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ABSTRACT

Physical methodologies such as electroporation and the gene-gun technology have been widely
used for transfection; however, their applicability is limited because they lead to cell damage and
low cell viability. Therefore, to address these limitations we developed a new freeze concentration-
based gene transfection system that provides enhanced in vitro gene delivery compared to that
provided by the commercially available systems. The system employs a facile freeze concentration
step, whereby cells are simply frozen to very low temperatures in the presence of polymer-pDNA
complexes. As part of system development, we also synthesized a low toxicity polyethyleneimine
(PEI)-based polyampholyte prepared through succinylation with butylsuccinic anhydride. In
aqueous solution, this modified polyampholyte self-assembles to form small (20 nm diameter),
positively charged (net surface charge of 35 mV), nanoparticles through a combination of
hydrophobic and electrostatic interactions. Agarose gel electrophoresis analysis indicated that the
polyampholyte nanoparticle was able to form a complex with pDNA that provided stability against
nuclease degradation. Using transfection of HEK-293T cells, we demonstrated that a combination
of polyampholyte: pDNA, at an appropriate ratio, and the freeze concentration method resulted in
significant enhancement of GFP and luciferase expression compared to commercially available
carriers. Endosomal escape of pDNA was also found to be increased when using the modified
polyampholyte compared to branched PEI. This study suggests that the efficient combination of
freeze concentration and the modified polyampholyte described here has great potential for in vitro

gene therapy.



1. INTRODUCTION

Recently, gene therapy has drawn significant attention as a promising strategy for the
treatment of various genetic disorders such as cancer, neurodegenerative diseases, or autoimmune
diseases'. Gene therapy requires the insertion of a gene(s) into cells in order to replace a defective
gene. Usually, gene-based delivery involves encapsulation of the gene of interest in order for it to
be delivered successfully to the target cells>. However, nucleic acids such as DNA and RNA cannot
cross the cell membrane because of both their large size and their hydrophilic nature caused by the
presence of the negatively charged phosphate groups®. Generally, gene transfection is performed
by one of two methods, viral (transduction), or non-viral (chemical or physical). Traditionally,
gene therapy has most often been performed using recombinant viruses such as retroviruses,
adenoviruses, and herpes simplex virus*. While the use of these vectors has been shown to be an
effective method for delivering genes into cells, issues around long-term safety, including the

inherent toxicity and immunogenicity of these vectors®, remain to be solved.

Crossing the plasma membrane is considered to be the most important and critical step in
DNA transfection. In this regard, different physical methods have been designed to internalize
genetic material across the cell membrane. Electroporation®, ultra-sonication’, and the use of a
gene-gun®, are a few of the physical methods that have been reported to produce effective
transfection of cells. These methods facilitate the transfer of genetic material from outside of the
cell to the nucleus by creating transient membrane defects, or holes, through the use of physical
force. However, these energy-based methods have severe drawbacks; for example, the high voltage
required for electroporation can irreversibly damage cells and tissues and affect overall cell
viability®. Therefore, the most challenging task in physical gene delivery methods is to design an

effective method that significantly reduces the risk of cell toxicity and is easy to use.



In previous studies, we have reported the development of a freeze concentration method
that can enhance delivery of proteins to cells while maintaining high cell viability'® ', Freeze
concentration is a physical phenomenon that occurs during freezing at extremely low temperatures.
As water crystallizes into ice crystals, the ice-crystals exclude solute molecules, thereby enhancing
the concentration of the solutes around the ice crystals'?. As the temperature is lowered more and
more (i.e. super-cooling), the remaining solution becomes more and more concentrated'’.
Previously, this freeze concentration technology has been effectively used in the production of
fruit juices'* and for food preservation'>. The freeze concentration method is also recognized as
the best method for long-term preservation of the quality of the original material. We hypothesized
that freeze-concentration could also be used to assist in the delivery of DNA or DNA-complexes

to cells.

Although physical methods allow for effective penetration of DNA molecules into cells,
the action of nucleases on the internalized naked DNA severely reduces transfection efficiency. '°
Therefore, the use of non-viral carriers, prepared using chemical methods, has become an
important method to provide efficient gene delivery.!’The utilization of such carriers is crucial in
order to protect the gene from nuclease enzymatic degradation and thereby improve its stability'®.
Hence, a tremendous amount of effort has been invested in the development of new non-viral
carriers that have low toxicity, but high transfection efficiency, for use in gene therapy. Improving,
the transfection efficiency of non-viral carriers is a particularly difficult challenge since they
generally fall far below the efficiencies of viral carriers*. The use of non-viral carriers that are
lipid-based'’, polymer-based?’, or are functional inorganic nanoparticles?!, has recently expanded;
in fact, some of these approaches have been used in clinical trials?’. Among these, polymer-based

gene delivery systems have attracted a significant amount of attention for use in gene transduction.



To date, various cationic polymers including polyethyleneimine (PEI)??, poly-L-lysine (PLL)>,
chitosan?* and polyamidoamine (PAMAM)* have been described as being useful as carriers for
gene transfection. PLL, in particular, has been widely used as a gene delivery carrier because it
protects DNA from nuclease digestion. However, despite this, PLL has the drawback that it has
low transfection efficiency compared to PEI and PAMAM because of inefficient endosomal
escape?®. Over the past few years, PEI has emerged as being the most effective gene delivery
carrier and is frequently used both in vitro and in vivo with high transfection efficiency. The high
transfection efficiency of PEI appears to be related to its buffering capacity. Once inside the
endosome it can bind protons brought into the endosome via the endosomal ATPase. This
movement of protons promotes a corresponding influx of chloride anions from the ATPase pump.
Together, these ion transport events trigger endosome swelling and disruption causing the release
of DNA into the cytoplasm?’. PEI can exist in both linear and branched forms. The linear PEI
polymer lacks a primary amino group but instead contains secondary amines that link the polymer
units together. On the other hand, branched PEIs contain primary, secondary, and tertiary amino
groups in their polymeric backbone?® However, branched PEI is also toxic towards the cells if used

in excess because of strong interaction with the cell membrane that can cause cell damage °.

A significant amount of effort has been made to overcome this shortcoming of PEI,
primarily through modification of the primary amine in the polymeric backbone. Zintchenko et al.
reported the modification of branched PEI through succinylation. This modification resulted in a
modified PEI with low toxicity and efficient gene transfection capability?®. In another study, Yu
et al. developed a non-toxic, biocompatible, modified PEI with high transfection capability after
modification of PEI with amino acids®®. Other reports have focused on modification of PEI using

PEG?! and sugars®,



Among other formulations, nanoparticle-based gene delivery has also gradually gained
attention and they are now being extensively used as carriers. Nanoparticles have excellent
physical properties including controllable adsorption and release, good particle size, and desirable

surface characteristics>>.

In this study, we prepared a new self-assembled polyampholyte by modification of
branched PEI (25 kDa) with a butylsuccinic anhydride (BSA). Importantly, we combined the
freeze concentration methodology with this modified polyampholyte as the gene carrier and
examined gene transfection efficiency. The polyampholyte we prepared was physically
characterized in terms of particle size, zeta potential, and ability to bind and complex plasmid
DNA (pDNA). A high transfection efficiency using the combination of freeze concentration and
this modified polyampholyte was obtained, especially when compared with commercially
available transfection carriers. This is the first report to explore a freeze concentration-based
strategy for enhancing in vitro gene delivery and we expect this approach to widely improve the

transfection efficiency of plasmid DNA.

