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Polyamidoamine (PAMAM) dendrimers have been explored as an alternative to polyethylenimine (PEI) as a gene
delivery carrier because of their relatively low cytotoxicity and excellent biocompatibility. The transfection ef-
ficiency of PAMAM dendrimers can be improved by the addition of nuclear localization signal (NLS), a positively
charged peptide sequence recognized by cargo proteins in the cytoplasm for nuclear transport. However,
increased positive charges from NLS can cause damage to the cytoplasmic and mitochondrial membranes and
lead to reactive oxygen species (ROS)-induced cytotoxicity. This negative effect of NLS can be negated without a
significant reduction in transfection efficiency by adding histidine, an essential amino acid known as a natural
antioxidant, to NLS. However, little is known about the exact mechanism by which histidine reduces cytotoxicity
of NLS-modified dendrimers. In this study, we selected cystamine core PAMAM dendrimer generation 2 (cPG2)
and conjugated it with NLS derived from Merkel cell polyomavirus large T antigen and histidine (n = 0-3) to
improve transfection efficiency and reduce cytoxicity. NLS-modified cPG2 derivatives showed similar or higher
transfection efficiency than PEI 25 kDa in NIH3T3 and human mesenchymal stem cells (hMSC). The cytotoxicity
of NLS-modified cPG2 derivatives was substantially lower than PEI 25 kDa and was further reduced as the
number of histidine in NLS increased. To understand the mechanism of cytoprotective effect of histidine-
conjugated NLS, we examined ROS scavenging, hydroxyl radical generation and mitochondrial membrane po-
tential as a function of the number of histidine in NLS. As the number of hisidine increased, cPG2 scavenged ROS
more effectively as evidenced by the hydroxyl radical antioxidant capacity (HORAC) assay. This was consistent
with the reduced intracellular hydroxyl radical concentration measured by 2',7-dichlorodihydrofluorescein
diacetate (DCFDA) assay in NIH3T3. Finally, fluorescence imaging with JC-1 confirmed that the mitochondrial
membranes of NIH 3T3 were well-protected during the transfection when NLS contained histidine. These
experimental results confirm the hypothesis that histidine residues scavenge ROS that is generated during the
transfection process, preventing the excessive damage to mitochondrial membranes, leading to reduced
cytotoxicity.

1. Introduction alternatives (Wang et al., 2021).

Nonviral vectors are typically made of cationic polymers, cationic

Gene therapy became a realistic therapeutic method since Glybera
and Imlygic, approved by European Union and the United States in
2010s (Hoh, 2023; Ma et al., 2020). Currently, most of the genetic
medicines approved by the Food and Drug Administration (FDA) are
virus-based vectors (Ma et al., 2020). Despite excellent targeting ca-
pacity and gene delivery efficiency, high production costs, and health
risks for excessive immunogenicity, inflammatory reaction, potential
carcinogenesis, and mutagenesis of virus-based vectors demand other
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lipids, and inorganic nanoparticles and have advantages such as ease of
surface modification and quality control, and low immunogenicity and
production cost. However, nonviral vectors suffer from significantly
lower gene delivery efficiency than the viral vectors due to the absence
of a specific delivery mechanism into the nuclei (Lachelt & Wagner,
2015). Only about 40 % of the polyplexes (i.e. a complex between DNA
and catioinc polymers) are endocytosed, and about 3 % of those reach
the nuclear region (Clamme et al., 2003; Cohen et al., 2009; Glover
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et al., 2010; Pollard et al., 1998; Shi et al., 2013b). Despite the recent
advancement of mRNA-based gene therapies, which circumvent the
necessity of the nuclear delivery of genetic materials, DNA-based gene
delivery to the cell nucleus is still relevant for its more stable and long-
term therapeutic effects (Ebenezer et al., 2023; Lewis et al., 2023;
Mullard, 2023; Watts & Corey, 2012).

The nuclear distribution of polyplexes and therapeutic gene expres-
sion can be improved by the modification of cationic polymers with a
nuclear localization signal (NLS), which is a peptide with a high content
of positively charged amino acids. NLS facilitates the transport of pol-
yplexes to the vicinity of the nucleus, increasing the chance of the gene
to be transferred inside the nucleus during the nuclear envelope
breakdown in mitosis (Hu et al., 2012; Park et al., 2015; Ren et al., 2012;
Yi et al., 2012; Zhang et al., 2013).

