nature of the coupling
reaction results in a polydisperse product (rather than a monodisperse product such as shown in bottom left of the figure).

the polycation/DNA polyplex particles within the intracellular
environment; thus, the effects of the location of the photo disso-
ciation (i.e., cytosol, nucleus, or no degradation) on the nuclear
localization and gene expression of the polyplexes could be studied.

Previously, several strategies for controlling the timing and
location of the intracellular DNA release by external stimuli have
been demonstrated by other researchers. Examples of these ap-
proaches include the use of such mechanisms as changes in pH [3],
temperature [4] or redox potential [5—7], and UV [8] or IR [9]
irradiation. In particular, photolytic DNA carriers allow to control
the location/timing of the disintegration of the polyplexes within
the intracellular environment without relying on inherent
biochemical characteristics of intracellular compartments; using
these photo-degradable gene delivery systems, it has been
demonstrated that the intracellular degradation of the carrier
material greatly enhances the delivery performance of DNA [8] (or
siRNA [10]).

In many of these chemically degradable gene delivery systems,
the chemical degradation not only impacts the physical strength of
the polycation/DNA binding, but the chemical characteristics of the
polyplexes too. For instance, the degradation of the UV-cleavable

[8,11] polymers typically produces anionic (acid) groups on poly-
plexes that can alter the interaction of the polyplexes with intra-
cellular proteins (e.g., transcription-related proteins present in the
nucleus) and thus the final gene expressions levels. However, this
aspect of the intracellular carrier degradation has not been inves-
tigated. In this regard, one remarkable recent finding is that when
an anionic component (such as hyaluronic acid [12], heparin [13],
poly(aspartic acid) [13], poly(y-glutamic acid) [14], carboxylic acid
pendant groups [15] or oligonucleotides [16]) is incorporated into
the DNA/polycation complex, the transfection efficiency is
increased by multiple orders of magnitude. A common explanation
for this phenomenon has been that the anionic additive facilitates
efficient release of DNA in the cell’s nucleus and thus the gene
transcription process, by loosening the binding between the poly-
cation and DNA. However, the isolated effects of carrier’s anionic
groups on the individual steps of the intracellular trafficking pro-
cesses (i.e., endosome escape, nuclear entry, and interaction/bind-
ing with transcription-related proteins) have not been determined.

In the present study, we developed a polyethylenimine(PEI)-
based DNA carrier that is degradable upon exposure to mild UV
irradiation (Fig. 1). This polycation carrier contains UV-cleavable o-
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nitrobenzyl urethane (NBU) linkages; upon exposure to UV, the
NBU groups degrade and produce carbamic acid groups. This
photolytic DNA carrier allows us to control the location of the
generation of negative acid groups on the DNA polyplex nano-
particles. We studied the effects of the UV degradation on the
strength/state of the binding between DNA and the polymer, and
the nuclear entry efficiency, the charge characteristics and the gene
expression levels of the polyplexes. We also examined how the
exact timing of the UV degradation of the carrier influences its gene
transfection efficiency.

2. Experimental procedures
2.1. Synthesis and characterization of a UV-degradable gene carrier

A UV-degradable DNA carrier material (named “ENE4-1") was prepared by
crosslinking low molecular weight branched polyethylenimine (bPEI-2k, molecular
weight = 1.8 kDa, purchased from Polysciences, Inc.) with a UV-degradable o-
nitrobenzyl urethane (NBU) linker (Fig. 1). Following the literature procedure [17]
(with necessary modifications), the NBU compound was first obtained by reacting
2-nitro-1,3-benzenedimethanol (NBDM, synthesized in our laboratory using the
reported procedure [18]) with two molar excess of tolylene 2,4-diisocyanate (TDI,
purity > 95%, Sigma—Aldrich) in anhydrous dimethylformamide (DMF, purity 99.8%,
Sigma—Aldrich). Briefly, NBDM (110 mg, 0.60 mmol) was charged into a flask, and
dissolved in anhydrous DMF (10 ml) under slight heating at 60 °C for 1 h. The flask
was then cooled down to 0 °C in ice bath, and kept under protection from light using
aluminum foil. In a separate flask, TDI (209 mg, 1.20 mmol) was diluted with
anhydrous DMF (10 ml). This TDI solution was then cooled down to 0 °C, and quickly
added to the flask containing the NBDM solution under vigorous stirring under
argon atmosphere. The reaction mixture was slowly heated to 60 °C over 1 h, and the
reaction was allowed to continue at that temperature for 24 h. Afterwards, bPEI-2k
(1.08 g, 0.6 mmol) dissolved in anhydrous DMF (50 ml) was added in one portion to
the reaction mixture under vigorous stirring to initiate the crosslinking reaction. The
crosslinking reaction was allowed to proceed at 80 °C for 24 h. After the reaction, the
product was concentrated using a rotary evaporator, and the resulting dense solu-
tion (~1 ml) of the crossliked polymer product was added dropwise into 100 ml
diethyl ether for precipitation. The precipitate was collected by filtration through
filter paper, and the collected crosslinked PEI product (yellowish powder) was
further dried under vacuum at 100 °C overnight (1.20 g, yield 86%). 'H NMR char-
acterization of this polymer product (ENE4-1) in D,O was performed using a Bruker
ARX 300 spectrometer (300 MHz).

