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Abstract Development of modern agriculture and bio-
technology is closely connected with the use of novel and
effective genetic engineering methods. Presently, non-
viral nanoparticle-mediated plant transformation methods
gain more attention because of their stability, safety, and
convenience of performance. In this work, new polymeric
dimethylaminoethyl metacrylate (DMAEM)-based poly-
mers were synthesized and investigated for their properties
in gene delivery. Formation of stable complexes between
TN 83/6, TN 84/5, DLM-9-DM and LM-8-DM polymers
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and plasmid DNA, as well as the DNA protection by the
PDMAEM polymers against nuclease degradation were
confirmed by electrophoresis in agarose gel. In addition,
model organisms Allium cepa and Nicotiana tabacum L.
were studied to evaluate cytotoxic effect of the PDMAEM
carriers. The created PDMAEM-based carriers were effec-
tive in delivery of plasmid DNA into moss and tabacco
protoplasts (obtaining stable transformants of Ceratodon
purpureus moss, as well as in transient expression of the
reporter yfp gene product in N. tabacum protoplasts). Thus,
novel PDMAEM-based polymers were shown to be prom-
ising carriers for delivery of DNA into plant cells, and car-
riers possess high potential for further applications in this
field.

Keywords Dimethylaminoethyl methacrylate containing
carriers - Transformation - Toxicity - Ceratodon
purpureus - Nicotiana tabacum

Introduction

The development of efficient transformation systems has
led to a remarkable progress in biotechnology and agricul-
ture. The generation of transgenic plants has allowed for
new insights into gene functions. Several methods are cur-
rently available for introducing exogenous DNA into plant
cells. Agrobacterium tumefaciens-mediated transformation
is widely used for the genetic transformation of plants. The
transformation efficiency can be attributed to the direct
infection of the plant with Agrobacterium without going
through protoplast isolation and regeneration steps in the
transformation process (Potrykus and Spangenberg 1995).
However, transformation efficiency of the Agrobacterium-
mediated method of plant transformation strongly depends
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on a susceptibility of the host plant (Gelvin 2003; Zhang
et al. 1999). Polyethylene glycol (PEG)-mediated DNA
uptake by protoplasts has been proposed as an alterna-
tive transformation method for both higher plants (Arm-
strong et al. 1990; Shen et al. 2014; Torney et al. 2007)
and mosses (Zeidler et al. 1999). However, the efficiency
of gene delivery based on using this method is rather low.
In addition to low efficiency, PEG-mediated transformation
requires complicated tissue and protoplast manipulations,
including a procedure of protoplast regeneration under
sterile conditions (Jing et al. 2003). The nanoparticle bom-
bardment or the biolistic transformation is another method
widely used for transformation of higher plants and mosses
(Smidkova et al. 2010). Particles used for such bombard-
ment are typically made of tungsten, gold, gold-capped
mesoporous silica nanoparticles (Cove et al. 2009a; Tor-
ney et al. 2007). That method could shorten the procedure
to minimum, thereby avoiding microbial contamination.
However, the biolistic transformation efficiency consider-
ably depends on the size and conformation of the exogene-
ous DNA (Deng et al. 2001). Furthermore, the nanoparticle
size, shape and surface coating influence their biological
properties. Nanoparticles could inhibit plant tissue culture
system, effected the biochemical processes and/or promote
the growth of culture plantlets (Sarmast et al. 2015).

The use of the nanoparticle mediated plant transforma-
tion has a potential for further improvement. Non-viral vec-
tors have recently gained an increased attention due to their
stability, safety. These vectors can be applied for a large-
scale production of plant transformants.

Reports indicate the ability of carbon nanofibers and
nanomaterials to deliver plasmid DNA into cells (McK-
night et al. 2003, 2004; Shukla et al. 2016). The ability
of surface functionalized mesoporous silica nanoparticles
(MSNp5s) to penetrate plant cell walls opens up new ways for
precisely manipulate gene expression at a single cell level
by delivering DNA and its activators in a controlled man-
ner (McKnight et al. 2004).

Our study was inspired by recent developments of the
cationic polymers containing chains of the 2-(dimethyl-
amino)ethyl methacrylate (DMAEM) for gene transfer
into yeast and mammalian cells (Ficen et al. 2013; Filyak
et al. 2013; Qian et al. 2014; Samsonova et al. 2011; Schal-
lon et al. 2010; Tanasienko et al. 2015). They could build
complexes with DNA and RNA via electrostatic interaction
and protect DNA from DNase I degradation. Previously, we
proposed the application of new linear and branched poly-
cationic polymers containing chains of DMAEM for plas-
mid DNA delivery into Ceratodon purpureus moss. It was
shown that linear DMAEM-based polycationic polymers
are efficient for moss transformation (Finiuk et al. 2014).

Tobacco and moss were proposed as experimental mod-
els in plant transformation (Ganapathi et al. 2004; Jing
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et al. 2013). Bryophytes are among the simplest and old-
est of known terrestrial plants. Possessing strong regenera-
tion and short life cycle, mosses are ideal model systems
for plant study (Jing et al. 2013). In a recent decade, the
cultivation protocols of such mosses as Physcomitrella pat-
ens, Funaria hygrometrica, C. purpureus, and Tortula rura-
lis were developed for various genetic engineering studies.
They have been used to analyze gene function (Brucker
et al. 2005; Finiuk et al. 2014; Jing et al. 2013; Prigge and
Bezanilla 2010; Richter et al. 2012), express many complex
secreted eukaryotic proteins and other products of interest
(Anterola et al. 2009; Decker and Reski 2008). In addi-
tion, the moss protoplasts, unlike the protoplasts of other
plants, do not need phytohormones for regeneration, and
they can form a callus during regeneration. They regenerate
directly into the filamentous protonemal, thus, mimicking
a germinating moss spore (Rosales-Mendoza et al. 2014).
Therefore, we used the moss protoplasts as a useful model
system for genetic engineering studies. Besides, Nicoti-
ana tabacum mesophylic protoplasts were used as a plant
model (Cove 2000; Hunter et al. 2007; Paciolla et al. 2004;
Pineros and Kochian 2001).