One downside of NLS modification is increased cytotoxicity caused
by the excessive amine groups on NLS which leads to the disruption of
plasma membrane and other cellular organelles (e.g. mitochondria)
(Jevprasesphant et al., 2003; Monnery et al., 2017). Polyethylenimine
(PEI), poly-L-lysine, and high molecular weight chitosan share similar
toxicity issues despite improved delivery efficiency (Fernandes et al.,
2012; Kim et al., 2013; Symonds et al., 2005). Several strategies have
been devised to overcome the cytotoxicity induced by increased positive
charges, including ternary complexation of polyplex with anionic
polymers and introduction of pH-sensitive linkages (e.g. ester, p-ami-
noester, schiff bases) which showed some improvement (Guo et al.,
2017; Nam et al., 2009; Shi et al., 2013a; Zugates et al., 2006).
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It has been found that addition of histidine residues to cationic
polymers reduced induced cytotoxicity by increased positive charges
(Bertrand et al., 2011; Mallick & Choi, 2015). Histidine acts as antiox-
idant by binding to metal ions and reducing the production of intra-
cellular hydroxyl radicals and by directly scavenging singlet oxygen
(Wade & Tucker, 1998). However little is known about the exact
mechanism of histidine-mediated cytoprotection in the context of gene
delivery and the quantitative effects of histidine on cytotoxicity and
transfection efficiency. The main objective of this research is to measure
the effect of number of histidine on cytotoxicity during the transfection
by NLS-modified PAMAM dendrimers. We also aimed to elucidate on the
mechanism of improved cytotoxicity by histidine-modified NLS. Our
main hypothesis is that histidine protects the mitochondrial membranes
from the reactive oxygen species (ROS) during the transfection (Scheme
1). The rationale for this hypothesis is the fact that histidine has the
capacity to scavenge hydroxyl radicals (Hawkins & Davies, 2001; Vera-
Aviles et al., 2018; Wade & Tucker, 1998). To prove this hypothesis and
develop a highly effective non-viral gene delivery vehicle, we modified
cystamine core PAMAM dendrimer of generation 2 (cPG2), with the NLS
sequence derived from Merkel cell polyomavirus large T antigen, RKRK
(Nakamura et al., 2010). We evaluated the antioxidant capacity of
histidine-modified NLS (n = 0-3) and the mechanism of cytoprotective
effects of histidine during the non-viral gene delivery.
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Scheme 1.

Schematic diagram illustrating mechanism of cytotoxicity and transfection efficiency of cPG2 derivatives conjugated with histidine-modified NLS.
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2. Experimental
2.1. Materials

STARBURST® Poly(amidoamine) (PAMAM) dendrimer, Generation
2 - Cystamine Core — Amine Surface were bought from Andrews
ChemServices (Berrien Springs, MI, USA). N,N-dimethylformamide
(DMF), dimethylsulfoxide (DMSO), N,N-diisopropylethylamine
(DIPEA), Polyethylenimine (branched, 25 kDa), piperidine, triisopro-
pylsilane (TIS), and trifluoroaceticacid (TFA), were purchased from
Sigma-Aldrich (Burlington, MA, USA). N-Hydroxybenzotriazole (HOBt),
2-(1H-benzotriazole-1-y1)-1,1,3,3-tetra-methyluronium (HBTU), Fmoc-
Arg(pbf)-OH, Fmoc-Lys(Boc)-OH, Fmoc-His(trt)-OH, were obtained
from Anaspec (San Jose, CA, USA). Luciferase Assay System and Re-
porter Lysis 5X Buffer were bought from Promega (Madison, WI, USA).
Alexa 546 Nucleic Acid Labeling Kit, AlamarBlue, DAPI (4',6-Diamidino-
2-Phenylindole, Dihydrochloride), Dulbecco’s modified eagle’s medium
(DMEM), Dulbecco’s phosphate-buffered saline (DPBS), Fetal bovine
serum (FBS), JC-1 Dye (Mitochondrial Membrane Potential Probe),
Hanks’ Balanced Salt Solution (HBSS), Micro BCA Protein Assay Kit,
Quant-iT™ PicoGreen™ dsDNA Reagent, TrypLE™ Express, Penicillin-
Streptomycin were obtained from Thermo Fisher Scientific (Waltham,
MA, USA). DCFDA/H2DCFDA - Cellular ROS Assay Kit was obtained
from abcam (Waltham, MA, USA). HORAC Microplate Assay Kit was
purchased from Eagle Biosciences (Amherst, NH, USA). NIH 3T3 and
hMSCs were purchased from ATCC (Manassas, VA, USA). The luciferase
expression plasmid DNA (pCN-Luci) was made as reported previously
(Lee et al., 2002).