2.2. UV degradation of ENE4-1

'H NMR and UV-visible (UV-VIS) light absorption spectra measurements were
performed to confirm the degradation of ENE4-1 upon exposure to UV radiation. The
NMR sample was prepared by dissolving ENE4-1 in D0 at 10 mg/ml, and the
measurement was conducted using a Bruker ARX 300 spectrometer. For the UV-VIS
measurement, ENE4-1 was dissolved in water at 1 mg/ml, and a Cary 100 Bio UV-VIS
spectrometer (Varian) was used. The ENE4-1 solution was exposed to UV light for
20 min. The UV exposure was performed using a UVP’s B-100AP lamp
(wavelength = 365 nm, power density = 20 mW/cm?) mounted on an illumination
environmental chamber designed in our laboratory for homogeneous illumination
and better heat dissipation via the vent at the bottom (Fig. S1 of the Supplementary
Information (SI)); during the irradiation, air was continuously blown through the
vent to present the heating of the illuminated sample. Unless described otherwise,
all UV exposure experiments were performed using the same procedure. The NMR
and UV-VIS measurements were conducted at 30 min after the UV exposure.

2.3. Preparation, and size and {-potential characterizations of polyplexes

To prepare a polyplex sample at a desired N/P ratio (N/P ratio is defined as the
molar ratio of the polycation’s amine (N) groups relative to the DNA’s phosphate (P)
groups), 800 pl of an appropriately diluted polycation solution (in 10 mM Tris—HCl
buffer, pH 7.5) was added to 400 pl of a pGL2 (Invitrogen) stock solution (50 pg/ml
pGL2 in 10 mM Tris—HCl buffer, pH 7.5); thus, in the final polyplex solution, the pGL2
concentration was always 16.7 pg/ml. Immediately after the mixing of the polycation
and pGL2 solutions, the mixture was homogenized by gentle pipetting for 15 s. The
resulting polyplex solution was allowed to sit quiescently for 30 min at room tem-
perature before characterization. The size and surface charge characteristics of
polyplexes prepared at various N/P ratios were characterized by dynamic light
scattering (DLS) and ¢-potential measurements using a Malvern Zetasizer Nano ZS
instrument.

2.4. Gel electrophoresis (retardation) assay

For gel retardation assays, polyplex samples were prepared in the same way as
above except that the final volume was 30 pl. 30 pl of the polyplex solution (pGL2
16.7 pg/ml) was mixed with 6 pl of the gel loading buffer (2.5 mg/ml bromophenol

blue in a 30:70 (by volume) mixture of glycerol and water), and immediately loaded
into an agarose gel (1.0% (w/v) agarose in Tris-acetate-EDTA (TAE) buffer) containing
0.5 pg/ml ethidium bromide (EtBr). The gel was run for 90 min at 70 V. The gel was
digitally imaged with a PhotoDoc-it UV transillumination system (UVP).

2.5. Polyanion competition assay

10 pl of an appropriately diluted heparin (purified grade, Fisher Scientific) so-
lution (in 10 mM Tris—HCl buffer, pH 7.5) was added to 30 pl of a polyplex solution
containing pGL2 at a concentration 16.7 pg/ml in 10 mM Tris—HCI buffer (pH 7.5);
the final concentration of heparin was in the range of 2—30 IU heparin per pg of
pGL2. The mixture was then homogenized by gentle pipetting for 15 s, and incu-
bated at 25 °C for 30 min prior to the gel electrophoresis analysis. Heparin was
measured international units (IU); one IU of heparin is defined to be the amount
needed to suppress clotting of 1 ml of whole blood for 3 min. Referring to the data
shown in Fig. 10, for both the “no UV” and “UV for 20 min” samples, the heparin
assay was performed at the same time (i.e., at 1 h) after formation of the polyplexes.
ENE4-1 and pGL2 stock solutions were mixed by gentle pipetting for 15 s and then
allowed to sit quiescently for 30 min. A portion of this ENE4-1/pGL2 polyplex so-
lution (the “UV for 20 min” sample) was taken and exposed to UV radiation for
20 min and then kept statically for 10 min prior to the heparin treatment. The other
portion of the polyplex solution (the “no UV” sample) was allowed to sit for the
entire additional 30 min period before the addition of heparin.

2.6. SYBR green assay

100 pl of an appropriately diluted SYBR Green (SYBR Safe, Invitrogen) solution
(in 10 mM Tris—HCl buffer, pH 7.5) was added to 100 pl of a polyplex solution
containing pGL2 at a pGL2 concentration of 16.7 pg/ml in 10 mM Tris—HCI buffer (pH
7.5); the final concentration of SYBR Green was in the range of 0.1-100x SYBR Green
concentration units (no information available in conventional units). After 10 min of
incubation at 25 °C, the fluorescence intensity was measured at 536 nm (excitation
at 495 nm) using a microplate reader (SpectraMax M2, Molecular Devices).

2.7. Cell culture

HelLa cells (purchased from ATCC) were incubated in a humidified atmosphere of
5% CO3 in air at 37 °C in Dulbecco’s modified Eagle’s medium (DMEM, Life Tech-
nologies) containing 25 mM D-glucose supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin.

2.8. Cell viability after UV exposure

The cell viability was measured by the trypan blue assay; dead cells are stained
with trypan blue due to ruptured membranes, and viable cells remain unstained.
Hela cells were seeded in 6-well plates at an initial density of 2 x 10° cells/well with
2 ml complete DMEM medium, and allowed to grow for 24 h before UV exposure.
Prior to the UV treatment, the medium was replaced with fresh complete medium.
The cells were then exposed to UV irradiation for designated durations, and incu-
bated for additional 24 h. The cells were washed with CMF saline, trypsinized, and
suspended in fresh complete medium. 10 pl of the cell suspension was mixed with
10 pl of 0.4% trypan blue solution (HyClone, Fisher Scientific). Immediately after-
wards, the entire 20 pl of cell suspension was loaded into a counting chamber of a
hemocytometer, and allowed to sit for 1 min. The numbers of total and stained cells
were counted. The cell viability was calculated as the percentage of unstained cells.