In this work, DMAEM-based cationic polymers with
different molecular structure were synthesized and their
potential as transporters for exogenous DNA delivery into
plant cells (tobacco and moss) was evaluated. The forma-
tion of the cationic polymer/plasmid DNA (pDNA) com-
plexes was characterized by using electrophoresis in the
agarose gel. In addition, toxicity and mutagenicity of the
cationic polymers were tested. The biocompatibility of the
polymers and the efficiency of nanoparticle-mediated gene
transfer into plant cells were studied using the protoplasts.

Materials and methods
Materials for synthesis of the block polymers

2-(Dimethylamino)ethyl methacrylate, 2-aminoethyl meth-
acrylate hydrochloride (AEM), 1-vinyl-2-pyrrolidone
(N'VP), butyl acrylate (BA), vinyl acetate (VA), 2-hydroxy-
ethyl methacrylate (HEMA) were from Aldrich (Milwau-
kee, WI, USA). Polyethylene glycol (M,~600 g mol~!)
and poly(ethylene glycol) methyl ether (mPEG, M, ~ 550 g
mol™!), were from Acros Organics (Geel, Belgium).
Ammonium cerium (IV) nitrate, azobisisobutyronitrile
(AIBN), N,N-dimethylmethanamide (DMF) and n-hexane
were from Merck (Darmstadt, Germany). 1-Isopropyl-3(4)-
[1-(tert-butyl peroxy)-1-methylethyl]benzene (monoper-
oxine (MP)) was synthesized from terz-butyl hydroperox-
ide (1.1 mo L7") and 2-(4-isopropylphenyl)-2-propanol
(1.0 mol L_l) in the acetic acid solution, as described ear-
lier (Dikyy et al. 1975).
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Synthesis of DMAEM-based cationic polymers

Block copolymers poly(DMAEM)-block- oligo(NVP-co-
BA-co-AEM) (TN83/6) and poly(NVP-co-VA-co-HEMA)-
block- oligo(NVP-co-BA-co-AEM) (TN 84/5) (Fig. la)
were prepared according to the method described earlier
(Zaichenko et al. 2008).

Block copolymers PEG-block-poly(NVP)-  block-
poly(DMAEM) (LM-8-DM) and poly(NVP)-block-PEG-
block - poly(NVP)- block-poly(DMAEM) (DLM-9-DM)
(Fig. 1b) were prepared according to the method described
earlier (Miagkota et al. 2014).

Complex formation

The polymer/pDNA complexes were prepared by add-
ing the carrier (I pL) to the plasmid DNA (1 pg)
pGLGS578 (Sohn et al. 1999) at increasing concentrations
(3% 1073~1%) on 8 pL of 20 MM Tris—HCI, pH 7.4. Com-
plexes were incubated at room temperature for 20 min.
Then polymer/pDNA complexes were loaded onto 1% aga-
rose gel (LACHEMA, Czech Republic) and run with 1x
Tris—acetate (TAE) buffer containing 1 pg mL™" of ethy-
dium bromide. Electrophoresis was performed for 1 h at a
constant voltage of 70 V. Plasmid DNA bands were visual-
ized with an UV transilluminator (MacroVue UV-20, Hoef-
fer) (Fu et al. 2011).

R— H3C—O0— Or

(o)

&

DNase I protection assay

DNase I (0.05-0.5 U, 2 pL) (Fermentas/ThermoFisher Sci-
entific, USA) was added to 1 pg of naked pDNA or poly-
mer (0.1%)/pDNA complexes and incubated at 37°C for
30 min. The process of DNase I degradation was stopped
by the addition of an ethylenediaminetetraacetic acid
(EDTA) solution (Fermentas/ThermoFisher Scientific,
USA) (0.5 M, 4 pL), and pDNA was released following
incubation with a heparin solution (0.1%, 5 pL) (Arterium,
Ukraine) at 37 °C over a period of 3.5 h. The samples were
loaded onto the gel and electrophoresed to examine the
integrity of pDNA (Fu et al. 2011).

Ana-telophase analysis

The Allium cepa toxicity study was performed, as described
previously (Rank and Nielsen 1993). The method is based
on the detection of chromosomal aberrations that occur in
the root of meristem cells of A. cepa germinated on the
studied polymers (107-0.1%) solutions and on the dis-
tilled water as control. Seeds were germinated at 22 °C dur-
ing 3 days. Cells were analyzed at the stage of anaphase
and early stage of telophase at 10x40. Chromosomes were
stained with acetoorseine (Rank and Nielsen 1993). In
order to establish cyto- and genotoxicity of polymers, we
have determined: mitotic index (MI, %o)=P+M+A+T)/
(I+P+M+A+T)x1000%o0, and chromosomal aberrations

for TN83/6: n = 12.6%,
m =70.2%, k = 12.4%, | = 4.2%,
[MP-fragment ] = 0.6%,

M, = 6500 Da;

for TN84/5: s =12.0%, r=1.5%,
p=0.9%, m =64.6%, k =13.6%,
| = 6.8%, [MP-fragment ] = 0.6%,
M, = 6800 Da.

for LM-8-DM:
mPEG(550Da =5.6%,
m =10.5%, n = 83.7%,
[MP-fragment ] = 0.2%,
M, = 9500 Da;

o)

|> for DLM-9-DM:

N PEG(600Da) = 5.7%,
m = 16.6%, n = 77.5%,
[MP-fragment ] = 0.2%,
M, = 10200 Da.