2.2. Synthesis of the cPG2 derivative conjugated with NLS and histidine

The synthesis of RKRK-cPG2 was performed as described in the
previous study (Lee et al., 2021). Briefly, the cPG2 (10 mg), dried by
nitrogen gas was lyophilized for 16 h. Conjugation of the NLS sequence
was performed by mixing lyophilized cPG2, 4 eq. of Fmoc-Lys(Boc)-OH,
HOBt, and HBTU, and 16 eq. of DIPEA in an anhydrous mixture of N,N-
dimethylformamide (DMF)/dimethyl sulfoxide (DMSO) (2:1, v/v) as a
total volume of 3 mL. The mixture solution was stirred at 37 °C for 18 h.
Subsequently, Fmoc-Lys(Boc)-grafted cPG2 was precipitated and
washed by cold diethyl ether and dried with nitrogen. The washing and
reprecipitation steps were performed twice and centrifugation steps of
759 rcf for 3 min were performed for separation between precipitate and
diethyl ether. The washed Fmoc-Lys(Boc)-grafted cPG2 was dissolved in
piperidine solution (30:70, piperidine/DMF, v/v) as a total volume of
2.5 mL and stirred at 37 °C for 2 h for Fmoc deprotection. The depro-
tected cPG2 derivative was precipitated, washed, and dried in the same
way. Conjugation steps of the next amino acids were performed as
mentioned above. In cases of synthesis of RKRKH-cPG2, RKRKHH-cPG2,
RKRKHHH-cPG2, lysine, and arginine were sequentially conjugated
after conjugation of Fmoc-his(trt)-OH. Lastly, the deprotection of Boc,
trt, and pbf protection groups was performed after the conjugation of all
amino acids. The fmoc-depretected cPG2 derivatives were dissolved in a
mixture solution (95:2.5:2.5, trifluoroacetic acid/triisopropylsilane/
distilled water, v/v/v) as a total volume of 4 mL and stirred for 8 h at
25 °C. The finally deprotected cPG2 derivatives were precipitated,
washed, and dried in the same way. cPG2 derivatives were dissolved in
distilled water in a total volume of 2 mL and dialyzed for 1 day. RKRK-
cPG2 and RKRKH-cPG2 were placed in tubing (Spectra/Por, molecular
weight cut-off of 3,500) and RKRKHH-cPG2, RKRKHHH-cPG2 were
transferred to tubing of molecular weight cut-off of 10,000. The dialyzed
cPG2 derivatives were obtained as white powders after lyophilization.
The conjugation yields of final products were dissolved in deuterium
oxide (D,0) and analyzed using 500 MHz 'H nuclear magnetic reso-
nance (NMR) spectroscopy (Bruker, Billerica, MA, USA).
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2.3. PicoGreen exclusion assay for characterization of DNA complexation

cPG2 and cPG2 derivatives of various concentrations mixed with
PCN-Luci (0.5 pg) and incubated for 30 min to form polyplexes. All
polyplexes were prepared at weight ratios ranging from 0.5:1 to 16:1.
Formed polyplexes were diluted by 0.25 % PicoGreen solution
(0.25:49.75:50, PicoGreen reagent/TE buffer/HEPES buffer, v/v/v) in a
total volume of 400 pL. Each polyplex solution (20 pL) and 80 pL of TE
buffer (10 mM Tris, 1 mM EDTA, pH 7.5) were placed in 96-well plates,
and fluorescence intensities of PicoGreen reagent were measured by
excitation and emission wavelengths of 490 and 520 nm using by Syn-
ergy H1™ Hybrid Multi-Mode Microplate Reader (BioTek Instrument,
Inc., Winooski, VT, USA).

2.4. Acid-base titration assay

The buffing capacity of cPG2 derivatives, PEI 25 kDa, and cPG2 was
measured by acid-base titration. Each polymer (2 x 107 mol) was
prepared in the mixture solution (4 mL of 150 mM NaCl, 900 pL of the
respective polymers, and 1 N NaOH (100 pL) and prepared in a total
volume of 5 mL (120 mM NaCl solution). 20 pL aliquots of 0.1 N
hydrogen chloride (HCl) were titrated to each mixture solution. Exper-
iments were performed until the pH reached 3 using Fisher Science
Education™ Laboratory Benchtop pH Meters (Thermo Fisher Scientific,
Waltham, MA, USA). Buffering capacity () of each polymer was
calculated according to g = dn(OH")/dpH.

2.5. Diameter and {-potential analysis of polyplexes

To measure the diameter and {-potentials of polyplexes, each poly-
plex was prepared by mixing pCN-Luci (2 pg) and polymer of various
concentrations and incubated for 30 min. Each polymer /pCN-Luci
polyplexes were prepared at weight ratios ranging from 0.5:1 to 12:1.
Prepared polyplexes were diluted in a total volume of 1.6 mL (distilled
water) and were measured at 25 °C using Zeta-potential & Particle Size
Analyzer ZetaPALS (Brookhaven Instruments, Holtsville, NY, USA).