The cell viability was also measured by the methylthiazol tetrazolium (MTT)
assay; this test measures the reduction of MTT into formazan by mitochondria in
living cells. HeLa cells were seeded and grown using the same procedure as above.
Twenty eight (or sixteen) hours prior to the MTT assay, the cell’s medium was
replaced with serum-free medium, and the cells were exposed to UV irradiation for
20 min at that point. After 4 h of serum deprivation period, the medium was changed
back to complete medium, i.e., at 24 (or 12) hours prior to the MTT assay. Imme-
diately before the MTT assay was to be performed, the medium was once again
replaced with fresh complete medium. 50 pl of the 12 mM MTT stock solution
(Invitrogen) was then added to the cells, and the cells were incubated at 37 °C for
4 h. Afterwards, half of the medium was removed from each well, and 250 pl of
dimethyl sulfoxide (DMSO) was added. The plate was then further incubated at 37 °C
for 10 min for dissolution of the formazan crystals formed by MTT reduction. The
absorbance of the sample was read at a wavelength of 540 nm on a microplate
reader. The cell viability was calculated as the absorbance of the UV-treated cells
normalized by that of non-UV-treated cells.

2.9. In vitro gene transfection assay

Hela cells were seeded in 24-well plates at an initial density of 5 x 10* cells/well
in 0.5 ml complete DMEM medium, and allowed to grow for 24 h. Prior to the
transfection with polyplexes, the medium was replaced with serum-free medium. A
polyplex solution prepared at a designated N/P ratio was diluted using the same
medium, i.e., 10 mM Tris—HCl buffer (pH 7.5), to a final pGL2 concentration of 10 pg/
ml. To each cell well, 50 pl of the diluted polyplex solution was added; the final pGL2
concentration per well was 0.91 pg/ml. After 4 h of polyplex transfection, the
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Fig. 3. Electrophoretic gel migration patterns of (A) ENE4-1/pGL2 and (B) bPEI-2k/
pGL2 polyplexes at various N/P ratios at a fixed concentration of pGL2 (16.7 pg/ml)
in 10 mM Tris—HCl buffer (pH 7.5). In each gel, the uncomplexed pGL2 DNA is shown in
the first lane.
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Fig. 4. Hydrodynamic diameter (red) and {-potential (blue) values of ENE4-1/pGL2
polyplexes in 10 mM Tris—HCI buffer (pH 7.5) at various N/P ratios at a fixed con-
centration of 16.7 pug/ml. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

medium was replaced with complete medium. The cells were incubated for addi-
tional 24 h to allow time for pGL2 expression. Afterwards, the cells were washed
with CMF saline, and lysed with 1x passive lysis buffer (Promega) at room tem-
perature for 30 min under constant shaking. 10 pl of the resulting cell lysate was
mixed with 50 pul of luciferase substrate solution (Promega), and then the lumi-
nescence from this mixture was measured using a luminometer (Lumat LB 9501,
Berthold Technologies) and recorded in relative light units (RLU). This measured
luciferase activity was normalized by the total protein concentration estimated by
the BCA (Pierce Biotechnology). Experiments were performed in four replicates.
Data presented represent the mean and standard deviation of these four indepen-
dent experiments.

2.10. In vitro gene transfection efficiency after exposure to UV light

The procedure was the same as above except that the cells were exposed to UV
light for 20 min at various different times during the 28-h assay period.

2.11. Confocal (laser scanning) microscopy

HelLa cells were seeded on a glass cover slip (Micro Cover Glasses Square No. 1,
22 x 22 mm, Fisher Scientific) at a density of 4 x 10 cells per slip, and were grown
for 24 h. The cells were then transfected with YOYO-1-labeled polyplexes using the
same procedure as describe above. The procedure for the YOYO-1-labeling of pGL2 is
presented in Section S4 of the SI. At various different times after the transfection
with the polyplexes, the cells were stained and immediately fixed (as described
below) for confocal imaging.

The cells were first washed with 1x phosphate buffered saline (PBS) three times,
and incubated with 5 mg/ml of Hoechst 33342 (Molecular Probes) and 5 mM of
LysoTracker Red (Molecular Probes) in complete medium at 37 °C in 5% CO,-air for
20 min; Hoechst 33342 and LysoTracker Red stain the nuclei and late endosomes/
lysosomes of the cells, respectively. After the staining, the cells were washed three
times with 1x PBS, and then fixed with freshly prepared 4% paraformaldehyde in 1 x
PBS for 15 min at room temperature. Afterwards, the fixed cells were mounted on a
glass slide (76 x 25.4 mm, Fisher Scientific) with a drop (~50 pl) of antifade fluo-
rescent mounting medium (VectaShield H-1000, Vector Laboratories). Imaging was
conducted using a Nikon A1R confocal microscope.

Confocal measurements on the UV-treated cells were conducted using the same
general procedure as above. The HeLa cells transfected with YOYO-1-labeled poly-
plexes were exposed to UV light for 20 min at several different times after the
transfection. The UV-exposed cells were further incubated, and stained and fixed at
24 h after the onset of transfection for the imaging measurements at that point.