Fig. 1 Structure of the polymeric carriers: a TN83/6, TN 84/5 and b LM-8-DM, DLM-9-DM
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(CA, %)=N/(A+T)x 100%, where P is the number of cells
in prophase, M—in metaphase, A—in anaphase, T—in
telophase, I—in interphase, N—number of chromosomal
aberrations.

In vitro cultivation of N. tabacum

Aseptic N. tabacum plant material was grown from the
sterilized seeds. For sterilization seeds were rinsed in 5%
NaOCl solution for 15 min with subsequent washing out for
three times in sterile deionized water. Tobacco plants were
grown and micropropagated in vitro on the solid medium,
containing Murashige—Skoog (MS) basal salts, 30 g L™
sucrose and 8 g L™! agar, pH 5.8 (Sigma, Germany).

Isolation of the tobacco protoplasts

Protoplasts of the aseptic N. fabacum plants were isolated
as described by Yemets et al. (2000). Young green leaf
disks of 2-2.5 sm? area were cut into stripes and soaked
into 10 mL solution containing 0.6% Cellulase Onozuka
R-10 (Serva, Germany), 0.3% Driselase (Sigma, USA),
0.5 M sucrose and 5 mM CaCl,. Digestion was carried out
in dark for 14 h at 28°C. After the isolation, protoplasts
were resuspended in liquid 8p medium (Kao and Michay-
luk et al. 1975) to the approximate density of 10° proto-
plasts in 1 mL of medium. This suspension was immedi-
ately used for polymer cytotoxicity assessments or genetic
transformation studies.

Quantitative and qualitative analysis of the tobacco
protoplasts

Morphology of protoplasts, as well as the yfp reporter gene
fluorescent signal were detected using the luminescent
microscope Axioskop 40 (“Carl Zeiss”, Germany) with the
built-in camera. The digital processing of the micropho-
tographs was done with the use of AxioVision LE 4.8.2.0
software (“Carl Zeiss Microlmaging GmbH”, Germany).
All quantitative assessments were carried out in Neubayer
chamber.

Study of the PDMAEM-based carriers cytotoxicity
for tobacco protoplasts

Stock solutions of the polymers used in this study were as
follows: TN 84/5, 1%, pH 7.27; DLM-9-DM, 0.5%, pH 5.0;
LM-8-DM, 0.5%, pH 5.0. The effects of polymeric carri-
ers on N. tabacum protoplasts were investigated in follow-
ing range of polymers concentrations 5x 107>, 107, 1073,
5%1073, 1072, 2.5% 1072 and 5x1072%. Polymers were
added to 1 mL aliquots of protoplasts suspension in liquid
8p medium (Kao and Michayluk et al. 1975). After addition
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of polymers into the protoplast suspension, the final solu-
tion was carefully mixed by the rotation. Protoplasts were
co-cultivated with polymers in a sterile plastic Petri dishes
for 24 h at 24°C on the diffused light with 16/8 h photo-
period. The cytotoxicity of PDMAEM-based nanoparticles
was estimated by calculating the amount of damaged and
normal protoplasts using morphological criteriums (Van
Doorn et al. 2011).

Tobacco protoplasts transformation with PDMAEM/
pPDNA complexes

The ability of PDMAEM-based carriers TN 84/5, DLM-
9-DM and LM-8-DM to deliver pDNA was examined on
freshly isolated tobacco protoplasts. For transformation
studies, pGreen 0029 plasmid was used, which contained
reporter yfp (yellow fluorescent protein) gene fused to the
y-tip (tonoplast intrinsic protein) gene sequence (Hunter
et al. 2007). The general schema of the binary plasmid
pGreen 0029 used in this study is shown on the Fig. 2a.

Plasmid DNA was isolated from previously transformed
overnight E. coli strain DH5a culture (ODgy,=0.6) with
above mentioned construct using the method of alkaline
lysis (Sambrook et al. 1989). Concentration of plasmid
stock solution in the deionized water used for protoplast
transformation was 1 pg pL=".

Appropriate concentrations of the nanocomposites for
protoplast transformation studies were defined from the
results of the above mentioned cytotoxicity assessment.
These concentrations were as follows: 5x 107% for LM-
8-DM, 107*% for DLM-9-DM and 5x 107°% for TN 84/5.
The rate of protoplasts survival observed at these concen-
trations exceeded 70%. To obtain conjugates of polymers
with plasmid DNA 20 pL of pGreen 0029, plasmid stock
solution (1 pg pL™' DNA) was mixed with 1, 2 and 5 pL
of LM-8-DM, DLM-9-DM and TN 84/5 polymer stock
solutions, respectively. These mixtures were incubated for
20 min at room temperature, which is important for stable
complex formation. Then solutions containing PDMAEM/
pDNA complexes were added into a series of 1 mL aliquots
of protoplast suspension. The protoplasts were incubated
with the polymers in the sterile plastic Petri dishes for 24 h
at 24 °C under the diffused light with 16/8 h photoperiod.
The frequency of polymers-mediated foreign gene delivery
into the protoplasts was estimated by calculating the ratio
of protoplasts expressing yfp gene detected as YFP signal
under the luminescent microscope Axioskop 40.