2. EXPERIMENTAL PROCEDURES

2.1 Materials

Branched PEI (molecular weight 25kDa), Tris-ethylenediaminetetraacetic acid (EDTA)
buffer and Dulbecco’s modified Eagle’s medium (DMEM) were purchased from Sigma-Aldrich
(St. Louis, MO, USA), deoxyribonuclease I (DNase I, RT grade), butylsuccinic anhydride (BSA)
and succinic anhydride (SA)were obtained from Wako Pure Chem. Ind. Ltd., (Osaka, Japan).The
lactate dehydrogenase (LDH) cytotoxicity assay kit was purchased from Takara Bio. Inc. (Otsu,

Japan). pAcGFPI-N2 plasmid was from Clontech, (Palo Alto, CA, USA),



pGLA4.51[luc2/CMV/Neo] was from Promega (Madison, WI, USA) and Escherichia coli DH-5a
competent cells was from Takara Bio. Plus glow liquid medium was obtained from Nacalai-tesque,
(Kyoto, Japan), Genopure plasmid maxi kit was purchased from Roche, (Mannheim, Germany)

and e-poly-L-lysine (PLL)was from JNC Corp., (Tokyo, Japan).
2.2 Transformation and purification of plasmid DNA

pAcGFP1-N2 plasmid containing the green fluorescent protein (GFP) gene and
pGL4.51[luc2/CMV/Neo] containing the luciferase gene were transformed into Escherichia coli
DH-5a competent cells, and the transformants were streaked onto LB agar plates with the
appropriate antibiotic. After incubating the plates at 37°C overnight, a colony was inoculated into
Plusgrow liquid medium containing the appropriate antibiotic and cultured at 37°C, at 200 rpm
overnight. The plasmids were isolated and purified from the bacterial cell culture using a Genopure
plasmid maxi kit according to the manufacturer’s protocol. The purified plasmids were
resuspended in Tris- EDTA buffer. The concentrations of the purified plasmids were determined

using a Nanodrop 1000. The plasmids were stored at -20°C until use.
2.3Preparation of a polyampholyte cryoprotectant

To protect the components of our system from damage caused by freezing, a
polyampholyte cryoprotectant was synthesized by succinylation of PLL as described in our
previous reports.***Briefly, an aqueous solution of 25% (w/w) PLL (10 mL) and succinic
anhydride (SA) (1.3 g) were mixed at 50°C for 2 h to convert 65% of the amino groups to carboxyl

groups (Scheme S1).The polyampholyte cryoprotectant is referred to as PLL-SA.

2.4 Preparation of self-assembled hydrophobically modified polyampholytes



In order to prepare the non-toxic gene carrier, we modified branched PEI by succinylation
using a previously reported procedure®. Briefly, PEI (0.5 g) was dissolved in 8.5 mL of water and
mixed with 1.5 mL of a NaCl solution (3M). The solution was then adjusted to pH 5 using IM
hydrochloric acid. The desired amount of BSA (0.266 g, 20 mol %) was first dissolved in DMSO
and was then added drop-wise to PEI to obtain BSA modified PEI (PEI-BSA). The reaction was
carried out at 100°C for 2 h with constant stirring. For the preparation of succinylated PEI (PEI-
SA), SA (0.171 g, 15 mol%) was dissolved in DMSO and added drop-wise to the PEI solution and
reacted for 2 h at 50°C. Finally, the resultant solutions were dialyzed against water (3000 molecular
weight cut off, Spectra/Por membrane) for three days. After purification, the resultant products
were freeze dried. The synthesized polyampholytes were characterized by 'H NMR. Spectra were
measured in DO at 25°C on a Bruker AVANCE 1II 400 spectrometer (Bruker

BioSpinInc.,Fillanden, Switzerland).

2.5 Analysis of polyampholyte composition using X-Ray Photoelectron Spectroscopy (XPS)

XPS was used to analyze the composition of modified PEI derivatives. XPS excites a
surface by X-ray irradiation allowing determination of the binding energy of ejected electrons.
These binding energies are related to the atomic species present on the surface. To perform this,
samples of the PEI derivatives (1% w/v) were prepared in PBS (-) and a small drop placed on the
glass substrate. The samples were left to air dry for 4 h and then further dried under a vacuum for
one day. Measurements were recorded using a VG scientific ESCALAB 250Xispectrometer
(ThermoFisher Scientific, Waltham, MA, USA) with aluminum (15 kV) as the radiation source.
Photoelectrons were analyzed at a take-off angle normal to the interface. High-resolution Cls, N1s,
and Ols spectra were collected with an analyzer pass energy of 20eV. The binding energy scales

were referenced by setting the C1s binding energy to 285.0 eV.



2.5 Determination of the critical aggregation concentration (CAC) of the polyampholyte

The critical aggregation concentration (CAC) of the self-assembled polyampholyte was
investigated using the pyrene excitation spectra method as described in our previous study!®. First,
10 uL of a pyrene solution (1.0 mM in acetone) was transferred to a 10 mL glass tube. The pyrene
solution was completely evaporated under a gentle stream of nitrogen. Next, the polyampholyte
solution at different concentrations (10, 5, 2.5, 1.25, 0.625, 0.312, 0.125, 0.075, 0.032 and 0.01
mg/mL) was dissolved in phosphate-buffered saline without calcium and magnesium (PBS (-))
and transferred to the glass tube. Similar conditions were used for branched PEI, which served as
the negative control. The resulting solutions were sonicated in an ultrasonic bath for 30 min and
heated for 3 h at 65°C to equilibrate pyrene with the polyampholyte. After equilibration, the
samples were left to cool overnight at room temperature. The critical aggregation concentration of
PEI-BSA was estimated by examining the emission spectra of pyrene from 300 to 360 nm using a
spectrofluorometer (JASCO FP-8600, Tokyo, Japan). The intensity of pyrene at 338 nm (/335) and

335 nm (/335) was then plotted against the concentration of polyampholyte.
2.6 Dynamic light scattering (DLS) and zeta potential

The hydrodynamic diameters of PEI-BSA and PEI-BSA/pDNA complexes were analyzed
by DLS analysis using a Zetasizer 3000 (Malvern Instruments, Worcestershire, UK) with a
scattering angle of 135°. The polyampholytes were dispersed in PBS (-) and the zeta potential
values were measured at the following default parameters: a dielectric constant of 78.5, a refractive
index of 1.6, and a concentration of 0.5 mg/mL. Data were expressed as an average of three

measurements.

2.7 Agarose gel electrophoresis



2.7.1 Complex formation between polyampholytes and pDNA

A gel retardation assay was performed to confirm the pPDNA condensation ability of the
polymer. The gels were prepared with 1% (w/v) agarose in TAE buffer (40 mMTris, 40 mM acetic
acid, ImM EDTA, pH 8.5). A fixed amount of plasmid DNA (1 pg) was then combined with
different amounts of polyampholyte in 50 pL of PBS (-). The solution was mixed gently by vortex
and was incubated for 30 min at room temperature before loading onto the agarose gel. The PEI-
BSA-pDNA complex and control pDNA were electrophoresed at a constant 100 V for 25 min in
TAE buffer. After electrophoresis, the gel was stained with ethidium bromide and visualized using

a UV transilluminator.