3. Results and discussion

3.1. Synthesis and characterization of a UV-degradable branched
polyethylenimine (PEI) gene carrier

A UV-degradable gene carrier material (designated as “ENE4-1")
was synthesized by crosslinking low molecular weight branched
polyethylenimine (bPEI-2k) molecules using UV-cleavable o-
nitrobenzyl urethane (NBU, molar mass = 0.5 kDa) as the linker
moiety (Fig. 1). The proton NMR spectra (Fig. 1) confirm that NBU
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(the presence of which is confirmed by the o-nitrobenzyl carba-
mate peak at ¢ = 4.6 ppm) successfully crosslinks bPEI-2k (as
indicated by the appearance of the peak at 6 = 3.1-3.5 ppm).

The water-dispersed ENE4-1 molecules have a size appropriate
for DNA condensation and delivery. The hydrodynamic diameter of
ENE4-1 in water was measured by dynamic light scattering (DLS) to
be about 3 nm (Fig. S8 (A) of the Supplementary Information (SI)),
which is comparable to that of a ~10-kDa crosslinked PEI material
prepared by crosslinking bPEI-2k with dithiobis(succinimidyl pro-
pionate) (DSP, molar mass = 0.4 kDa) [19]; therefore, it is inferred
that the average molecular weight of ENE4-1 is also close to that
value, ~10 kDa. It is known that crosslinked PEI polymers in the
molecular weight range between 5 and 10 kDa are effective in
mediating gene transfer [5,19—21].

A 'H NMR measurement was performed to confirm the UV
degradability of ENE4-1. Fig. 2 displays the NMR spectra obtained
from ENE4-1 in D,0 after a 20-min exposure to UV light
(wavelength = 365 nm, power density = 20 mW/cm?) using a
commercial UV lamp and the UV environmental chamber described
in Fig. S1. As can be seen from the NMR data, the o-nitrobenzyl peak
at 0 = 4.6 ppm decreases in height after the UV exposure. Analysis
of the peak area suggests that about 68 percent of the NBU bonds
have been cleaved after the 20-min UV exposure, which is consis-
tent with the results obtained from a similar experiment performed
by other researchers [22]. The UV degradation was also evidenced
by a change in the UV-visible light absorption spectra for ENE4-1
(Fig. S2).

3.2. DNA (pGL2) condensation behavior of the UV-degradable
polymer (ENE4-1)

The DNA complexation behavior of ENE4-1 was examined at
various N/P ratios by using the gel electrophoresis technique. As
shown in Fig. 3(A), at all N/P ratios greater than or equal to 5 the gel
electrophoretic migration of the pGL2 molecules was seen to be
completely retarded because of the complete complexation of pGL2
with ENE4-1. The ethidium bromide(EtBr)-staining intensity at the
loading position gradually decreased with increasing N/P ratio up
to an N/P value of 10, and this EtBr signal completely disappeared at
higher N/P ratios, which suggests that ENE4-1 is capable of
completely shielding pGL2 from access by EtBr at high N/P condi-
tions. It is suggested in the literature that a crosslinked PEI material
exhibits a poor DNA condensing capability, when the material is too
tightly crosslinked, i.e.,, when the material is crosslinked to the
extent that the crosslinked structure has an insufficient cationic
charge density, or it becomes too stiff, to accommodate the for-
mation of dense DNA condensates [23]. ENE4-1 appears to possess
appropriate charge/stiffness characteristics for DNA condensation
and delivery. The N/P-dependent gel migration patterns of ENE4-1/

pGL2 polyplexes are quite comparable to the gel patterns observed
for bPEI-2k/pGL2 polyplexes (Fig. 3(B)).

The actual size and surface charge characteristics of ENE4-1/
pGL2 polyplexes prepared at various N/P ratios were character-
ized by dynamic light scattering (DLS) and {-potential measure-
ments. As shown in Fig. 4, the mean hydrodynamic diameter of the
ENE4-1/DNA polyplexes decreased with increasing N/P ratio, and
then plateaued at about 75 nm at N/P ratios above 15. At N/P > 15,
the polyplex particles were highly positively charged with their ¢-
potential value exceeding +20 mV. We also confirmed that when
compared at a fixed N/P ratio (i.e., at N/P = 60), ENE4-1 produces
smaller-sized, more compact polyplex particles than bPEI-2k
(Fig. S8(C) and (D)). This result is consistent with the previous
report that bPEI-2k is less efficient at condensing DNA to form small
complexes than higher molecular weight PEI [24].

3.3. ENE4-1-mediated pGL2 transfection in HeLa cells

The gene transfection efficiencies of ENE4-1/pGL2 polyplexes in
Hela cells were measured at various N/P ratios. The cells were
exposed (i.e., “transfected”) to a serum-free medium containing
ENE4-1/pGL2 polyplexes at a pGL2 concentration of 0.91 pg/ml for
4 h (t = 0—4 h). After this process, the cells were fed with the
“complete” medium, and were further incubated for additional
24 h. At t = 28 h, the gene expression levels were measured by the
luciferase assay. For comparison, the same measurements were also
performed with bPEI-2k/pGL2 and IPEI-25k/pGL2 polyplexes. The
results are summarized in Fig. 5.