2.6. Scanning transmission electron microscopy (-in-SEM) imaging and
low-voltage energy dispersive X-ray spectroscopy (EDS) analysis

The respective polymer/pCN-Luci polyplexes were prepared in a
total volume of 10 pL at a weight ratio of 12:1 and incubated for 30 min.
Prepared polyplexes were diluted by 75 % ethanol solution (75:25,
ethanol/water, v/v) in a total volume of 800 uL. 2 pL of each polyplex
was dropped at the 200-mesh ultra-thin carbon-supported copper grids
and dried at 60 °C for 16 h. Field emission scanning electron microscope
(FE-SEM) images polyplexes were observed under the conditions of
dark-field image mode, 30 kV using Merlin Compact (Carl Zeiss Inc.,
Oberkochen, Germany). EDS analysis (XFlash 6160, Bruker; takeoff
angle: 35°; detector area 60 mm?) spectra of polyplexes were obtained
under the condition of 10 kV, 8.3 mm of working distance (WD), and
100 s of analysis time.

2.7. Cell culture

NIH3T3 mouse embryonic fibroblast cells were cultured in the
DMEM growth medium (89:10:1, DMEM/FBS/Penicillin-Streptomycin,
v/v/v). Human mesenchymal stem cells (hMSC) were cultured in the
o-MEM  growth medium (89:10:1, o-MEM/FBS/ Penicillin-
Streptomycin, v/v/v). Two types of cells were cultured in Nunc EasY-
Flask 75 cm? (Thermo Fisher Scientific, Portsmouth, NH, USA) at 37 °C
in a humidified atmosphere (5 % CO2/95 % air, v/v).

2.8. Transfection assay

NIH3T3 and hMSC cells were seeded in 96-well plates and 48-well
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plates at a density of 1.8 x 10% cells/well and 1.0 x 10* cells/well
respectively. When cells reached 70-80 % confluency in 16 h, cPG2
derivatives/pCN-Luci polyplexes were added to cells. Each polyplex was
prepared by mixing pCN-Luci (0.5 pg) and polymers of various con-
centrations in a total volume of 30 pL and incubated for 30 min. poly-
plexes of cPG2 derivatives were formed as weight ratios ranging from
4:1 to 16:1 to confirm optimal transfection efficiency. Polyplexes of
cPG2 and PEI 25 kDa were prepared as weight ratios 16:1 and 1:1 and
these weight ratios indicate optimal transfection efficiency. Polymer
concentrations of polyplexes prepared as 1:1, 4:1, 8:1, 12:1, and 16:1 wt
ratios are 3.85, 15.4, 30.8, 46.2, and 61.5 pug/mL. Cells treated with
polyplexes were incubated for 1 day. Transfected cells were washed with
100 pL of DPBS and 100 pL of the reporter lysis buffer (1 mg/mL) was
added per well. 96-well plates and 48-well plates were incubated in a
shaker at 150 rpm for 30 min at room temperature. The lysate was
transferred to microtubes and centrifuged at 15,000 rcf for 10 min. The
supernatant of lysed cells was placed in microtubes. Luciferase activities
were measured by mixing 10 pL of each lysate and 10 pL luciferin using
the Lumat LB 9507 instrument (Berthold Technology, Bad Wildbad,
Germany), and protein concentrations of lysate containing luciferase
were analyzed using a Micro BCA™ protein assay kit. The absorbance of
BCA solution at 570 nm using Synergy H1™ Hybrid Multi-Mode
Microplate Reader (BioTek Instrument, Inc., Winooski, VT, USA).
Finally, the transfection efficiency of cPG2 derivatives, cPG2, and PEI
25 kDa was calculated as a relative light unit (RLU) per microgram of
total protein.

2.9. Cytotoxicity assay

Cytotoxicity resulting from polymer concentrations was measured
using the alamarBlue assay. NIH3T3 and hMSC cells were seeded in 96-
well plates at a density of 1.8 x 10* cells/well and 1.0 x 10* cells/well
respectively and incubated for 16 h. cPG2 derivatives, cPG2, and PEI 25
kDa prepared as concentrations ranging from 10 to 160 pg/mL were
added to cells reached by 70-80 % confluency and incubated for 1 day.
Then, 10 pL of alamarBlue reagent was added per well and incubated for
2 h. Relative fluorescence intensities of the alamarBlue reagent were
measured by excitation and emission wavelengths of 560 and 590 nm
using Synergy H1™ Hybrid Multi-Mode Microplate Reader (BioTek In-
strument, Inc., Winooski, VT, USA).