2.7.2 Nuclease stability test of the polyampholyte-pDNA complex

Protection of plasmid DNA from nucleases is one of the most important properties for
effective and safe gene delivery both in vitro and in vivo. To examine whether the modified
polyampholyte can protect the loaded plasmid DNA from nuclease digestion, we evaluated DNase
I-mediated digestion of polyampholyte:pDNA complexes using agarose gel electrophoresis.
Briefly, 50 uL of PEI-BSA-DNA complexes (2:1, w/w) were incubated with different amounts of
DNase 1 (0.1, 0.2, and 0.4 U/pg of DNA) in DNase I/Mg** digestion buffer (50 mMTris-HCI, pH
7.6, and 10 mM MgCl,).pDNA (1 pg) was treated with DNase I at 0.1 U/ug as a reference. The
samples were incubated in a shaking water bath (100 rpm) for 30 minutes at 37°C. Afterwards, the
enzymatic digestion reaction was terminated by the addition of 5 uLL EDTA solution (0.5 M, pH
8.0) for 10 min at room temperature. To examine the release of DNA from inside the
polyampholyte-DNA complex, complexes were dissociated by the addition of heparin, an anionic

glycosaminoglycan, at a final concentration of 1% (w/v). The samples were further incubated in a
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water bath for 3 h at 37°C. The extracted DNA samples were centrifuged and analyzed by
electrophoresis on a 1 % (w/v) agarose gel in TAE buffer as described above. Undigested pDNA

was used as a control.

2.8 Preparation of polyampholyte-pDNA and commercially available carrier-pDNA

complexes

Briefly, the reporter genes pAcGFP1-N2 (for the GFP study) or pGL4.51 (for the
luciferase study) were added to polyampholyte NPs at a fixed ratio (PEI-BSA:pDNA; w/w). The
amount of polyampholyte NPs were 2, 5, 7, and 10 pg and the concentration of pDNA was fixed
at 1 pg in 50 uL PBS (-). The mixture was then incubated at room temperature for 30 min. The
resultant polyampholyte-pDNA complex was directly used for further study. For the control
experiment, jetPEI® (Polyplus-transfection SA, Illkirch, France) and Lipofectamine
3000(ThermoFisher Scientific) were used as commercially available transfection carriers. These
commercially available carriers have both been used extensively for gene transfection studies with
great success®"” 3’ To prepare the jetPEI® and pDNA complex, we followed the manufacturer’s
protocol. Briefly, 1 ug of pDNA and 2 uL of jetPEI® were dissolved in 50 pL of NaCl solution
separately. Both solutions were mixed together, vortexed immediately and incubated at room
temperature for at least 30 min. Similarly, to prepare Lipofectamine 3000-pDNA complexes,
Lipofectamine 3000 (7.5 uL) was dissolved in opti-MEM (125 pL). Plasmid DNA (1 pg) and P
3000 reagent (5 pL) were also dissolved in opti-MEM (125 pL). The Lipofectamine 3000 and
plasmid DNA solutions were gently mixed together followed by incubation at room temperature

for 15 minutes to form the Lipofectamine 3000-pDNA complex.

2.9Cell Culture

11



Human embryonic kidney cells (HEK-293T, American Type Culture Collection,
Manassas, VA, USA) were cultured in DMEM supplemented with 10 % fetal bovine serum (FBS)
at 37°C in a 5% CO> humidified atmosphere. When the cells reached 80% confluence, they were
removed using 0.25% (w/v) trypsin containing 0.02% (w/v) EDTA in PBS (-) and were seeded

onto a new tissue culture plate for subculture.
2.10 In vitro cytotoxicity assay

The cytotoxicity of branched PEI, PEI-SA, and PEI-BSA in HEK-293T was evaluated
using the LDH cytotoxicity assay kit. Briefly, cells (1x10° cells/mL) were seeded into a 96 well
plate with 0.1 mL of growth medium containing 10% FBS. Cells were incubated at 37°C for 72 h
before the addition of test materials. Then, 0.1 mL medium containing different concentrations of
polyampholytes was added to the cells, followed by incubation for 24 h. After incubation, sterile
water (15uL) was added to the samples as well as the negative control. 10 % of Triton X-100 (15
plL) was also added to each positive control well. The cultures were then incubated for 5-10
minutes at room temperature. Then, medium (90 uL) from each well was transferred to a clean 96
well-plate suitable for a plate reader. Next, LDH cytotoxicity assay reagent (10uL) was added to
each well. The samples were incubated at 37°C for 4 h in a 5% CO; humidified atmosphere. The
resulting color intensity was measured using a microplate reader (Versamax, Molecular Devices,
Sunnyvale, CA, USA) at 450 nm, and was proportional to the cell damage. Cell toxicity was
quantified by normalizing against the positive control signal (i.e. HEK-293T cells incubated with
1% Triton X-100). Cell viability was investigated between the difference of total number of cells

and cell damage relative-toxietty present in each concentration of the samples. The concentration

12



of polyampholyte leading to 50% cell killing (ICso) was calculated from a concentration-cell

viability curve.
2.11 Cell freezing with polyplexes and lipoplexes

HEK-293T cells were counted and re-suspended at a density of 1x10° cells/mL in 10%
PLL-SA cryoprotective solution. One milliliter of re-suspended cells in cryoprotectant was added
to a 1.9 mL cryo-vial (Nalgene. Rochester, NY) and polymer-pDNA complexes (50 pL, without
FBS) were added and the cryo-vial was placed in a controlled freezing container providing a
controlled rate of cooling of 1°C/min in a -80°C deep freezer (Nihon freezer) and left overnight.
After freezing overnight, the vials containing cells and polymer-pDNA complexes were thawed at
37°C and washed three times with DMEM medium. Cells were counted with a hemocytometer
using the trypan blue staining method. Cell viability was determined as the number of viable cells
divided by the total number of cells. The adsorption of non-frozen and frozen polymer-pDNA
complex to the HEK-293T cells was observed using a confocal laser scanning microscope (CLSM,

FV-1000-D; Olympus, Tokyo, Japan).
2.121In vitro gene transfection using the freeze concentration method

After thawing, and washing three times with DMEM medium, the cells were seeded onto
a glass-bottomed dish and incubated for 10 h to allow cell attachment and gene expression to occur.
To create the non-frozen system for comparison, the same amount of polymer-pDNA complex
was gently added to the cells and also incubated for 10 h. At the time of observation, the attached

cells were washed three times with PBS (-) and GFP expression observed using CLSM.

2.13 Comparison of luciferase activity in the frozen and non-frozen systems

13



The transfection efficiency was evaluated by measuring luciferase activity in transfections
performed using the frozen method and compared transfections performed using the non-frozen
method. In this investigation, we used pGL4.51[luc2/CMV/Neo] plasmid containing luciferase
reporter gene. In the case of the frozen method, the cell suspension was prepared as described
above, except cells were seeded into 12 well plates. For the non-frozen method, the polymer-
pDNA complex was added gently and directly to HEK-293T cells in 12 well plates. Both sets of
plates were incubated for 48 h. At the time of observation, cells were washed three times with PBS
(-). Cells extracts were prepared by scraping cells into lysis reagent (200uL/well; 25mM Tris
phosphate, 2mM DTT, 2mM 1,2 diaminocyclohexane N,N,N’ N’ tetraacetic acid, 10%
glycerol,1% Triton X-100, pH-7.4) followed by transfer to a micro-centrifuge tube and storage on
ice for 5 min prior to centrifugation at 12,000 g for 2 min. The supernatant was withdrawn and
transferred to a new centrifuge tube. To measure luciferase expression, luciferase assay kit reagent
(100 pL, Promega) was added to a luminometer tube, the cell supernatant was added, the mixture
vortexed, and luciferase activity was recorded using a luminometer (Berthold Technology, Lumat
3 LB 9508). The luminometer program was adjusted to perform a 2 s measurement delay followed
by a 10 s measurement for luciferase activity. The luciferase activity was expressed as relative
light unit (RLU) and results were normalized to total cell protein measured by using bicinchoninic
acid (BCA) protein assay kit (ThermoFisher Scientific). All experiments were performed in

triplicate.