As shown in the figure, the transfection efficiency of ENE4-1/
pGL2 polyplexes exhibits a maximum at an N/P ratio of around
60. It appears that free/uncomplexed ENE4-1 molecules coexisting
with ENE4-1/pGL2 polyplexes play a significant role in enhancing
the pGL2 expression at high N/P ratio (e.g., N/P = 60), as has been
suggested in the literature [17]. The transfection efficiency of ENE4-
1/pGL2 polyplexes stayed almost constant up to an N/P ratio of
about 160, and then was seen to be reduced at N/P = 320, likely
because of the cytotoxicity of ENE4-1. In the bPEI-2k/pGL2 and IPEI-
25k/pGL2 cases, maximum transfection efficiencies were observed
at N/P ratios of about 320 and 40, respectively. The N/P value that
gives a maximum transfection efficiency appears to inversely
correlate with the molecular weight of the PEI carrier; the molec-
ular weight of ENE4-1 is estimated to be about 10 kDa (Section 3.1).
This result also supports the explanation that the decrease in
transfection efficiency at high N/P ratio is due to the PEI's toxicity to
the cells. We note that typically (for instance, at N/P = 60) ENE4-1 is
about 100-fold more efficient at transfecting pGL2 into HeLa cells
than bPEI-2k, but it is about a factor of ten less efficient than IPEI-
25k. The viability of the HeLa cells after transfection with ENE4-1/
pGL2 polyplexes at N/P = 60 (ENE4-1 =8.87 ug/ml, pGL2 = 0.91 pg/
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Fig. 6. In vitro gene transfection efficiencies of ENE4-1/pGL2 and IPEI-25k/pGL2 pol-
yplexes (pGL2 0.91 pug/ml, N/P = 60) in HeLa cells after 20-min exposure to UV light
(365 nm, 20 mW/cm?) at various time points after treatment with polyplexes. After the
UV exposure at a designated time, the cells were further incubated until the pGL2
expression was measured at t = 28 h after the transfection (t = 0—4 h). The data
represent the mean and standard deviation of four independent experiments. The
dashed horizontal lines represent the transfection efficiencies of the respective poly-
plexes (N/P = 60) obtained without UV exposure.

ml) was measured to be 83.4 + 0.5% (based on the methylthiazol
tetrazolium (MTT) assay).

Based on these data, we chose to proceed with further study of
the effect of the UV degradation of ENE4-1 on its gene transfer
efficiency (as will be discussed in the next section). We would like
to note that the ENE4-1 material was selected for this study out of
more than ten candidate PEI-(P)NBU-PEI (ENE) materials having
different molecular weights, architectures and compositions; the
chemical structures of these other candidate polymers examined
are explained in Fig. S3 of the SI. The detailed molecular and
micellization characteristics, DNA complexation properties, and
in vitro gene transfection efficiencies of these other ENE materials
are also presented in Tables S1—-S3 and Fig. S4. The preliminary
results suggested that the efficiency of crosslinked/micellized PEI
materials as gene carrier depends on such parameters as PEl mo-
lecular weight and architecture, crosslink density, and linker type
and size, as has been reported by other researchers [5,19—21].

3.4. Effect of the UV degradation of ENE4-1 on the pGL2
transfection

We examined the effect of the UV degradation of ENE4-1/pGL2
polyplexes (N/P = 60) on the pGL2 transfection efficiency in HeLa
cells. HeLa cells were first transfected with ENE4-1/pGL2 poly-
plexes in a serum-free medium (pGL2 0.91 pg/ml) for 4 h (t = 0—
4 h). Afterwards, the medium was replaced with the complete
medium, and the cells were further incubated for additional 24 h.
At t = 28 h, the gene expression levels were measured by the
luciferase assay. At various times during the t = 0—28 h period, the
samples were exposed to UV light (365 nm, 20 mW/cm?) for
20 min. The same experiments were also performed on IPEI-25k/
pGL2 polyplexes (N/P = 60) for comparison. The results are pre-
sented in Fig. 6.

As shown in the figure, the gene transfection efficiency of ENE4-
1/pGL2 polyplexes is significantly influenced by the exact timing of
the UV degradation. An exposure of ENE4-1/pGL2 polyplexes to UV
light at a time earlier than t = 5 h caused a dramatic reduction in
the transfection efficiency below that of the non-UV-treated situ-
ation (shown by the dotted red (in the web version) horizontal
line); the premature degradation of ENE4-1 during the “trans-
fection” period (t = 0—4 h) appears to significantly compromise the
cellular internalization of the polyplexes. However, a UV exposure
at t > ~6 h resulted in a significant enhancement in the trans-
fection efficiency; the enhancement for the samples UV-exposed at
t = 22 h amounted to a factor of 3—4. To the contrary, the UV
exposure of (non-UV degradable) IPEI-25k/pGL2 polyplexes did not
produce any enhancement in the gene transfection efficiency
relative to what was observed without UV exposure (marked by the
dotted black horizontal line). With the aid of UV light, ENE4-1
performs almost comparably to IPEI-25k; the difference becomes
within a factor of 2—3.

In order to confirm that in these “transfection under UV” ex-
periments, the UV exposure at different times indeed caused the
degradation of ENE4-1 at different locations within the cell, HeLa
cells transfected with ENE4-1/pGL2 polyplexes were imaged by
confocal microscopy at various times after the transfection. For this
study, pGL2 was labeled with YOYO-1 (green); as demonstrated in
Fig. S5, this YOYO-1 labeling did not alter the conformational or