2.10. Confocal microscopy of polyplexes using Alexa Fluor 546-labeled
PCN-Luci

The pCN-Luci was labeled by Alexa Fluor 546 as described in the
manufacturer’s protocol. NIH3T3 cells were seeded at a density of 2.0 x
10* cells/well in a 1 p-Slide 8 well (Ibidi) and incubated for 1 day. Pol-
yplexes of cPG2 derivatives, cPG2, and PEI 25 kDa were prepared as
described in the transfection assay section, treated to cells, and incu-
bated for 1 day. cPG2, RKRKHH-cPG2/pCN-Luci polyplexes were at a
weight ratio of 16:1, RKRK-cPG2, RKRKH-cPG2, and RKRKHHH-cPG2/
PCN-Luci polyplexes were at a weight ratio of 12:1 and PEI 25 kDa/pCN-
Luci polyplexes were at a weight ratio of 1:1. These ratios indicated
optimal efficiency in transfection assay. Before 2 h for observation of
confocal microscope, DAPI was treated in cells at a total concentration of
20 pg/mL for nucleus staining. Subsequently, the growth media were
removed, and cells were washed by DPBS twice. Finally, 200 pL of HBSS
was added per well and cellular images were obtained using a Nikon
A1R Laser Scanning Confocal Fluorescence Microscope. The relative
fluorescence intensity (F.I) of polyplex distributed near the nucleus was
calculated as

locatedDNAF Iwithin2.5umnearnuclei
Thenumberofnuclei

RedF .Iinperinuclearregion =
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2.11. Hydroxyl radical antioxidant capacity (HORAC) assay

The Hydroxyl radical scavenging capacity of cPG2 derivatives was
analyzed using HORAC assay and performed as described in the man-
ufacturer’s protocol. Briefly, cPG2 and cPG2 derivatives were prepared
at concentrations ranging from 25 to 200 pM. 20 pL aliquots of each
polymer were added to 96-well plates and 140 pL of the fluorescein
working solution, 20 pL of the hydroxyl radical, and 20 pL of the Fenton
reagent were added in sequence. Fluorescent intensities of the mixture
were analyzed by excitation and emission wavelengths of 560 and 590
nm and change of the intensity was measured every 5 min. The relative
fluorescence intensity was calculated as

FinalF .1

Relativefluorescenceintensity(%) = TialF 1% 100

2.12. Dichlorodihydrofiuorescein diacetate (DCFDA) assay

The mitigation capacity of cPG2 derivatives by intracellular hydroxyl
radical was evaluated by DCFDA assay. NIH3T3 cells were seeded in 96-
well plates at a density of 2.5 x 10* cells/well and incubated for 1 day.
Each polymer was diluted at a concentration of 50 yM in the DMEM
growth medium of 20 pM DCFDA. The growth medium of cells was
replaced by fresh growth media containing polymer and DCFDA and
incubated for 2 h. Cells were washed with 100 pL of HBSS twice. Finally,
100 pL of HBSS was treated again and fluorescence intensities were
detected by excitation and emission wavelengths of 485 and 535 nm.
Fluorescence microscope images of the cells were observed using EVOS
FL Imaging System (Thermofisher, Waltham, MA) after microplate
analysis. The normalized fluorescence intensity was calculated as

sampleF .1 — negativecontrolF .1

normalizedfluorescenceintensity(F.I) = Posti rolF 1
ostivecontrolF .

Cells treated with 55 pM of tert-Butyl hydroperoxide (TBHP) and 20
pM of DCFDA were used as positive control and negative control was
only fluorescence intensity of 20 pM of DCFDA.

2.13. JC-1 assay

The mitochondrial condition resulting from cPG2 derivatives was
evaluated by JC-1 assay. NIH3T3 cells of a density of 1.8 x 10* cells/
well were seeded in 96-well plates and incubated for 16 h. The respec-
tive polymers were prepared at a concentration of 50 pM in the DMEM
growth medium. The cellular growth medium of cells, reached by 70-80
% confluency was replaced by 100 pL of fresh growth media diluted by
each polymer and incubated for 1 day. Subsequently, the cellular growth
medium was replaced with fresh growth medium diluted by 3 pM JC-1
reagent and incubated for 30 min. Cells were washed with 100 pL of
HBSS twice and replenished. Fluorescence microscope images were
obtained using EVOS FL Imaging System (Thermofisher, Waltham, MA).

2.14. Statistical analysis

Statistical analysis of the experimental data was performed using
GraphPad Prism 5 software. Significant differences among the groups
were evaluated by one-way analysis of variance (ANOVA) with Dun-
nett’s Multiple Comparison Test for the transfection efficiency test or
Tukey post hoc test for HORAC, DCFDA and JC-1 analyses: *p < 0.05,
**p < 0.01, and ***p < 0.001.