2.14 Intracellular localization of DNA in HEK-293T cells

Thawed HEK-293T cells containing 10% cryoprotectant and either branched PEI: pDNA
(2:1, w/w) or PEI-BSA:DNA (2:1,w/w) were seeded onto a glass-bottomed dish at a density of 1

x 10° cells/mL. The plasmid used was pAcGFP-N2 labeled with Cy3 dye. The cells were incubated

14



for a further 24 h in a 5% CO> humidified atmosphere at 37°C. LysoTracker Green® DND-26 and
Hoechst dye were then added and the cells incubated for 30 min further prior to analysis. Samples
were rinsed with PBS buffer and the cells were counterstained with LysoTracker Green for

endosomes and cell nuclei were stained with Hoechst 33342 prior to imaging using CLSM.

2.15 Statistical analysis

All data are expressed as means + standard deviation (SD). All experiments were conducted in
triplicate. To compare data among more than three groups, a one-way analysis of variance
(ANOVA) followed by the Bonferroni post-hoc test was used. A P value of <0.05 was considered

statistically significant.

3. RESULTS AND DISCUSSION
3.1 Preparation of polyampholyte as acryoprotectant

In a previous study, we developed a new, non-toxic, polyampholyte cryoprotectant that
protected cells from freezing-induced damage®®. This polyampholyte cryoprotectant was
synthesized by succinylation of PLL with succinic anhydride (SA). Succinylation of PLL with 65
mol% of SA introduced carboxyl groups as a result of the reaction of SA with amino groups. The
polyampholyte cryoprotectant is referred to as PLL-SA (Scheme S1). The synthesis of
polyampholyte cryoprotectant was confirmed by 'H-NMR in D,O (Figure S1). From the 'H-NMR
spectra it was found that 63% of the amino groups in PLL were succinylated. This cryoprotectant

has been used previously for the cryopreservation of various cell lines with low toxicity.

3.2 Preparation of self-assembling hydrophobic polyampholytes

15



For the preparation of the nanocarrier, we developed a new amphiphilic self-assembled
hydrophobic polyampholyte by modifying branched PEI with hydrophobic BSA(20 mol%) to
yield PEI-BSA. The reaction is shown in Scheme 1a. We also prepared a second polyampholyte,
where branched PEI was modified with SA to yield PEI-SA, as shown in Scheme 1b. The modified
PEIs were compared with PEI using'H NMR in D,O (Figure S2).We observed that unmodified
PEI displayed a proton signal around 2.5-3.0 ppm (Figure S2a). After succinylation with succinic
anhydride, the peak separated into three different peaks at 2.5, 3.2, 3.5 ppm respectively. Peaks
above 2 ppm and below 4 ppm are associated with CH; proton signals and so the three new peaks
might be associated with the primary, secondary, and tertiary amines of branched PEI, respectively
(Figure S2b). Moreover, on further substitution of branched PEI with hydrophobic BSA, we
observed a new peak at 1.1 ppm, which represents the methyl group from BSA (Figure S2c¢). The
two CH; proton signals at 1.6 and 1.8 ppm belong to the CH> signals of the butyl group (Figure
S2c). Furthermore, the degree of substitution of succinic anhydride and butylsuccinic anhydride
on branched PEI was measured using XPS analysis and is shown in Table 1. The substitution was
calculated as a function of percent atomic oxygen content present in the polymers. From this, we
calculated the degree of substitution (DS) of SA in PEI-SA to be 9.38 % and the DS of BSA in
PEI-BSA to be 9.35 % (Table 1). These DS values were smaller than the feeding ratio (for PEI-
SA: 15%, for PEI-BSA: 20%), suggesting steric hindrance of the substituted chain. The binding
energies of each element in the samples are shown in Figure S3 and detailed analysis of the

calculation of degree of substitution is shown in Table S1.
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Scheme 1 (a) Preparation of a hydrophobically modified polyampholyte by modification of

branched PEI using BSA (b) Preparation of a polyampholyte by modification of branched PEI

using SA.

Table 1Determination of the degree of substitution by elemental analysis (atomic (At) %) using

XPS
Samples o} N O Degree  of
(At%) (At%) (At%) substitution
(%)
PEI-SA 70.552 21.780 7.692 9.38
PEI-BSA 73.228 19.861 6.909 9.35
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3.2 Characterization of the polyampholytes

3.2.1 Critical aggregation concentration (CAC)

We characterized the critical aggregation of PEI-BSA and branched PEI by measuring the
pyrene fluorescence excitation spectra at 25°C. Pyrene is highly hydrophobic and therefore its
solubility in water is very low but it can easily solubilize into the hydrophobic region of
macromolecules. The pyrene excitation spectra of PEI-BSA, at different concentrations of the
polyampholyte, are shown in Figure 1a. Figure 1b shows the variation in the pyrene fluorescence
intensity ratio (I33s/I33s) in relation to polymer concentration. The intensity ratio significantly
increased with increasing polymer concentration; the CAC value was estimated from the cross-
point on the graph and was around 0.625 mg/mL, suggesting that the association between polymer
side chains via inter- or intra-molecular association leads to the formation of aggregates at
concentrations above this. Further, as a negative control, we determined the critical aggregation
concentration for branched PEI. As expected, the branched PEI did not show any aggregation
behavior with increasing concentration (Figure S4). These data support that the polyampholytes

were self-assembled due to self-aggregation occurring at a particular concentration.
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Figure 1.CACs of PEI-BSA. (a) Pyrene excitation spectra (A-J) of PEI-BSA solutions at different
polyampholyte concentrations, 10, 5, 2.5, 1.25,0.625,0.312, 0.125, 0.075, 0.032 and 0.01 mg/mL,

respectively. (b) The ratio of 1338/1335 against polyampholyte concentration.
3.2.2 Particle Size

Particle size is an important factor that can influence the internalization of particles across the
plasma membrane. Therefore, we investigated the particle size of PEI-SA and PEI-BSA in PBS
buffer (10 mg/mL) at physiological pH using DLS analysis. We found that the particle size of PEI-
BSA was extremely small, being around 20.7+0.6 nm in diameter with a narrow size distribution
(polydispersity index (PDI) 0.3) (Table 2). On the other hand, PEI-SA was much larger, having a
particle size around 147.9+44.0 nm in diameter (Table 2). The reason for this might be related to
the presence of self-aggregates in PEI-BSA, which would lead to reorganization into compact
particles. These self-aggregates are likely to be formed via non-covalent attractive forces such as
intermolecular hydrophobic and electrostatic interactions. Many studies have reported that
nanoparticles smaller than 200 nm enter cells more efficiently and more rapidly than larger

particles®®,
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Table 2 Characterization of polyampholytes including diameter, zeta potential, polydispersity and

CAC in PBS (-) buffer (10 mg/mL) at pH7.4.

Samples Diameter?2  Zeta potential CACP
(nm)tSD  (mV) +SD (mg/mL)  PDI
Branched ND 51.9+0.8 0.000 ND
PEI
PEI-SA 147.9+ 41.8+1.2 ND 0.62
44.0
PEI-BSA 20.7+t0.6 344+35 0.625 0.33

aDetermined by DLS.
bDetermined by using excitation spectra of pyrene.

3.2.3 Surface charge

Nanoparticle properties such as positive surface charge are extremely important for an efficient
interaction with the cell membrane. In our study, we found that branched PEI had a highly positive
surface potential, being around 51.9+0.8mV. Following succinylation of PEI with succinic
anhydride, the positive charge density of the polymer was reduced, with PEI-SA having a zeta
potential of 41.8+1.2mV. Further, modification with hydrophobic butylsuccinic anhydride led to
a larger decrease in surface potential to 34.4+3.5mV. The reduction in positive surface charge is
likely reflective of the reduced number of amine groups in the polymeric chains after modification

by BSA or SA, as shown in Table 2.