Fig. 7. Confocal microscopy images of HeLa cells transfected with ENE4-1/pGL2 polyplexes (pGL2 0.91 pg/ml, N/P = 60). The images were taken at various times (t = 4, 8,18 and
22 h) after the transfection (t = 0—4 h). The pGL2 DNA, nuclei, and late endosomes/lysosomes were stained with YOYO-1 (green), Hoechst 33342 (blue), and LysoTracker (red),
respectively. The upper images were obtained using a green channel. Blue and red channel images are presented in Fig. S6 of the Supplementary Information. The lower images
represent merged data from the green, blue and red channels. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 8. Confocal microscopy images of Hela cells transfected with ENE4-1/pGL2 polyplexes (pGL2 0.91 pg/ml, N/P = 60). The transfected cells were exposed to UV irradiation
(365 nm, 20 mW/cm?) at various times (t = 4, 8 and 22 h) after the transfection (t = 0—4 h). The images were taken at t = 24 h after the onset of transfection (t = 0 h). The pGL2
DNA, nuclei, and late endosomes/lysosomes were stained with YOYO-1 (green), Hoechst 33342 (blue), and LysoTracker (red), respectively. The upper images were obtained using a
green channel. Blue and red channel images are presented in Fig. S7 of the Supplementary Information. The lower images represent merged data from the green, blue and red
channels. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

complexation characteristics of pGL2. The nuclei and late endo-
somes/lysosomes of the Hela cells were stained with Hoechst
33342 (blue) and LysoTracker Red (red), respectively. Fig. 7 presents
representative images taken at t = 4, 8, 18 and 22 h after trans-
fection. At t = 4 h, the pGL2 signals appeared in isolated clusters,
indicating that ENE4-1/pGL2 polyplexes were mostly confined
within endosomal vesicles. As time passed, these green clusters
were transported to the nuclear periphery. Also, the green fluo-
rescence gradually became more diffuse with time. By 22 h, most
pGL2 molecules were seen to be diffusely localized within the
nuclei of the cells. These results confirm that in the UV-transfection
measurements, the ENE4-1 carrier was UV-degraded indeed at
various different intracellular locations.

We also measured the nuclear entry efficiencies of ENE4-1/pGL2
polyplexes after exposure to UV light at different times during the
intracellular trafficking process, again by using the confocal imag-
ing technique. As shown in Fig. 8, HeLa cells exposed to UV light at
different times (t = 4, 8 and 22 h) after transfection with ENE4-1/
pGL2 polyplexes (t = 0—4 h) exhibit indistinguishable amounts of
pGL2 delivered to the nuclei of the cells at t = 24 h. It is clear that
(surprisingly) the nuclear entry is not influenced by the UV expo-
sure timing.

3.5. Effects of UV irradiation on the binding and charge
characteristics of the ENE4-1/pGL2 polyplexes

To determine exactly how/why the UV degradation of ENE4-1/
pGL2 polyplexes causes an increase in the pGL2 expression, we
examined the effects of UV radiation on various properties of the
polyplexes. First, we examined how the UV degradation of ENE4-1/
pGL2 polyplexes influences their gel migration patterns. Fig. 9
displays the results obtained at various UV exposure durations
and N/P ratios. At all conditions examined the UV irradiation did
not cause release of pGL2 from ENE4-1. It did not even cause the
weakening of the binding between pGL2 and ENE4-1 (i.e., no
decrease in EtBr fluorescence at the loading position). By DLS, we

also confirmed that the UV degradation does not influence the
polyplex size (Fig. S8(C)).

In order to determine whether the UV treatment decreases (or
increases) the ENE4-1/pGL2 binding, we performed a polyanion
competition assay, in which a polyanion dissociation agent, hepa-
rin, was added in different amounts to ENE4-1/pGL2 polyplexes,
and the amount of heparin needed to dissociate the polyplexes was
determined. As shown in Fig. 10, at heparin:pGL2 ratios greater
than 5 IU heparin per ug of pGL2, non-UV-treated ENE4-1/pGL2
polyplexes released pGL2 in its pristine form, as indicated by the
appearance of the original pGL2 bands. However, for UV-degraded
ENE4-1/pGL2 polyplexes, a similar treatment with heparin failed to
cause complete release of pGL2 (only smeared bands are seen on
the gel), which supports that the strength of the ENE4-1/pGL2
binding is increased after the UV degradation; this trend was also
confirmed by a separate, SYBR Green binding analysis (Fig. S9).
Interestingly, even when a large surplus amount of heparin (e.g.,
800 IU heparin per pg of pGL2) was added, pGL2 was not
completely released from the UV-degraded ENE4-1/pGL2 poly-
plexes. This result suggests that the nature of the ENE4-1/pGL2
binding has been altered after the UV exposure, perhaps from
predominantly electrostatic to partially hydrophobic; it is possible
that upon the cleavage of the NBU linkers the resulting (hydro-
phobic) nitrosobenzyl urethane groups (Fig. 2) become exposed to
and associate with the hydrophobic bases of pGL2. In theory, it is
also possible that the aldehyde groups produced by the UV
degradation react with excess amine groups on pGL2 and (revers-
ibly) form Schiff bases, resulting in crosslinking between pGL2 and
the degraded segments of ENE4-1. However, this latter explanation
is less likely because the covalent crosslinking between pGL2 and
the ENE4-1 fragments would not eventually be able to cause the
observed enhancement in the pGL2 expression. At this point, it
remains unanswered exactly why the ENE4-1/pGL2 binding is
increased upon UV treatment.