3. Result and discussion
3.1. Synthesis and characterization of cPG2 derivatives

The modification of NLS and histidine to cPG2 was performed by
conjugating and deprotecting amino acids sequentially using HOBt and
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HBTU coupling reaction as described in the experimental section and
Scheme S1. The relative conjugation yield of NLS and histidine and the
total molecular weight of cPAMAM derivatives were calculated using 'H
NMR spectroscopy (Table 1, Table S1 and Fig. S1). The final conjugation
yields of all cPG2 derivates were comparable (84 %, 88 %, 85 % and 84
% for RKRK-cPG2, RKRKH-cPG2, RKRKHH-cPG2, RKRKHHH-cPG2
respectively).

Next, we evaluated the proton buffering capacity of cPG2 derivatives
(Fig. S2). The protonating property of amine groups present in cationic
polymers leads to endosome disruption by inducing osmotic imbalance
during endosome maturation which is an important factor to increase
the nuclear entry of plasmid DNA. We compared cPG2 derivatives with
PEI (MW 25 kDa) since PEI has been the most widely used non-viral
vector. PEI, having the highest number of amines per molecule,
showed the best proton buffering capacity. Proton buffering capacity of
cPG2 derivatives was dependent on the amount of histidine due to the
protonation capacity of the imidazole group at physiological pH.

3.2. Physical characteristics of cPG2 derivatives/pCN-Luci polyplexes

Cationic polymers aid in gene delivery by condensing plasmid DNA
into nanoscale particles, called polyplexes, and reducing electrostatic
repulsion with the cellular membrane by neutralizing the negative
charges of plasmid DNA. To confirm the weight ratios of cPG2 de-
rivatives to plasmid DNA for stable polyplex formation, we analyzed the
polyplexes by PicoGreen exclusion assay.

Polyplex formation results in significant decrease in fluorescence of
the PicoGreen reagent as it is excluded from the plasmid DNA (Choi
et al., 2004; Geall & Blagbrough, 2000). cPG2 derivatives and the
plasmid DNA (pCN-Luci) were beginning to form stable polyplexes at a
weight ratio of 4:1 (polymer:DNA) evidenced by the near zero fluores-
cence (Fig. 1A). This trend was unaffected by the amount of histidine,
likely because the imidazole groups are in a deprotonated form and had
little impact on electrostatic interactions with plasmid DNA.

Polyplexes were further characterized by scanning transmission
electron microscopy (-in-SEM) and energy-dispersive X-ray spectros-
copy (EDS). Under the STEM images, polyplexes were spherical in shape
and had a size distribution ranging from 100 to 250 nm (Fig. 1B). EDS
analysis confirmed that the nanoparticles in the STEM images were
polyplexes with the peaks from phosphorous, an intrinsic element of
DNA, and carbon, nitrogen, and oxygen from cPG2 derivatives (Fig. S3).
Occasionally polymer aggregates without DNA were also observed.

The size and {-potential of polyplexes are considered important
physical properties associated with binding affinity with the plasma
membrane and cellular uptake by endocytosis thereby influencing the
transfection efficiency. The average size of polyplexes was suitable for
endocytosis (<300 nm) with relatively low polydispersities (<0.5), and
a gradual size decrease was observed as the polymer to DNA weight ratio
increased from 0.5:1 to 16:1 (Fig. 1C and Table S2). {-potentials of the
polyplexes made of cPG2 derivatives (i.e. cPG2 conjugated with NLS)
were lower than those of polyplexes made of unmodified cPG2 (Fig. 1D).
This trend can be explained by the fact that cPG2 derivatives, having a

Table 1
Relative molecular weight calculated by 'H NMR, and charge numbers.

Sample MW (Da) No. of +charge/polymer No. of +charge/pg ©
cPG2 3348.4 ° 16 2.9 x 10'°
RKRK-cPG2 11823 76 3.9 x 10%°
RKRKH-cPG2 13678" 74 2.3 x 10'°
RKRKHH-cPG2 15625" 74 2.9 x 10'°
RKRKHHH-cPG2 ~ 17298" 74 2.6 x 10%°

@ Molecular weight is provided by the manufacturer.

b Molecular weight is calculated by *H NMR.

¢ The N/P ratio of each polyplex at 1:1 wt ratio (polymer:DNA) is 1.6 for cPG2,
2.1 for RKRK-cPG2, 1.8 for RKRKH-cPG2, 1.6 for RKRKHH-cPG2 and 1.4 for
RKRKHHH-cPG2.
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higher number of positive charges than unmodified cPG2, requiring
fewer polymers to form stable polyplexes with the plasmid DNA, leading
to the lower {-potentials.