3.3 Characterization of pDNA loaded polyampholytes

3.3.1 Particle Size
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We next evaluated the particle size of PEI-BSA and pDNA-loaded PEI-BSA in the presence
of PBS(-) buffer at physiological pH. As expected, the particle size of the latter was drastically
increased due to the strong electrostatic interactions between PEI-BSA and the pDNA, compared
with PEI-BSA, as shown in Figure 2a. The particle size of PEI-BSA was 18 nm but increased
to255 nm after pDNA adsorption. For efficient gene transfer, the carrier-pDNA complex should
be small and compact. The formation of a complex between PEI-BSA and pDNA with both a
suitable size and surface charge is an important criterion for polycations, when used as gene
carriers for internalization into cells. For this reason, we evaluated the particle size of the PEI-
BSA-pDNA complex, as a function of the PEI-BSA:pDNA (w/w) ratio over a range from 0.25 to
10. The particle sizes of PEI-BSA:pDNA complexes plotted against the PEI-BSA:pDNA (w/w)
ratios are shown in Figure 2b. We found that the size of the PEI-BSA-pDNA complex decreased
with increasing PEI-BSA concentrations. The size of pDNA without PEI-BSA was around 1979+
181.5nm as 0:1 w/w ratio of PEI-BSA:pDNA However, when the PEI-BSA:pDNA (w/w) ratio
reached 2:1 and 5:1, the particle sizes were around 280.33+207.2 nm and 117.26+12.4nm
respectively, as shown in Figure 2b. This reduction in size likely arises as a result of the formation
of an optimized PEI-BSA-pDNA complex, which maximizes ionic interactions. From these data,
it is clear that PEI-BSA can condense pDNA into a nano-sized complex that is suitable for

endocytic cellular uptake.
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Figure 2.Physical characteristics of polyampholytes in PBS(-) buffer under physiological
conditions (a) Comparison of polyampholyte particle sizes, with or without pDNA, measured by
DLS analysis. Open circle, PEI-BSA alone, closed circle, PEI-BSA-pDNA. (b) Hydrodynamic
diameter and (c) Zeta potential and of PEI-BSA-pDNA complexes at different PEI-BSA/pDNA
ratios ranging from 0:1 to 10:1 (d) Particle size stabilities of PEI-BSA (2 pg) without DNA and a

PEI-BSA:pDNA(2:1, w/w)complex over time at 25°C.
3.3.2 Surface charge

Similarly, we also characterized the zeta potential of PEI-BSA and pDNA complex at different
polyampholyte:DNA w/w ratios. As shown in Figure 2c, the surface potential of the different

polyampholyte-pDNA complexes tends to become more positive as the concentration of
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polyampholyte increased. The zeta potential of bare DNA without PEI-BSA was found to be at -
10.48 mV when the polyampholyte:pDNA (w/w) ratio was 0:1, whereas the surface potential
rapidly increased to a positive value as the polyampholyte:pDNA (w/w) ratio was increased to 1:1.
Overall, we observed that the zeta potential of the PEI-BSA-pDNA complex escalated from -
8.31+1.0 to 21.02+1.6 mV as the PEI-BSA:pDNA (w/w) ratio increased from 0.25:1 to 10:1. This
change in positive charge of the PEI-BSA-pDNA suggests that the efficient complexation of
pDNA with PEI-BSA that can be observed by measuring the surface charge potential. Based on
this, it was apparent that PEI-BSA was able to condense pDNA at PEI-BSA/ pDNA ratios ranging

from 1:1 to 10:1.

3.3.3 Stability

A long half-life is considered to be an essential property for nanoparticles to effectively deliver
a target gene into the target cell or tissue of interest. Therefore, the inherent stability of polymer-
pDNA complexes is very important in successful delivery of genetic-based materials.
Consequently, in this study, we characterized the physical stability of PEI-BSA-pDNA complexes
over a period of seven days under physiological conditions, both in the presence and absence of
pDNA. We found that the size of un-complexed PEI-BSA did not change over this timeinterval,
as shown in Figure 2d. This result suggests that the introduction of a hydrophobic modification
such as butylsuccinic anhydride on branched PEI can improve the nanoparticle stability
presumably due to the compact self-assembled nanostructure. Similarly, the PEI-BSA-pDNA
complex also maintained a stable size over this one-week period (Figure 2d). These data strongly
suggest that the stability of PEI-BSA-pDNA complexes arises because of electrostatic interaction

leading to efficient compaction of the pDNA.
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3.3.4 Agarose gel electrophoresis studies

3.3.4.1 Complex formation between pDNA and polyampholytes

DNA condensation is required in order for a PEI-BSA-pDNA complex to be formed. The
complexation and binding ability of PEI-BSA with pDNA was measured by agarose gel
electrophoresis. The PEI-BSA-pDNA complexes were prepared by varying the concentration of
PEI-BSA from 0.25 to 10 pug while the concentration of pPDNA was fixed at 1 pgin 50 uL PBS (-)
(Figure 3a). As shown in Figure 3a, uncomplexed pDNA was clearly visible. After the introduction
of PEI-BSA at a ratio of 0.25:1 (w/w) a band corresponding to un-complexed pDNA was still
clearly visible. However, as the PEI-BSA: pDNA ratio increased above 0.25:1 (i.e. 1:1 to 10:1) it
was apparent that the band corresponding to the un-complexed pDNA disappeared. This could be
explained by the fact that once pPDNA was associated with the PEI-BSA, it was too large to diffuse
through the agarose gel matrix and therefore could not undergo electrophoresis. Instead of moving
towards the positive electrode, it might have the possibility to move in opposite directions because
of change in the surface charge of polymer-DNA complex. The results of agarose gel
electrophoresis indicated that PEI-BSA may bind with pDNA at different mass ratios of polymer
to pDNA to form complexes (Figure 3a). In addition, these results were clearly in good agreement

with the data showing size and zeta potential of the PEI-BSA-pDNA complex (Figure 2b, c).
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(a) (b) Incubated with nuclease enzyme

Polyampholyte:DNA (w/w) [ Ponamphonte:DNA
DNA Negative r A 2 DNA Negative Bare (21WIW)
ladder Control 0.25:1 1:1 2:1 5:1 7:1 10:1 ladder Control DNA ‘1

Figure 3. Agarose gel electrophoresis studies. (a) Complex formation between polyampholyte and
pDNA. The amount of plasmid DNA was fixed at 1 ug, and the complexes were prepared using
different amount of PEI-BSA in PBS (-). Lane-1; 1 kb DNA ladder, Lane 2; pDNA as a negative
control, Lanes 3- 8; PEI-BSA/pDNA complexes at different mass ratios 0.25:1, 1:1; 2:1, 5:1,7:1
and 10:1 (b) Protection of pDNA within the PEI-BSA/pDNA complex against nuclease activity.
Lane 1; 1 kb DNA ladder, Lane 2;pDNA as a negative control, Lane 3;pDNA alone incubated with
DNase I at 0.1 U/pg DNA for 30 min; Lanes 4-6;PEI-BSA:pDNA (2:1 w/w) was incubated with
different amounts of DNase I at 0.1, 0.2, or 0.4 U/ug DNA for 30 min. After treatment with DNase
I the enzyme was deactivated by adding EDTA and subsequently heparin was added to each

sample before agarose gel electrophoresis.