Therefore, the only plausible explanation for the increased pGL2
transfection after the UV degradation of ENE4-1 is that the
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Fig. 9. Electrophoretic gel migration patterns of ENE4-1/pGL2 polyplexes at a pGL2 concentration of 16.7 pg/ml after exposure to UV radiation (365 nm, 20 mW/cm?) for varying
periods of time (0—30 min). In each gel, the left most lane represents the migration of the uncomplexed pGL2 control.
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Fig. 10. Release of pGL2 from UV-treated (365 nm, 20 mW/cm?) vs. non-UV-treated ENE4-1/pGL2 polyplexes (N/P = 60) in response to the addition of varying amounts of a

polyanion dissociation agent (heparin).

negatively charged carbamic acid groups on ENE4-1 produced by
UV irradiation (Fig. 2) facilitate the transfection of pGL2. There is
growing recognition in the literature that “amphoteric” (or “zwit-
terionic”) carriers (such as ternary DNA/polycation/polyanion
complexes) are better gene transfection agents than binary DNA/
polycation complexes; that is, the incorporation of anionic groups
into carrier architecture enhances the transfection -efficiency
[12,25]. In order to confirm the generation of (carbamic) acid
groups upon UV exposure, {-potential measurements were per-
formed on UV-degraded ENE4-1/pGL2 polyplexes. As summarized
in Fig. S11(A), we confirmed that the {-potential decreases (be-
comes less positive) by about 6 mV after the UV treatment.

To further demonstrate the effect of the UV degradation of
ENE4-1 on its physicochemical properties, we prepared a “pre-
degraded” sample of ENE4-1 by exposing it to UV light (365 nm,
20 mW/cm?, 20 min), and characterized the DNA complexation and
binding characteristics of this pre-degraded ENE4-1 polymer. As
shown in Fig. S11(A), the pre-degraded polymer is not able to
condense pGL2 into compact complexes. This result, and also the
fact that the structure of the pre-formed ENE4-1/pGL2 polyplexes is
not normally disrupted upon UV degradation, appear to be in
analogy to the previous observation that compact, small-sized,
ternary DNA/polycation/polyanion polyplex particles can only be
achieved by adding the polyanion component to pre-formed binary
DNA/polycation polyplexes at the final stage of preparation; mixing
these three components at the same time does not produce small
compact complex particles [12]. A common explanation for the

enhanced gene transfection observed with ternary DNA/poly-
cation/polyanion polyplexes has been that the polyanion causes
loosening of the DNA/polycation binding, thereby enhancing the
accessibility of transcription proteins to DNA in the nucleus [12].
However, our results suggest that the binding strength does not
play a critical role. Therefore, the most reasonable explanation for
the increased transfection efficiency of ENE4-1/pGL2 polyplexes
upon UV exposure is that the anionic groups produced after the UV
irradiation enhance the interactions of the polyplexes with tran-
scription proteins in the nuclei of the cells. Currently, a study is in
progress to directly test this hypothesis.

At the high N/P ratio used in the transfection experiments (N/
P = 60), the majority of the ENE4-1 molecules exist in the free
uncomplexed state [17,26,27]. To examine the role of excess
(uncomplexed) ENE4-1 polymers in the UV-enhanced gene tran-
scription, we carried out the following experiment. We prepared a
“hybrid” polyplex sample (named “IPEI-25k/pGL2 + ENE4-1" pol-
yplexes) by first mixing pGL2 and IPEI-25k at an N/P ratio of 5 and
then subsequently adding an excess amount of ENE4-1 to the pre-
formed IPEI-25k/pGL2 polyplexes to make the overall N/P ratio
equal to 60; as shown in Fig. S12 (and also as reported previously
[19]), at N/P = 5, IPEI-25k already fully condenses pGL2 into
compact structures, so ENE4-1 (added after the formation of the
IPEI-25k/pGL2 polyplexes) is not expected to be incorporated into
the polyplexes. As summarized in Fig. S13, without UV exposure the
“IPEI-25k/pGL2 + ENE4-1" polyplexes mediated pGL2 transfection
atintermediate levels, i.e., higher than the ENE4-1/pGL2 polyplexes
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but lower than the IPEI-25k/pGL2 polyplexes. When exposed to UV
radiation, the “IPEI-25k/pGL2 + ENE4-1" polyplexes exhibited the
lowest pGL2 transfection efficiency. Regardless of the UV exposure
timing, the transfection efficiencies of the “IPEI-25k/pGL2 + ENE4-
1” polyplexes obtained under the influence of UV radiation were
always below the level of pGL2 transfection obtained without UV
exposure, which suggests that the uncomplexed ENE4-1 molecules
do not contribute to the UV-enhanced pGL2 expression observed
with the ENE4-1/pGL2 polyplexes.

3.6. Effect of UV treatment on inherent gene transcription processes

Looking carefully at the graphs in Fig. 6 (in particular, from the
transfection data for the non-degradable IPEI-25k/pGL2 poly-
plexes), it was obvious that UV irradiation, in general, significantly
compromises the pGL2 transfection (see also the transfection data
for the semi-UV-degradable “IPEI-25k/pGL2 + ENE4-1" polyplexes
in Fig. S13). In an attempt to understand the mechanism respon-
sible for this effect, we performed further investigations as dis-
cussed below.

First, we measured the viability of HelLa cells after 20-min
exposure to UV light (365 nm, 20 mW/cm?) by the trypan blue
and MTT methods. As shown in Fig. S14 (trypan blue data) and
Fig. S15 (MTT data) of the SI, the results from these experiments
indicate that the viability of HeLa cells is not influenced by the
treatment with UV light. Therefore, the decrease in the pGL2
transfection level is not due to the immediate cytotoxic effect of UV
radiation.