Transformation of moss protoplasts
Moss C. purpureus (from the collection of the Insti-

tute of Ecology of the Carpathians, National Academy
of Sciences of Ukraine, Lviv, Ukraine) was cultured at
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a

LB RB
L<nos-t |-<£qu11 )<1:°35s H P35s>| y-n'p>-( yjp>| nos->J

b
Tocs |< g/})-ptsl|<CaMV3SS pr < Tocs |< hyg R |< CaMV35S pr

Fig. 2 General scheme of plasmid DNA: a pGreen 0029 construct:
LB and RB left and right T-DNA borders, nos-t nopaline synthase ter-
minators, nptll neomycine phosphotransferase gene, P35S 35S Cau-
liflower mosaic virus promoter, yfp yellow fluorescent protein gene,
y-tip tonoplast intristic protein gene, b pSF3 plasmid: Tocs octopine

24-26°C, 16/8 h photoperiod in Knop medium (Hohe
and Reski 2002). Plasmid DNA pSF3 (7836 base pares)
was obtained at the Institute of Cell Biology, National
Academy of Sciences of Ukraine) (Finiuk et al. 2014) and
was used to transform moss C. purpureus. Plasmid DNA
contained hyg gene conferring resistance to hygromycin
B and hidden gene of protein of peroxisomal signal of the
first type (ptsl) fused with gfp (green fluorescent protein)
gene. The genes were put under the control of the CaMV
35S promoters and octopine synthase terminators (Tocs)
(Fig. 2b).

The modified PEG-mediated transformation method
developed for moss P. patens was used to transform the
protoplasts of C. purpureus (Cove et al. 2009b; Frank
et al. 2005). Protoplasts were isolated by digestion of
cell wall of protonemal tissue with 1% Driselase (Sigma,
USA) for 1 h. Polymer/pDNA complexes with different
polymer/pDNA ratio were used as gene carriers. In addi-
tion, 40% PEG-6000 (LobaChemie, Austria) was used
as control pDNA carrier. Transformed protoplasts were
placed on Petri dishes with PRMB medium contain-
ing 0.5% glucose. The regenerants were transferred on a
selective medium containing hygromycin B (50 ug mL™!)
after 14 days. The regenerants were subcultivated on the
medium without or with hygromycin B antibiotic in order
to obtain stable transformants.

Statistical analysis

All data are presented as mean =+ standard error of the
mean (SEM). Experiments were repeated in triplicate.
Statistical analyses were performed using two-way
ANOVA test. A P-value of <0.05 was considered statisti-
cally significant.

synthase terminator, gfp green fluorescent protein gene, pts/ gene of
protein of peroxisomal signal of the first type, CaMV35S 35 S Cauli-
flower mosaic virus promoter, hyg® gene of resistance to hygromycin
B

Results and discussion
Plasmid DNA/polymer complex formation

Novel PDMAEM block copolymers were designed in order
to contain positively charged polymer branches needed for
binding of pDNA with the negative charge of the nucleo-
tide phosphates. Since DNA-binding capability is a prereq-
uisite for genetic carriers in elaboration of gene delivery
methods, the assembly of polymer/plasmid DNA complex
was confirmed by gel retardation assay. The polycationic
polymers are known to interact electrostatically with DNA.
The inhibition of the electrophoretic mobility of plasmid
DNA can be seen with an increase of the polymer/DNA
ratios in the agarose gels. Complexes were prepared at
different concentrations of polymer (3%1073-0.1%) and
the retardation in the migration of the plasmid DNA dur-
ing agarose gel electrophoresis was examined. The intact
pDNA migrated in the lane 5 of the agarose gel, and it was
not retarded being in the complex with 3x 1073% TN 83/6
polymer in the lane 4 of the gel (Fig. 3a). However, there
was a retardation of pDNA migration in lane 3 (Fig. 3a),
indicating that TN 83/6 polymer in 0.01% concentration
could bind pDNA and form the complex. The formation of
TN 84/5/pDNA complex took place at 0.01% concentration
of the polymer (Fig. 3b).

DLM-9-DM polymer in 0.1% concentration combined
with pDNA (lane 2, Fig. 3c). LM-8-DM in the same con-
centration binds pDNA to form complexes (lane 2, Fig. 3d).
TN 83/6 and TN 84/5 block copolymers maintained more
effective electrostatic binding of the carrier with negatively
charged DNA molecules.

In constructing of gene carriers, the amino/phosphate
groups ratio plays an important role since it is affect-
ing a degree of the polyplexes particle size, transfection
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Fig. 3 Results of gel retardation assay of the polymeric carriers
a TN 83/6, b TN 84/5, ¢ DLM-9-DM, d LM-8-DM and plasmid
pGLG578 complexes in 1% agarose gel. Lines 1—0.1% + pDNA; 2—
0.03%+pDNA; 3—0.01%+pDNA; 4—0.003% + pDNA; 5—intact
DNA. O—complex polymer/plasmid DNA

efficiency, and cytotoxicity of carriers. High ratio of amino/
phosphate groups induced not only an increased cellu-
lar uptake through charge mediated interactions, but also
disadvantageous higher cytotoxicity. On the other hand, a
reduction of the ratio of amino/phosphate groups will lead
to the particle size increase and a decrease of the transfec-
tion efficiency (Zhao et al. 2009).