3.3.4.2 Stability against nucleases
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It is important for carriers to protect pPDNA from enzymatic degradation in order to be able to
efficiently release the DNA for gene expression, both in vitro as well as in vivo. To investigate the
stability of DNA loaded PEI-BSA against enzymatic degradation, we examined the ability of PEI-
BSA to protect pDNA from DNase I-induced digestion at 37°C. Following incubation with DNase
I, we used heparin to disrupt the PEI-BSA-pDNA complex to release pDNA. In this case, heparin
serves to competitively displace polycations (such as amine groups in PEI-BSA) from the pDNA.
As shown in Figure 3b, incubation of uncomplexed pDNA with DNase I at 0.1 U/ug for 30 min
resulted in complete digestion of the pDNA. In contrast, following incubation of the PEI-BSA-
pDNA complex (2:1 w/w ratio) with increasing concentrations of DNase I (0.1, 0.2, or 0.4 U/ug)
pDNA could still be readily released from the PEI-BSA-pDNA complex demonstrating that PEI-

BSA protects the pPDNA cargo from enzymatic degradation.
3.4 Cytotoxicity assay

The in vitro toxicities of different polymers were measured as a function of polymer
concentration using the LDH cytotoxicity assay kit. The lactate dehydrogenase (LDH) assay
measure the release of the LDH enzyme from cells. The principle is that lactate dehydrogenase is
normally localized in the cytoplasm and is released into the culture medium when cells are
irreversibly damaged; the release therefore acts as an indicator of cell death. LDH activity is
measured by an increase in colorimetric signal. Figure 4 demonstrates the cell viability of different
polymer samples at different concentrations after 24 h treatment. Branched PEI (25 kDa) had the
highest toxicity whereas PEI-SA and PEI-BSA were less toxic. The cell viabilities in cells treated
with PEI-SA and PEI-BSA were greater than 70% at a concentration of 10 pg/mL, while the cell
viability in cells treated with PEI was just 55%. Branched PEI (25 kDa) has been previously

reported to have high cell toxicity*®. PEI toxicity appears to be mainly associated with the high net
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positive charge on the polymer due to the numerous amino groups present in the polymeric
backbone (Figure 4).The reduced toxicity of PEI-SA or PEI-BSA compared to PEI likely arises as
a result of the modifications that reduce the number of amine groups in the polymer backbone.
These data align with previous reports where modification of branched PEI has been shown to
decrease polymer toxicity?®*?. In addition, these data further support the use of PEI-BSA as a low-

toxicity gene delivery vehicle.
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Figure 4. HEK-293T cells were incubated with different concentrations of branched PEI, PEI-SA,
or PEI-BSA for 24 h, followed by LDH cytotoxicity assay analysis. The ICso represents the
concentration of polyampholyte that caused a 50% reduction in cell viability of a treated cell

culture compared to an untreated control culture; data are expressed as the mean + standard

deviation (SD)
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3.5 Enhancement of gene delivery using freeze concentration
3.5.1 Cell freezing with polyampholyte-DNA complexes

In this study, we elected to use HEK-293T cells for transfection studies because they contain
the SV40 large T antigen, which allows for substantial replication of transfected plasmids*’. To
demonstrate the effect of freezing on transfection, HEK-293T cells were frozen in the presence of
increasing amounts of PEI-BSA along with a fixed quantity of pDNA (1 pg) to give PEI-
BSA:pDNA (w/w) ratios of 2:1, 5:1, 7:1, and 10:1 in the presence of 10% PLL-SA as a
cryoprotectant. The final freezing volume was 50 pL in PBS(-). The commercially available
transfection reagents jetPEI® and Lipofectamine 3000 were also used as a comparison. As
illustrated in Figure S5, cell survival was greater than 90% in the presence of the polymeric
cryoprotectant 10% PLL-SA. Next, we investigated the adsorption of cyanine-3 (Cy-3)-labeled
pDNA(1 pg) complexes to the cell membrane to compare the freeze concentration method versus
the non-freezing method, along with a comparison between the commercially available
transfection reagent jetPEI®(2 pg)and PEI-BSA(2 pg). As shown in Figure S6a, enhanced
adsorption of Cy-3 labeled-pDNA was found when the freeze concentration approach was used
for jetPEI® compared to the non-frozen method. Similarly, enhanced adsorption of Cy-3-labeled
pDNA was evident when the freeze concentration approach was used for PEI-BSA (Figure S6b)
compared to the non-frozen method. The Cy-3 fluorescence intensity was quantitated using
confocal microscopy. In addition to confirming that the freeze concentration method increases Cy-
3 pDNA adsorption to HEK-293T cells compared to the non-frozen method, we also showed that
PEI-BSA allowed for better Cy3 pDNA adsorption to cells than jetPEI® (Figure Séc). Taken

together, these data indicate that freezing enhances the level of polymer:pDNA complexes around
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the cell membrane and that PEI-BSA was more effective as a carrier than jetPEI®. One possible
explanation for this difference is the fact that PEI-BSA, which contains a hydrophobic alkyl group,
could more effectively interact with the cell membrane via hydrophobic interactions. These data
are consistent with prior studies that demonstrated effective adsorption of materials using this

freeze concentration approach!® ',

3.5.2 Transfection studies using confocal microscopy

An in vitro transfection process was then evaluated using pPDNA encoding GFP as a reporter
gene. To perform this, we cryopreserved HEK-293T cells with nanocarrier-pDNA complexes in
the presence of the polymeric cryoprotectant 10% PLL-SA for 24 h. After thawing, the cell
suspension was seeded onto the bottom of a glass dish and then incubated for a further 10 h. In
order to compare with the non-frozen method, nanocarrier-pDNA complexes were gently added
directly to HEK-293T cells seeded on the bottom of a glass dish and these were also incubated for
a further 10 h. GFP expression was examined using CLSM. Transfection studies were first
performed using the commercially available cationic carriers jetPEI® and Lipofectamine 3000.
JetPEI® is a linear PEI derivative that is well suited for plasmid DNA delivery, whereas
Lipofectamine 3000 is a lipid-based transfection agent generally regarded as a highly efficient
gene transfection reagent. As shown in Figure 5 a, bLHEK-293T cells transfected with GFP using
the freeze concentration method had significantly better GFP expression that cells transfected
using the non-frozen method, which showed barely any GFP expression, regardless of which of
the commercial carriers was used. One possible explanation for this is that the freezing process
likely increases the concentration of carrier-pDNA system in the environment around the cell
membrane, after which the carrier-pDNA can enter the cell rather than diffusing away from the

cells. Previous work from our group also indicates that freeze concentration may have a beneficial
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effect on protein internalization'® !'. We also used the same experimental approach to examine the
effect of both branched PEI and PEI-BSA as carriers during transfection of HEK-293T cells with
a pDNA encoding GFP to allow a comparison with the commercially available carriers. A
branched PEL:pDNA complex (5:1 w/w ratio) and several different PEI-BSA:pDNA complexes
(2:1,5:1,7:1, and 10:1 w/w ratios) were used under freeze concentration and non-frozen conditions.
Figure 5c-g shows the confocal images for GFP expression. The use of branched PEI as a carrier
resulted in a low level of GFP expression regardless of whether freezing was used (Figure 5c¢). In
contrast, the transfection efficiency was significantly higher when PEI-BSA was used as carrier,
and was even more pronounced under freeze concentration conditions (Figure 5d). Interestingly,
as the ratio of PEI-BSA:pDNA increased from 2:1 to 5:1, the gene transfection efficiency increased
but further increases in the PEI-BSA:pDNA ratio (7:1 to 10:1) appeared to cause a decrease in
expression (Figure 5f,g). The reason for this is not known. It has been known from the literature
that branched PEI is considered to be a good transfection carrier*!:. Because of positive charge,
PEI increases endocytosis due to an electrostatic interaction with the cell membrane. However,
there are also reports that suggest that less positively charged®’even or negatively charged
polymer-DNA complexes undergo efficient transfection*?.Moreover, we also evaluated the effect
of 10% PLL-SA cryoprotectant alone in the non-frozen condition to evaluate the effect on
transfection. Figure S7 (a-g) shows confocal images following transfections in the presence of
cryoprotectant under non-frozen conditions, compared with the frozen conditions, using all
commercial available transfection carriers and PEI-BSA. These results show that uniformly there
was almost no fluorescence observed in cells in the unfrozen conditions compared with the frozen
condition. The efficiency of transfection in the non-frozen system in the presence of cryoprotectant

was almost identical to that seen in the absence of cryoprotectant. These results suggest that the
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polyampholyte cryoprotectant alone does not affect transfection under normal conditions.
However under frozen conditions, the polyampholyte cryoprotectant has a unique property of

increasing the concentration of solutes, as we have previously reported.'® 34

Regardless, in our study, modified PEI was found to be a better transfection carrier than
branched PEI in our frozen system. As these data were largely qualitative, we next sought to
quantify the gene transfection efficiency in our system more precisely using luciferase as a reporter

rather than GFP.