This suggests two other possibilities; UV radiation causes
damage on pGL2 or the DNA of HeLa cells. To test these possibilities,
two control experiments were run. In one, HeLa cells were trans-
fected with IPEI-25k/pGL2 polyplexes (N/P = 60) prepared from
pGL2 that had been exposed to UV light (365 nm, 20 mW/cm?,
20 min) prior to the complexation with IPEI-25Kk; in the other, HeLa
cells that had been exposed to UV light (365 nm, 20 mW/cm?,
20 min) were transfected with the normal IPEI-25k/pGL2 poly-
plexes (N/P = 60). As shown in Fig. 11, the former test revealed that
pre-exposure of pGL2 to UV irradiation decreases the transfection
efficiency to about a half of the level obtained without UV exposure.
It is well-documented that UV light in the wavelength range 315—
400 nm can cause indirect (oxidative) damage on DNA due to the
generation of hydroxyl and oxygen radicals [28—30]. It appears that
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Fig. 11. In vitro gene transfection efficiencies of IPEI-25k/pGL2 polyplexes (pGL2
0.91 pug/ml, N/P = 60) in HeLa cells; the measurements were performed by using either
pre-UV-treated (365 nm, 20 mW/cm?) pGL2 (2nd bar), or pre-UV-treated Hela cells
(3rd bar), for comparison with the non-UV-treated situation (1st bar). The data
represent the mean and deviation between two independent experiments.

the oxidative effect of UV radiation, though it does not alter the gel
migration behavior of pGL2 (Fig. S16), is capable of adversely
affecting the transcriptional activity of the pGL2 sequence pre-
sumably due to the arrest of RNA polymerases at sites of damage on
pGL2 [31].

The data in Fig. 11 indicate that pre-exposure of HeLa cells to UV
light prior to the transfection with IPEI-25k/pGL2 polyplexes has a
more severe effect; the transfection efficiency reduces to about 19%
of the non-UV-treated level. Again, we suspect that this reduced
pGL2 expression in pre-UV-treated cells is associated with UV
damage on the genomic DNA of the cells. It is known that genotoxic
DNA damage can cause a delay in DNA replication due to DNA
repair to prevent genomic instability and mutagenesis [32].
Therefore, it is reasonable to speculate that under such situation the
expression of the exogenous pGL2 DNA is also delayed accordingly.

There still remains a question: Then why does the transfection
depend on the UV exposure timing (Fig. 6 and Fig. S13)? We believe
that the answer to this question lies in the fact that in the cell
populations used in the transfection assay, the mitotic cell division
cycles are not synchronized; given that the nuclear entry of poly-
plexes is facilitated during the cell division (“mitosis”) period when
the nuclear envelope becomes disintegrated [33], it is expected that
at different times during the transfection interval a different
number of cells have expressed the pGL2 gene in accordance with
the mitotic stages of individual cells. Therefore, the later the cells
are exposed to UV irradiation, the less number of cells will remain
in the unexpressed cell population, resulting in an increased level
of overall gene expression (as evidenced in the data presented in
Fig. 6 and Fig. S13).

This concept now allows us to estimate the isolated effect of the
UV degradation of ENE4-1/pGL2 polyplexes on the pGL2 trans-
fection in HelLa cells. Based on the data for IPEI-25k/pGL2 poly-
plexes shown in Fig. 6, we estimate that at t = 22 h, about 95% of the
cells have already expressed the pGL2 gene. The data obtained from
ENE4-1/pGL2 polyplexes (Fig. 6) show that when exposed to UV at
22 h, the ENE4-1/pGL2 transfected cells show a ~4-fold higher
transfection efficiency, which gives the following equation: 95%-
x + 5%y = 4, where x and y denote the respective factors by which
the pGL2 transfection (measured at the end of the 28-h period) will
be reduced in the 95% already pGL2-expressing cells, or increased
in the 5% unexpressed cell population, after UV exposure at t =22 h
relative to the non-UV-treated condition. Here, it is reasonable to
assume that x = 1, and thus the value of y is calculated to be about
60. Therefore, we conclude that the isolated effect of the UV
degradation of ENE4-1 at t = 22 h is a 60-fold enhancement in the
pGL2 transfection (measured as of t = 28 h). These x and y factors
are expected to be increasing functions of the timing of UV expo-
sure (otherwise the plot of the pGL2 transfection efficiency of
ENE4-1/pGL2 polyplexes versus the UV exposure timing in Fig. 6
would show a negative slope) because of the fact that the lucif-
erase protein has a relatively short half-life in cells of around 2—3 h
[34,35]; note that, as has been shown using the RNA interference
method, however, the effect of pre-existing luciferase proteins may
last longer (up to about a day) even in rapidly dividing cells having a
cell doubling time of about one day [36], and this uncertainty
associated with the stability of luciferase makes the quantitative
interpretation of the UV-transfection data rather challenging at this
point.

4. Conclusions

The most important conclusions of the present study can be
summarized as follows. (1) We developed a UV-degradable poly-
mer DNA carrier. (2) The UV degradation of the carrier molecules
modifies the chemical characteristics of the polyplexes (i.e.,
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produces acid groups on the polyplexes) in such a way that it en-
hances the interaction of the polyplexes with nuclear transcription
proteins and thus the final gene expression levels. (UV irradiation,
however, does not cause release of DNA from the polyplexes or
weaken the polymer/DNA binding.) (3) The exact timing of the UV
degradation significantly influences the gene transfection effi-
ciencies of the polymer/DNA complexes; this result is suspected to
be due to a combined effect of the following three factors: (i) the
negative influence of UV irradiation on transgene expression, (ii) a
heterogeneity in the mitotic cell cycle progression, and (iii) a short
half-life of the reporter protein in cells. Our results suggest that the
in situ intracellular surface modification of polyplexes to incorpo-
rate anionic groups is a useful strategy for improving the trans-
fection efficiency of polyplexes.
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