DNase I protection assay

The effective binding of DNA is a key issue for its stability
against enzymatic digestion by nucleases (Roy et al. 2005).
The ability of the cationic polymers to protect DNA against
nuclease attack is enhancing a success of gene expression.
The agarose gel electrophoresis was used to monitor the
sensitivity of pDNA that formed a complex with the pol-
ymer to DNase I. Intact pDNA was completely digested
when incubated with DNase I (0.05 U/ug pDNA) (lane 4,
Fig. 4a, b). pDNA complexed with 0.1% TN 83/6 polymer
was protected against the action of the DNase I (0.05 and
0.5 U/ug pDNA) by carrier (Fig. 4a, lanes 2, 3). Plasmid
DNA bound with polymer TN 84/5 remained intact after
incubation with the DNase I (0.05 and 0.5 U/ug pDNA)
(Fig. 4b, lanes 2, 3). Plasmid DNA complexed with 0.1%
DLM-9-DM and LM-8-DM polymers was not degraded by
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Fig. 4 Results of electrophoresis in the agarose gel of 0.1% poly-
mers: a TN 83/6, b TN 84/5, ¢ DLM-9-DM, d LM-8-DM and pDNA
complexes after incubation for 30 min with different concentrations
of DNase I. Lane I—plasmid DNA; 2—polymer/pDNA complex
incubated with DNase I at 0.05 U/pg pDNA; 3—polymer/pDNA
complex incubated with DNase I at 0.5 U/pg pDNA; 4—pDNA incu-
bated with DNase I at 0.05 U/pg pDNA

the DNase I (0.05 and 0.5 U/ug pDNA) (lanes 2, 3, Fig. 4c,
d).

Our studies show that polymers protect pDNA against
cleavage by the DNase I, which is a crucial factor for effi-
cient gene delivery in vitro and in vivo. Such effect could
be explained by (i) repulsion of Mg?* ions (which are nec-
essary for the enzymatic reaction) by the amino groups,
(i1) a hindered access of the enzymes to the DNA that is
immobilized on the nanoparticle surface, or (iii) both (He
et al. 2003). So, new polymeric DMAEM-containing car-
riers under study can be considered as inhibitors of DNAse
I activity when they are used as carriers of pDNA in DNA
delivery experiments.

Study of the genotoxic properties of PDMAEM carriers

The ana-telophase test on A. cepa was used to evaluate the
genotoxic properties of polymeric carriers TN 83/6, TN
84/5, DLM-9-DM, LM-8-DM. In the presence of increas-
ing concentrations (from 10 to 3 to 0.1%) of the polymeric
carriers, a non-significant drop in the MI was observed. At
the same time, the polymers DLM-9-DM and LM-8-DM
(0.1%) progressively decreased the MI to 118-121%o, as
compared with 167%o for the control (Table 1).
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Table 1 Mitotic index and

’ Sample MI (%0) Chromosomal aberrations (%) Total aberra-

.Chromosomal aberratlol}s : ' tion number

mduped ‘by the polymer‘lc ‘ Fragments Bridge Double bridge (%)

carriers in A. cepa meristematic

root cells (n=3) Control 167+11 1.30+0.07 1.60+0.10 0.42+0.03 3.32+0.16
TN 83/6, 0.1% 144 +13 1.40+0.09 1.70+0.12 1.24+0.07%* 4.34+0.30%*
TN 83/6, 0.01% 154+12 1.57+0.11%* 2.25+0.16% - 3.82+0.25
TN 83/6, 1073% 150+ 14 1.43+0.07 1.59+0.09 - 3.02+0.19
TN 84/5, 0.1% 14219 1.30+0.07 225+0.17%*  0.86+0.06%* 4.41 +£0.22%*
TN 84/5, 0.01% 168 +£29 1.32+0.09 1.65+0.13 - 297+0.18
TN 84/5, 1073% 17112 1.44+0.09 1.43+0.10 - 2.87+0.21
DLM-9-DM, 0.1% 118+ 10**  2.33+£0.17%*  2.23+0.15%* - 4.56+0.31%*
DLM-9-DM, 0.01% 144 +12 2.15+0.16* 1.83+0.12 - 3.98+0.18*
DLM-9-DM, 1073% 154 +13 1.85+0.17* 1.51+0.15 - 3.36+0.12
LM-8-DM, 0.1% 121 £9% 1.68+0.14* 243+0.19%*  0.85+0.07** 4.96 +0.28**
LM-8-DM, 0.01% 14712 1.79+0.18%* 230+0.19%*% - 4.09+0.38%*
LM-8-DM, 1073% 158 +13 1.55+0.09 241+022%% - 3.96+0.31*

*P <0.05; **P<0.01

In control (meristem cells of A. cepa that were germi-
nated on the distilled water), the amount of chromosomal
aberrations was about 3.32%. It could be explained by
spontaneous mutations occurring in the meristematic cells
of A. cepa. PEG-containing block polymers DLM-9-DM
and LM-8-DM caused the most significant rise in the value
of the chromosomal aberrations. The chromosomal aber-
rations significantly increased from 3.96% after treatment
with 1073% LM-8-DM to 4.96% in case of 0.1% LM-8-DM
action (Table 1). The TN 83/6 and TN 84/5 carriers signifi-
cantly increased the number of the chromosomal aberration
only at 0.1%, which is approximately 100 times higher of
the working concentrations of the polymers. The aberra-
tions noticed due to the action of the polymeric carriers
were mostly chromosome fragmentation and bridges.