b) Lipofectamine | (c) Branched PEI

PEI-BSA : pDNA
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Figure 5.Comparison of the in vitro transfection efficiency of different pPDNA complexes in HEK-
293T cells using a pDNA encoding GFP. HEK-293T cells were either frozen in the presence of
the different pPDNA complexes along with 10% PLL-SA as a cryoprotectant (Frozen) or the pDNA
complexes were added directly to the cells without freezing (Non-frozen)and were incubated for
10 h. Each commercially available transfection reagents was incubated with plasmid DNA
(1ug)(a) jetPEI® (b) Lipofectamine 3000 (c) Branched PEI, and PEI-BSA:pDNA ((d) 2:1, (e)5:1,
() 7:1, (g) 10:1, w/w). Confocal microscopy images showing GFP expression are shown. Scale

bars: 50 um.

3.5.3 Luciferase expression of unfrozen and frozen system

The experimental conditions used to analyze gene transfection efficiency using luciferase were
modified slightly compared to the GFP study. For GFP expression, cells were cultured for 10 h
post-plating (and post-transfection) to allow for expression of GFP to evaluate transfection
efficiency. However, for luciferase expression, cells were transfected with the pGL4.51 plasmid
(which contains the luciferase gene) and were cultured for at least 48 h to allow for sufficient
enzyme expression to occur. As for the GFP experiment, complexes of jetPEI® and Lipofectamine
3000, a complex of branched PEI (5:1 ratio w/w), and several different PEI-BSA complexes (2:1,
5:1,7:1,and 10:1 w/w ratios) were evaluated under freeze concentration and non-frozen conditions.
As shown in Figure 6, luciferase reporter gene expression was significantly higher using the freeze
concentration method, compared to the non-frozen method for all transfection carriers. Freeze
concentration resulted in an almost 10-fold enhancement in luciferase expression for both jetPEI®
and Lipofectamine 3000. This result confirmed our previous finding for GFP, namely that freeze
concentration increased the transfection efficiency of both carriers. Surprisingly, jetPEI® luciferase

expression was found to be higher than Lipofectamine 3000 in both the non-frozen and freeze
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concentration conditions. Other studies have reported that jetPEI® can provide a higher
transfection efficiency compared to Lipofectamine****. One possible reason for the reduced
transfection efficiency of Lipofectamine 3000 compared to jetPEI® is that it can adsorb onto large
anionic serum protein aggregates. These large aggregates most likely will not be able to cross the
cell membrane and deliver pDNA to the cells*; it is possible that pDNA-jetPEI® could prevent
this aggregation. Another possible reason for this difference is that, depending on the carrier, there
might be differences in how efficiently different intracellular processes such as nuclear
translocation or integration of a vector into chromosomal DNA occur. In this study, we did not

examine these factors but our future studies will focus on understanding these different transfection

efficiencies.
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Figure 6. Comparison of the in vitro transfection efficiency of different pDNA complexes in HEK-

293T cells using a pDNA encoding luciferase. HEK-293T cells were either frozen in the presence
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of the different pPDNA complexes along with 10% PLL-SA as a cryoprotectant (Frozen) or the
pDNA complexes were added directly to the cells without freezing (Non-frozen). Luciferase
expression was measured using a luminometer 48 hours later. The pDNA(1ug) was complexed
with either jetPEI®, Lipofectamine 3000, Branched PEI or PEI-BSA:pDNA (at various ratios of
2:1, 5:1, 7:1, or 10:1, w/w). White bar: Non-frozen; grey bar: Frozen. Data are expressed as the
mean + standard deviation (SD). a: p<0.01 vs. Jet PEI®, b: p<0.01 vs. Lipofectamine 3000, b’:
p<0.05 vs. Lipofectamine 3000, c: p<0.01 vs. branched PEI, d: p<0.01 vs. PEI-BSA:DNA (2:1),
e: p<0.01 vs. (5:1), f: p<0.01 vs. (7:1), £: p<0.05 vs. (7:1), g: p<0.01 vs. (10:1), and h: p<0.01 vs.

corresponding non-frozen condition.

Figure 6 also shows that HEK-293T cells treated with PEI-BSA had significantly enhanced
luciferase expression (approximately 10-fold) using the freeze concentration method compared to
cells treated using the non-frozen method. In particular, the transfection efficiencies of PEI-
BSA:pDNA at ratios of 2:1 and 5:1 (w/w) were significantly higher than at ratios of 7:1 and 10:1,
consistent with the GFP experiment (compare Figure 6 with Figure 5d-g). This difference in
transfection efficiency might arise as a result of less binding of PEI-BSA to pDNA. When the PEI-
BSA:pDNA (w/w) ratio was greater than 5:1, the increased positive charge on the polymer will
likely result in a stable complex with the pDNA, making it more difficult to dissociate the PEI-
BSA-pDNA complex. As a result, this may cause a reduction in transfection efficiency. These
results, therefore, demonstrate that effective gene delivery is dependent on the ratio of PEI-BSA
to pDNA using both the frozen and non-frozen methods. Another point of interest is that at 10:1
(PEI-BSA:pDNA, w/w), luciferase expression increased compared with that at 7:1 (PEI-

BSA:pDNA, w/w) (Figure 6). In addition, as was seen in the GFP experiment, the efficiencies of
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the luciferase transfections using branched PEI were lower than for PEI-BSA using both the non-
frozen and the frozen methods (Figure 6). Overall, as expected, freeze concentration increased
luciferase expression in a similar manner to that which was observed in the GFP transfection

studies (Figure 5a-g).

Gabrielson and co-workers demonstrated enhanced transfection efficiency after using of
acetylated PEL, which they attributed to weak binding between the acetylated PEI and pDNA. They
also demonstrated that acetylated PEI releases more pDNA than branched PEI using a heparin
displacement assay*®. Zintchenko et al. have also shown that modification of branched PEI with
succinic anhydride displayed a high efficiency in siRNA-mediated knockdown of a target gene

compared with branched PEI 25kDa?’.