3.3. In vitro cytotoxicity evaluation of cPG2 derivatives

The cytotoxicity of gene carriers should be minimized in the trans-
fected cells for the stable and continuous expression of therapeutic
proteins. AlamarBlue assay was performed to evaluate in vitro cytotox-
icity for NIH 3T3 and human mesenchymal stem cells (hMSCs) as a
function of polymer (PEI, cPG2 or cPG2 derivatives) concentration
(Fig. 2). In general, cPG2 derivatives showed lower cytotoxicity than
PEIL. However, for the low histidine ¢cPG2 derivates (RKRK-cPG2 and
RKRKH-cPG2), there was substantial increase in cytotoxicity at polyplex
concentrations higher than 40 pg/mL and 10 pg/mL in NIH 3T3 and
hMSC, respectively. The high histidine ¢cPG2 derivatives (RKRKHH-
cPG2 and RKRKHHH-cPG2) exhibited much lower cytotoxicity for both
cell types. These results clearly show that the addition of histidine to NLS
significantly improves biocompatibility of dendrimer-based gene car-
riers likely due to its antioxidant property. This is consistent with other
related studies in which histidine-modified cationic polymers showed
reduced cytotoxicity(Benns et al., 2000; Bertrand et al., 2011; Chang
et al., 2011; Mallick & Choi, 2015) and histidine-containing peptides
exhibiting antioxidant effects (Wake et al., 2020).

3.4. Transfection efficiency and intracellular distribution of cPG2
derivatives/pCN-Luci polyplexes

Transfection efficiency of cPG2 derivatives were evaluated at various
polymer to DNA weight ratios (4:1 — 16:1) using the NIH3T3 and hMSCs
(Fig. 3A). The results were compared to the transfection by PEI at 1:1
polymer to DNA ratio, which is known to be an optimal composition for
transfection for PEI (Zhang et al., 2018). Transfection efficiency for each
cPG2 derivative was a function of polymer to DNA weight ratio, and only
the case of maximum transfection is shown in Fig. 3A. The entire data set
can be found in Fig. S4. cPG2 derivatives achieved roughly two orders of
magnitude higher transfection efficiency than unmodified cPG2, and
similar or higher transfection efficiency than PEI in both cell types. For
NIH 3 T3, the high histidine cPG2 derivatives (RKRKHH-cPG2 and
RKRKHHH-cPG2) resulted in slightly lower transfection efficiencies
than the low histidine ¢cPG2 derivatives (RKRK-cPG2 and RKRKH-cPG2)
However, their transfection efficiencies were still higher than or com-
parable to that of PEL. For hMSCs, the high histidine groups showed
slightly higher transfection efficiencies than the low histidine groups
and were significantly higher than PEI (p < 0.001).

NLS modification of cPG2 is known to facilitate transfection effi-
ciency by targeting cargo proteins (e.g. importin, karyopherin) after the
endosomal escape and promoting the localization of polyplexes at the
nucleus (Kirby et al., 2017; Wing et al., 2022). The effect of NLS was
visualized by the distribution of polyplexes in NIH 3 T3 cells using
confocal microscopy (Fig. 3B). The polyplexes made of NLS-modified
cPG2 resulted in much higher localization near the nuclei than the
ones made of unmodified cPG2. A quantitative analysis of the fluores-
cence images clearly shows that NLS enhanced perinuclear localization
of polyplexes and the addition of histidine did not affect this effect of
NLS (Fig. S5). These results are consistent with the transfection effi-
ciency of each polymer.

3.5. Influence evaluation of cPG2 derivatives on ROS

As was demonstrated above, conjugation of NLS (i.e. RKRK) to cPG2
improved the transfection efficiency (Fig. 3) but at the cost of increased
cytotoxicity (Fig. 2), and addition of histidine residues to NLS substan-
tially reduced cytotoxicity. We sought to understand the mechanism by
which histidine provides protection to the cells. Our hypothesis was that
histidine scavenges ROS that is produced during the transfection by the
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Fig. 1. (A) PicoGreen exclusion assay. (B) STEM (-in-SEM) imaging of cPG2 derivatives/pCN-Luci polyplexes. The arrows indicate polyplexes. Scale bar = 500 nm.
(c)Size and (d) ¢-potential of polyplexes at various weight ratios. Data are shown as mean + standard deviation (n = 3).

positively charged cPG2 derivatives and protects the mitochondria.

Hydrogen peroxide (H203) is constantly generated in the electron
transfer system of mitochondria during the ATP synthesis. Most of HoO»
is cleared by enzymes, such as superoxide dismutases (SODs) and cata-
lase. However, the positively charged polymers can bind to and disrupt
some of the mitochondrial membranes, leading to a rapid increase in
H,0, beyond the capacity of the neutralizing enzymes (El-Beltagi &
Mohamed, 2013; Grandinetti et al., 2011; Lee et al., 2013; Macdonald
etal., 2003; Xia et al., 2008). HyO4 in the cytoplasm can be converted to
highly cytotoxic hydroxy radical (-OH) through Fenton reaction (Li
et al., 2019) and facilitate cell death (Hunter & Moghimi, 2010; Li et al.,
2019; Naha et al., 2010).