The results of ana-telophase test in A. cepa showed that
PEG-containing block polymers DLM-9-DM and LM-
8-DM possessed higher cytotoxicity compared to the toxic
effects of TN 83/6 and TN 84/5 polymeric carriers used in
0.001-0.1% concentrations. We suggest that the presence
of PEG blocks in the structure of DLM-9-DM and LM-
8-DM carriers are responsible for their increased toxity.
The obtained results correlated with the results described in
(Van de Wetering et al. 1998).

Genetic transformation of C. purpureus moss
protoplasts

To transform the C. purpureus moss, modified PEG-medi-
ated transformation method developed for P. patens moss
was used (Cove et al. 2009b). This method is based on
using polymeric carriers TN 83/6, TN 84/5, DLM-9-DM,
LM-8-DM and PEG as reference carrier. The application

of classical PEG-based transformation method (Cove et al.
2009b) did not enable us to obtain moss transformants
(Table 2). However, the application of TN 83/6, TN 84/5,
DLM-9-DM polymers as pDNA carriers at 2.5x 1073%
allowed obtaining both transient and stable transformants
of C. purpureus. As a result of transient transformation of
C. purpureus protoplasts, 25 clones were picked up using
TN 83/6 carrier, and 26 clones—when using TN 84/5 car-
rier. The application of DLM-9-DM polymer resulted in
a selection of only 1 transformant clone. The polymeric
carrier LM-8-DM was not capable of transferring plasmid
DNA into moss protoplasts (Table 2).

Selection of stable transformants of C. purpureus was
carried out on a selective medium containing hygromy-
cin B antibiotic. As a result of stable transformation of C.
purpureus protoplasts, 16 clones were picked up using TN
83/6 carrier, and 20 clones—when using TN 84/5 carrier,
and 1 clone—when using DLM-9-DM polymer (Fig. 5).

In general, the results of stable transformation were
comparable with the results of transient transformation.
TN 83/6 and TN 84/5 carriers were more effective for both

Table 2 Efficiency of C. purpureus moss protoplasts transient trans-
formation using the developed polymeric carriers

Polymer Number of transformants
TN 83/6 25

TN 84/5 26

DLM-9-DM 1

LM-8-DM Clones not obtained
PEG 6000 Clones not obtained

Negative control Clones not obtained
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Fig. 5 Stable transformants of
moss C. purpureus obtained l'-‘”‘l

after transformation by the com- X £

plexes of plasmid pSF3 with
different polymeric carriers TN -
83/6, TN 84/5 and DLM-9-DM

TN 83/6

transient and stable C. purpureus transformations. TN 83/6
and TN 84/5 carriers are the diblock-copolymers consist-
ing of the water-soluble flexible block, including chains of
vinyl-pyrrolidone and monomer with initial primary amine
group, except the chain of PDMAEM. One can assume that
the polyplex formation occurs as a result of the electro-
static interaction between the DNA and block PDMAEM
which further acquires hydrophobic properties and cre-
ates the nucleus of the nanodimensional micellar structure.
Such structure was stabilized by the water-soluble block of
N-vinyl-pyrrolidone chains and amino-ethyl-methacrylate
with the initial prime amino group. We assume that the free
amino group in the structure of TN 83/6 and TN 84/5 poly-
mers ensures better binding of pDNA molecule with these
carriers (Finiuk et al. 2014).

DLM-9-DM and LM-8-DM carriers were not effective
in both transient and stable C. purpureus transformation.
We suggest that the combination of PEG and DMAEM for
carriers construction resulted in a decrease in the transfor-
mation efficiency. These polymers possess higher molecu-
lar weight. In addition, these polymers demonstrated less
effective binding of pDNA molecule with the carriers in
comparison to TN 83/6 and TN 84/5 polymers (Fig. 3).
As reported by Qian et al. (2014), the application of
PDMAEM carriers with lower molecular weight improves
gene delivery.

Thus, we can conclude that the polycationic carriers TN
83/6 and TN 84/5 were the most effective gene transfer
agents for moss protoplasts among studied carriers.

Study of cytotoxic properties of PDMAEM on N.
tabacum protoplasts

Samples containing investigated polymers in different
concentrations generally demonstrated decrease in lev-
els of protoplasts viability. Nevertheless, the presence of
suitable range of polymer concentrations responsible for
only slight decrease of the protoplast survival in compari-
son to control was shown. In control, the survival ratio of
protoplasts reached 91%. The most pronounced cytotoxic
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effect was revealed for the LM-8-DM polymer. The car-
rier used at concentrations in range of 5x 107°-5 x 1072%
caused destructive changes in a vast majority of the
exposed protoplasts. These changes resulted in a forma-
tion of large aggregates of damaged protoplasts consist-
ing of numerous of protoplast residues (Fig. 6d). The
influence of the LM-8-DM polymer at concentrations of
5% 1075, 10™* and 1073% resulted in 71, 42 and 5% proto-
plasts survival rates, respectively (Fig. 6e).

The DLM-9-DM polymer demonstrated decreased
cytotoxicity levels in comparison with the LM-8-DM
polymer effect. Extensive disruption of all protoplasts
in samples was found only at the presence of the high-
est investigated concentration of the polymer—S5 x 10™2%
(Fig. 6¢). The rates of viable protoplasts after the treat-
ment with the polymer at concentrations of 5x 107,
107%,107%, 5x 1077, 1072 and 2.5 107% were of 89, 85,
68, 53, 35 and 7%, respectively (Fig. 6e). The observed
survival levels of 85 and 89% were comparable with sur-
vival levels of protoplasts in the control sample. Both
single dispersed damaged protoplasts and protoplasts
composing aggregates demonstrated cytoplasm shrink-
ing, which, in turn, was a common effect for the above
described LM-8-DM polymer.