Forrest et al. have also shown that partial acetylation of PEI also enhances gene
transfection efficiency*’. These reports are complementary to our data. Nevertheless, in our present
study, PEI-BSA produced significantly much better transfection efficiency than the commercially
available carriers jetPEI® and Lipofectamine 3000. Our data also suggest that there is an optimal
ratio of PEI-BSA to DNA that should be determined in order to enhance transfection efficiency.
Finally, our results also demonstrated the considerable enhancement in transfection efficiency is
obtained when the freeze concentration method is combined with PEI-BSA and suggests that this

approach has the potential to be used as an efficient gene delivery system in vitro.
3.5.4 Intracellular distribution of polyampholytes-pDNA complex

For an effective transfection method to be useful in therapeutic applications, it is important
that the transfection system facilitates the escape of pPDNA from the endosome and allow for its

efficient transfer to the nucleus. Therefore, we next sought to understand the endosomal escape
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capability of our transfection system. To study this, we used confocal microscopy to observe the
intracellular localization of the polyampholytes. To achieve this, plasmid pAcGFP1-N2 was
labeled with Cy3 dye and the endosomes were stained with LysoTracker Green while cell nuclei
were stained with Hoechst 33342. In order to observe the intracellular distribution of pDNA after
freeze concentration, the thawed HEK-293T cell suspensions were seeded into plates and cultured
for 24 h. As shown in Figure 7a, Cy3-pDNA was still present in endosomes in the case of the
branched PEI-DNA (2:1, w/w) complex as evidenced by the yellow color. In fact, the majority of
Cy-3-pDNA was present in endosomes and only a very small amount of pDNA was released. In
contrast, in the case of PEI-BSA-pDNA complexes (2:1, w/w), more pDNA was clearly visible in
the cytoplasm, with much lower levels being evident in the endosome (Figure 7b).This data
indicated that pPDNA was efficiently released from endosomes when PEI-BSA was used. The most
probable reason for this enhanced release of pDNA from polyampholytes is due to weaker binding
between pDNA and the polyampholyte resulting in more efficient release of pDNA. Therefore,
one of the other reasons for there being enhanced transfection efficiency with PEI-BSA might be
because of this reduced binding between the polyampholyte and pDNA leading to facile un-
packaging of the pDNA.. In contrast, branched PEI might be expected to exhibit a strong interaction

with pDNA and this will tend to reduce the transfection efficiency.
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Figure 7.Intracellular localization of Cy-3 labeled pDNA in HEK293T cells. HEK293T cells (1 x
10° cells) were cryopreserved in the presence of polymeric cryoprotectant (10% PLL-SA) and Cy-
3-labeled pDNA (1pg). The cells were thawed and seeded for 24 h at 37°C. Following this, the
endosomes/lysosomes and nuclei were stained using LysoTracker Green and Hoechst blue 33342,

respectively. (a) Branched PEI: DNA (2:1, w/w) (b) PEI-BSA (2:1,w/w). Scale bar: 50 um.

Various hypotheses explaining endosomal escape has been proposed over the past few years.
Branched PEI 25kDais thought to be an effective transfection agent due to the ‘proton sponge’
hypothesis, which is thought to facilitate the escape of complexes from endosomes. According to
this hypothesis, polymers with pKa values between neutral and endosomal pH, such as PEI have
the ability to buffer the ATPase-mediated acidification of endocytic vesicles. In PEIL, every third
atom of PEI is a nitrogen that could be potentially protonated, thereby providing a strong buffering
capacity. A relatively large number of protons may therefore accumulate in the endocytic vesicles.
The influx of positive charge (hydrogen ions) would have to be balanced by an influx of counter-
ions (primarily chloride) leading to endosome swelling, rupture of the endosome membrane, and
eventual release of the DNA into the cytosol. However, this proposed mechanism is controversial,
since a recent study did not observe any change in endosomal pH after exposure to PEI over a 24

h period*®.

Recently, numerous studies have shown that efficient transfer of DNA inside the cell might
arise as a result of a weak interaction between the carrier and DNA in the endosome allowing for
the subsequent release of DNA into the cytoplasm and a resultant increase in transfection

efficiency*®*”*. Similar work to ours has been performed by Uludag et al., in which they showed
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that branched PEI modified by either oleic acid or stearic acid gave enhanced transfection
efficiency compared with commercially available transfection reagents®. Other reports, also
similar to ours, have shown that the presence of long alkyl chains in the carrier would be expected
to strengthen the interaction with the cell membrane, increasing endocytosis and thereby also
enhancing the transfection efficiency’>?. With regard to endosome escape, we have shown that
PEI-BSA:pDNA complex could efficiently escape from endosomes also resulting in increased
transfection efficiency with low toxicity. However, the mechanism for efficient endosome escape
to the cytoplasm is not yet fully understood, but we believe that it is due to weak binding between
the polymer carrier and pDNA. In addition, the use of freeze concentration to further enhance
transfection efficiency may prove to be extremely useful for gene delivery in vitro. Our data clearly
indicate that, after freeze concentration, polyampholytes were capable of enhancing DNA escape
from endosomes, which will also enhance transfection efficiency. We think it will be extremely
important to elucidate the exact mechanism of endosomal escape that occurs after using the freeze

concentration method and we plan to investigate this in the near future.

4. CONCLUSIONS

In this study, we demonstrated the effective use of a freeze concentration method as part of a
cell transfection system. We found that freeze concentration accelerates and enhances gene
expression and is an additional facile procedure even when used with currently available
transfection reagents, such as jetPEI® or Lipofectamine 3000. Furthermore, we also developed
new self-assembling polyampholytes as non-viral carriers. These polyampholytes were extremely
small in size, were able to condense DNA efficiently, and were found to be much less toxic
compared to branched PEIL In HEK-293T cells, confocal microscopy analysis of transfected GFP

expression and direct luciferase activity measurements revealed that maximum transfection
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efficiency depends on the appropriate polyampholyte:DNA ratio and is enhanced using the freeze
concentration method. These findings provide an effective, simple, and non-toxic approach for
enhancing gene delivery. The present studies suggest that the unique combination of a
polyampholyte non-viral carrier and a physical method such as freeze concentration might be a
safe and efficient system for in vitro gene delivery. Further work should focus on evaluating the
use of this system in clinically relevant studies to assess its potential as a system for the treatment

of genetic diseases.
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A new freeze concentration-based approach was employed that promises to be highly effective

for gene therapy applications. This pioneering study shows the effectiveness of this freezing

technique at increasing transfection efficiency and is simple, inexpensive, and non-toxic to cells.

In addition, a new polyampholyte-based carrier was also developed in order to further optimize

the safe and precise delivery of genetic material into target cells. We expect that this enhanced

gene transfection strategy using both of these elements will show great potential in a variety of

therapeutic applications.
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Table S1. Summary of atomic % of each element in PEI-SA and PEI-BSA by XPS analysis

Atomic % of each element

PEI-BSA PEI-SA
Cls 48.27 52.76
ClsA 20.41 14.59
ClsB 4.52 3.16
Total C 73.22 70.52
Nls 9.37 10.47
NIsA 10.49 11.30
Total N 19.86 21.78
Ols 4.78 5.54
OlsA 2.12 2.14
Total O 6.90 7.69
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Figure S4. CACs of branched PEIL (a) Pyrene excitation spectra (A-J) of PEI-BSA solutions at

different polyampholyte concentrations, 10, 5, 2.5, 1.25, 0.625, 0.312, 0.125, 0.075, 0.032 and

0.01 mg/mL, respectively. (b) The ratio of 1332/1330 against polymer concentration.
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(A) jetPEI® :DNA (2:1, w/w) (B) PEI-BSA:DNA (2:1, w/w). Scale bars: 100 pm. (C) Mean
fluorescence intensity of Cy3-labeled pDNA adsorbed onto HEK293-T cells before and after
being frozen, using either jetPEI® or PEI-BSA as carrier, as determined by confocal

microscopy. Data are expressed as mean + SD
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Figure S7. Confocal microscopy images showing GFP expression. In vitro transfection of
DNA complexes in HEK 293 T cells were incubated in the presence of 10% PLL-SA as a
cryoprotectant without freezing was incubated for 10 h. A) Each commercially available
transfection reagents was incubated with plasmid DNA (1ug) (a) Lipofectamine 3000 (b)
jetPEI® (c) Branched PEL:pDNA (2:1,w/w), PEI-BSA:DNA (d) 2:1 (e) 5:1 (f) 7:1 (g) 10:1,

wW/w).
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