We first evaluated the antioxidant capacity of histidine-modified
cPG2 derivatives in a physiological buffer using HORAC assay, which
measures the protective effect of antioxidant molecules by the preven-
tion of fluorescence quenching by the hydroxyl radical (Fig. 4 and Fig

S5). Modification with NLS alone (i.e. RKRK-cPG2) did not confer any
antioxidant capacity to cPG2. The antioxidant capacity of histidine-
modified cPG2 derivatives increased with the number of histidine resi-
dues (n = 1-3), and with the polymer concentrations (25-200 pM),
evidenced by higher fluorescence signals over time. For the case of 200
uM polymer concentration, the difference of fluorescence intensity be-
tween RKRKHHH-cPG2 and RKRK-cPG2 was 41 % (78 £ 3 % vs 37 + 3
%, p < 0.001).

Since histidine residues on NLS were demonstrated to have antioxi-
dant capacity, we hypothesized that cPG2 conjugated with histidine-
modified NLS would result in less intracellular hydroxyl radicals than
cPG2 conjugated with NLS only. DCFDA assay enables visualization of
the intracellular ROS by enhanced fluorescence of DCFDA in the pres-
ence of hydroxyl radicals (Fig. 5). Consistent with its well-known cyto-
toxic effect, PEI led to excessive intracellular ROS in NIH 3 T3. ROS
generation was substantially reduced with RKRK-cPG2 compared to PEI,
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which confirms superior biocompatibility of PAMAM dendrimer-based
gene delivery vectors (Fig. S6). Addition of one histidine to NLS
(RKRKH-cPG2) slightly increased intracellular ROS compared to RKRK-
cPG2, which means there was not enough antioxidant capacity. When
more histidine was added to NLS (RKRKHH-cPG2 and RKRKHHH-
cPG2), no measurable ROS was detected by DCFDA assay. These re-
sults clearly demonstrate the antioxidant effect of histidine-modified
NLS, suppressing the generation of cytotoxic intracellular ROS by the
positively charged gene carriers.

Finally, we sought to demonstrate that the reduction of ROS by
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Fig. 3. (A) Transfection efficiency of cPG2 derivatives. Each weight ratio indicates the optimal transfection efficiency. (B) Confocal microscope images (NIH3T3
cells). Polymer concentrations of polyplexes prepared as 1:1, 12:1, and 16:1 wt ratios are 3.85, 46.2, and 61.5 pg/mL. Cell nuclei and plasmid DNA were stained with
DAPI (blue) and Alexa 546 (red), respectively. The images were taken using the optimal polymer to DNA ratios found in (a). Scale bar = 10 pm.

histidine prevents mitochondrial injury caused by hydroxyl radicals
using the JC-1 assay. JC-1 reagent is a fluorescence indicator of mito-
chondrial membrane potential: red and green fluorescence indicates
high and low mitochondrial membrane potential, respectively. Cells
treated with PEI showed damaged cellular morphologies (bright field)
with a high green fluorescence intensity, meaning significant mito-
chondrial damage and cell death (Fig. S7). cPG2-based carriers showed
much lower green fluorescence than PEL. As the number of histidine
increased, green fluorescence intensity decreased, indicating minimal
mitochondrial disruption, proving the protective effect of histidine
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against ROS (Fig. 6A). The quantitative analysis of green/red fluores-
cence confirms that the mitochondrial damage is reduced as the number
of histidine increased (Fig. 6B), consistent with the observations from
HORAC (Fig. 4) and DCFDA (Fig. 5) assays.

Taken together, the results in Figs. 4-6 confirm our original hy-
pothesis that histidine residues scavenge hydroxyl radicals caused by the
positively charged polymers, protect the mitochondria and minimize

cytotoxicity during the transfection.
4. Conclusion
In this study, we modified cPG2 with RKRK sequence, a NLS derived

from Merkel cell polyomavirus large T antigen and histidine (n = 1-3)
and evaluated the effect of the number of histidine residues on
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transfection efficiency and cytotoxicity of cPG2 derivatives. NLS-
modified cPG2 derivatives showed comparable transfection efficiency
to PEI for both a mouse cell line (NIH 3T3) and primary human stem
cells (hMSCs), and the addition of histidine to NLS substantially reduced
its cytotoxicity without affecting the transfection efficiency. Based on
HORAC, DCFDA, and JC-1 assay, it was demonstrated that histidine-
modified NLS had antioxidant capacity minimizing the generation of
intracellular hydroxyl radical and preventing the mitochondrial dam-
ages, and the antioxidant effect was dependent on the number of histi-
dine residues. Our results provide important design principles for the
development of safe and effective non-viral gene carriers for gene
therapy.
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