The observed effects of the LM-8-DM and DLM-9-DM
polymers on tobacco protoplast viability are assumed to
appear due to the specific chemical structure of polymer
molecules. One can see on Fig. 1b that both polymers con-
tain PEG block in their structure. Most of studies of non-
viral gene delivery systems based on PDMAEM confirm
that addition of PEG blocks to molecules of PDMAEM
(PEGylation) substantially reduce the cytotoxicity of carri-
ers for the mammalian cells (Agarwal et al. 2012; Guo et al.
2011). However, the application of PEG as protoplast trans-
formation agent is associated with an increased damage of
protoplasts due to PEG-induced reversible destabilization
of cell membrane (Assani et al. 2005; Burris et al. 2016;
Chakrabarty et al. 2008; Hashizaki et al. 2003; Masani
et al. 2014), while the influence of PEGylated polymers on
the tobacco protoplasts viability has not been studied yet.
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Fig. 6 Effect of PDMAEM-
based carriers at different
concentrations on survival of
tobacco protoplasts: a control
sample after 24 h cultivation

in 8p medium; b protoplasts
after 24 h cultivation in 8p
medium supplemented with

the 5% 1072% of TN 84/5: ¢ pro-
toplasts after 24 h cultivation in
8p medium supplemented with
the 5x 107% of DLM-9-DM; d
protoplasts after 24 h cultivation

in 8p medium supplemented

with the 5x 1072% of LM-
8-DM; e results of effects of
carriers on survival of tobacco
protoplasts. Bar 20 pm

(1]

o+
(=}
L

[
(=)
1

Quantity of living protoplasts, %
(=]

5x10-% 104

ETN 84/5

8 LM-8-DM

=,
5x10-2

103 5x10°3 1072 2.5x1072

Concentration of PDMAEM carriers of different types, %

A comparison of the effects of DLM-9-DM and LM-
8-DM polymers indicates that the former could be up to 25
times less toxic than the latter. Namely, treatment with LM-
8-DM polymer at concentration of 107% (M,=9500 g/
mol, Fig. 1b) resulted in 5% protoplasts survival rate, while
treatment with DLM-9-DM at concentration of 2.5 x 1072%
(M, = 10,200 g/mol, Fig. 1b) resulted in 7% protoplasts sur-
vival rate (Fig. 6e). These findings differ from other results
obtained during studies on the mammalian cells (Agarwal
et al. 2012; Samsonova et al. 2011; Schallon et al. 2010;
You et al. 2007), where molecular weight of PDMAEM-
containing DNA carriers directly correlated with their
cytotoxicity. Among possible reasons of the reported effect

is the presence of a slight difference in molecular weight
between DLM-9-DM and LM-8-DM polymers, while dif-
ferences in their structure could have greater influence on
their biological effect. Namely, our results can be attrib-
uted to quantitative variations in chemical composition of
PEG-containing block copolymers. As indicated in Fig. 1b,
DLM-9-DM molecule comprises higher content of PEG
and NVP blocks (5.9 and 16.6%, correspondingly) than
LM-8-DM polymer (5.8 and 10.5%), and lower content of
DMAEM blocks (77.5% in DLM-9-DM versus 83.7% in
LM-8-DM). Thus, we suggest that PEG and NVP blocks
of the molecule DLM-9-DM are involved in the allevia-
tion of the cytotoxic effect of the PDMAEM-based carrier.
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Our assumption is in a correspondence with the results
described in (Van de Wetering et al. 1998). In the above
mentioned study, the copolymers of PDMAEM and NVP
were reported to possess a reduced cytotoxicity for living
cells in comparison with single PDMAEM polymer.

The TN 84/5 polymer demonstrated the lowest cyto-
toxicity for the protoplasts compared to LM-8-DM and
DLM-9-DM. Treatment with the polymer at concentra-
tions of 5x 107>, 107, 1073, 5% 1073, 1072, 2.5x 1072 and
5%107%% was associated with 91, 87, 82, 76, 59, 22 and
3% ratios of protoplast survival, respectively (Fig. 6b, e).
The use of TN 84/5 polymer at the highest investigated
concentrations—2.5x 1072 and 5x 107>%—resulted in an
extensive protoplasts deformation and cytoplasm shrinking.
The aggregation in samples of protoplasts treated with TN
84/5 was much less abundant than in samples treated with
LM-8-DM and DLM-9-DM.

The molecular structure of TN 84/5 is more complex
than that of DLM-9-DM and LM-8-DM. It differs by
the absence of PEG block and the presence of additional
HEMA, BA, AEM and VA blocks. The application of TN
84/5 carrier at a concentration of 5x 1072% was still associ-
ated with 3% survival of protoplasts, while for DLM-9-DM
and LM-8-DM polymers the highest concentrations associ-
ated with the presence of intact protoplasts in medium were
2.5% 1072 and 1073%, respectively.

Due to the presence of numerous side chains in TN 84/5
molecules, the polymer has a highly branched brush-like
structure. In combination with relatively low molecular
weight of 6800 g/mol (in comparison with DLM-9-DM
(10,200 g mol~!) and LM-8-DM (9500 g mol~!) (Fig. 1b)),
these features could allow high protoplasts transformation
efficiency and low cytotoxicity of TN 84/5-based carriers.
Branched and modified structures together with low molec-
ular weight were shown to be favourable factors for various
biological applications of the polymeric carriers (Agarwal
et al. 2012; Samsonova et al. 2011; Schallon et al. 2010;
You et al. 2007). Besides, pHEMA blocks were reported to
have additional fusogenic effects during interactions with
cellular membranes enhancing the uptake of the polyplexes
(Samsonova et al. 2011). More precise investigation of
these mechanisms poses the background for the develop-
ment of various innovative solutions for plant biology and
biotechnology based on the polymeric carriers.

Genetic transformation of V. tabacum protoplasts

For genetic transformation of the protoplasts, the follow-
ing concentrations of polymers were used: 5x107°% LM-
8-DM, 107°% DLM-9-DM and 5x1073% TN 84/5. Indi-
cated concentrations corresponded to more than 70% level
of protoplast survival (Fig. 6e).
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The ability of different polymer carriers to deliver
DNA was estimated by the frequency of transient yfp
gene expression in protoplasts a day after transformation
(Fig. 7). The highest protoplast transformation frequency
of 16% was reported when TN 84/5 polymer was used as
pDNA carrier (Fig. 7d, ). DLM-9-DM and LM-8-DM pol-
ymers were less efficient, as they were characterised by 5
and 3% transformation frequencies of tobacco protoplasts,
correspondingly (Fig. 7e).

Generally, while the cytotoxicity of PDMAEM carri-
ers decreased in the order: LM-8-DM >DLM-9-DM > TN
84/5, the frequency of protoplast transformation using
PDMAEM carriers increased in the same order: LM-
8-DM <DLM-9-DM < TN 84/5. Thus, the TN 84/5 poly-
mers appeared to be the most suitable DNA carriers dem-
onstrating the lowest cytotoxicity levels.

Among studied polymers, TN 84/5 possessed the most
grafted molecular structure as the result of inclusion of
five different residues, namely HEMA, AEM, BA, VA
and NVP. One of possible reasons why TN 84/5 facilitated
the most effective DNA delivery to protoplasts is the best
DNA-binding capacity of this polymer comparing with
DLM-9-DM and LM-8-DM confirmed by the results of gel
retardation assay (Fig. 3). These results showed that TN
84/5 polymer was capable of binding DNA effectively at
10-fold lower concentration than the lowest effective DNA-
binding concentrations of DLM-9-DM and LM-8-DM car-
riers (Fig. 3). DNA-binding capability of TN 84/5 polymer
could result in a formation of compact carriet/DNA com-
plexes which might easily cross the membrane of the pro-
toplasts without a significant disruption. These results are
in good correspondence with the data obtained by other
authors (Agarwal et al. 2012; Samsonova et al. 2011;
Schallon et al. 2010; You et al. 2007) which confirm better
ability of branched polymers to bind DNA.

DLM-9-DM and LM-8-DM carriers were less effective
for DNA delivery into the protoplasts. This can be due to
the presence of PEG blocks with zero charge in their struc-
ture, which could prevent an effective DNA binding. How-
ever, PEGylation of PDMAEM could decrease the cytotox-
icity of the polymers for the mammalian cells in culture,
although such modification of structure may compromise
polymers efficiency in elaboration of novel approaches for
genetic transformation (Agarwal et al. 2012; Burris et al.
2016).

Conclusions

Novel oligoelectrolyte PDMAEM-based DNA carriers
were synthesised, and their physico-chemical properties,
such as DNA-binding capacity and protection of DNA
against nuclease degradation are presented. Retardation of
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Fig. 7 Fluorescence of YFP
after delivery of chimeric yfp
gene into tobacco protoplasts
by PDMAEM-based nanopar-
ticles: a control; b LM-8-DM;

¢ DLM-9-DM; d TN 84/5; e
frequency of transient transfor-
mation of tobacco protoplasts
using PDMAEM-based carriers.
Bar 20 pm

Transient transformation frequency o
of tobacco protoplasts, %

plasmid DNA complexed with TN 83/6, TN 84/5, DLM-
9-DM, LM-8-DM carriers during its electrophoresis in the
agarose gel has shown that TN 83/6 and TN 84/5 poly-
mers possessed the best DNA binding capacity. Further-
more, TN 83/6 and TN 84/5 polymers could protect DNA
against the digestion with the DNase I. The results of the
ana-telophase test conducted on A. cepa did not reveal
the genotoxic potential of the polymeric carriers TN 83/6,
TN 84/5 used in concentration from 10 to 3 to 0.01%. By
using TN 83/6, TN 84/5 and DLM-9-DM, both transient
and stable transformants of C. purpureus protoplasts were
obtained. Moreover, substantial variation of the polymers’

TN 84/5

DLM-9-DM LM-8-DM

Type of PDMAEM carrier

cytotoxic properties and their efficiency in DNA delivery
into the tobacco protoplasts was found. Probably, the effi-
ciency of pDNA delivery depends on chemical structure, as
well as on the molecular weight of the PDMAEM carriers.
It was shown that highly grafted TN 84/5 polymer contain-
ing AEM, HEMA, NVP, VA and BA residues and possess-
ing low molecular weight was the least cytotoxic for the
tobacco protoplasts and the most effective in DNA delivery
in comparison with DLM-9-DM and LM-8-DM carriers.
At the same time, DLM-9-DM carriers with higher molec-
ular weight and PEG blocks in their structure, demon-
strated 10 times higher cytotoxicity and lower efficiency in
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gene delivery, while the most cytotoxic LM-8-DM carrier
was the least effective in the DNA delivery. To sum up, the
results of this study show that the use of novel PDMAEM-
based DNA carriers with brush-like molecular structure is
a promising approach in plant biotechnology, and it has a
potential for further development.
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