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Introduction. Genetic engineering in plants is of great importance for agriculture,
biotechnology and medicine, and nanomaterials are widely used for genetic engineering.
The aim of the present study was to evaluate the potential of poly(2-dimethylamino)
ethyl methacrylate (DMAEMA)-based comb-like polymers as gene delivery systems in
moss Ceratodon purpureus (Hedw.) Brid. protoplasts and determine the level of phyto-
toxicity of these polymers.

Materials and Methods. In order to confirm the formation of a complex of poly-
DMAEMA carrier with plasmid DNA pSF3, gel retardation assay was used. The PEG-
mediated transformation protocol was adapted to transform the protoplasts of C. purpu-
reus moss with poly-DMAEMA carriers. Light microscopy was used to study the toxicity
of polymers for moss protoplasts. The level of the polymers toxicity was estimated as
IC,, value.

Results and Discussion. The formation of pPDNA complex with DMAEMA-based
carriers took place at 0.03 % concentration of the polymers BGA-21, BGA-22(2ph),
BG-24, BG-25, BG-26 or 0.1 % concentration of the BGA-22 polymer. Poly-DMAEMA
carriers were able to deliver plasmid DNA pSF3 into protoplasts of C. purpureus moss.
Three stable transformants of C. purpureus were obtained using BGA-22 polymer,
2 clones — using BGA-21 carrier, and 1 clone — using BGA-22(2ph), BG-24, BG-25,
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BG-26 polymers. Poly-DMAEMA carriers at the working dose of 0.0025 % were relatively
non-toxic for protoplasts of C. purpureus moss. 83.1-88.4% of viable protoplasts of
C. purpureus moss were detected after treatment with studied carriers at a 0.0025 %
dose. A survival ratio of protoplasts reached 66.7—-72.9% under the effect of these poly-
mers at a 0.025 % dose, which is 10 times higher than their working concentration. The
IC,, value of poly-DMAEMA carriers was in the range of 0.113-0.164 %, which was
approximately 10 times higher than that of the PEG-6000 used for gene delivery in plants.

Conclusion. Novel synthetic poly-DMAEMA carriers delivered the gene of interest
into moss C. purpureus protoplasts and possessed a low level of phytotoxicity. Thus,
these carriers can be useful for gene delivery into plant cells.

Keywords: dimethylaminoethyl-methacrylate, polymeric carrier, protoplasts
transformation, moss Ceratodon purpureus, phytotoxicity

INTRODUCTION

Genetic engineering of plants is of great significance for agriculture, biotechnology
and medicine. Agrobacterium-mediated and biolistic gene delivery methods are widely
used tools for genetic transformation of plants. However, the efficiency of transformation
remains a challenge because of the limitation of DNA transportation through the plant
cell wall, damage of cells/tissues and a disruption of the transported gene [5].

Thus, the development of safe and efficient gene carriers becomes one of the prereg-
uisites for the successful targeted gene transfer. Nanocomposites are widely used in bio-
technology and medicine, namely for DNA transfer into the target cells. Cationic polymers
have been developed for various biotechnological and biomedical applications. As drug
carrier systems, they are widely used for delivery of proteins and peptides, as well as non-
viral DNA and RNA vectors [16, 28]. Recently, such polycationic carries as poly(L-lysine)
(PLL), poly(amidoamine) (PAMAM), poly(ethylenimine) (PEI), polymethacrylates (e.g.
poly(2-dimethylamino)ethyl methacrylate (DMAEMA)) have been developed for gene
delivery [2, 16, 20]. Poly-DMAEMA-based polymers were found to be efficient gene trans-
fer carriers into mammalian [1, 6, 19, 22], yeast [7], and plant [8, 9] cells.

The toxic action of polymeric carriers could be a problem in gene therapy and bio-
technology [1, 2, 12, 13, 26]. The evaluation of toxicity of polymeric carriers is an impor-
tant step towards assessing the potential risks of their application. Low cytotoxicity of
DMAEMA-based polymers toward mammalian cells was reported [2, 17, 18, 23]. How-
ever, the literature does not contain enough information about the phytotoxicity and
mutagenicity of DMAEMA-based polymers [8, 10].

The present study was focused on studying the potential of DMAEMA-based block
polymers as gene delivery systems for moss Ceratodon purpureus protoplasts and
determining their biocompatibility.

MATERIALS AND METHODS

DMAEMA-based block polymers. Materials used for synthesis of the polymers:
2-(dimethylamino)ethyl methacrylate (DMAEMA), 2-aminoethyl methacrylate hydro-
chloride (AEM), vinyl acetate (VA), maleic anhydride (MA), poly(ethylene glycol) methyl
ether methacrylate (Mn ~470 and 1000 g mol* (Da)) (PEEM470 and PEEM1000),
isopropylbenzene (IPB) were from Aldrich (Milwaukee, WI, USA). N,N-Dimethylformamide
(DMF), 1.4-dioxane, acetone and n-hexane obtained from Merck (Darmstadt, Germany).
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Synthesis of polymers: Novel DMAEMA-containing comb-like polymers were syn-
thesized at the Department of Organic Chemistry of Lviv Polytechnic National University
(Lviv, Ukraine) in two stages as described previously [28]: 1) the synthesis of polyfunc-
tional macroinitiators (oligoperoxide metal complex (OMC) with side peroxide groups or
telechelic oligoperoxides — polyalcyl acrylate with terminal peroxide groups), and 2) the
synthesis by grafting radical polymerization of polycationic polymer chains. The struc-
tures and compositions of polymers are shown in Fig. 1, and Table 1.

A Block A -----------=- .

i fo} CH
PO HO OH
)

re===== 7 eaaaaa r

iM, — 470 Da or 1000 Da!

i H,C o CH
e W GSN
o 0-(CH,),-NH, . e o
4

x CH, g CHS
o o. o ~0-C(CH
o CH, O-C(CHy)s (] CH, (C ) 33

: CH ! H,C 3

! H,C 3 1 s - /

P O-(CH,)-N. ; O-(CHN,

; CH, . s

Fig. 1 Schematic structure of the polymeric carriers: A — BGA-21, BGA-22, BGA-22(2ph); B — BG-24,
BG-25, BG-26

Puc. 1. CxemaTtnyHa cTpykTypa noniMmepHumx Hociis: A — BGA-21, BGA-22, BGA-22(2ph); B — BG-24, BG-25,
BG-26

Table 1. Comb-like polymers composition and molecular-mass characteristics
Tabnuys 1. Cknapg rpebiH4acTux nonimepis, iXHi MONEKyNApPHO-MacoOBi XapaKTepUCTUKN

Backbone — BIockA Grafted chain — Block B
Polymers M(nO=M2(?ov‘|Q|t:;1 a) Composition, % mol M., kDa
% mol DMAEMA VEP AEM PEEM470 PEEM 1000
BGA21 1.2 85.3 7.5 6.0 - - 8.4
BGA22 1.2 86.3 8.7 3.8 - - 8.9
BG24 1.2 90.4 7.7 - 0.7 - 16.5
BG25 1.2 92.7 4.3 - 1.8 - 17.9
BG26 0.9 90.4 8.3 - - 0.4 26.1

To obtain mixed micelles (sample BGA-22(2ph)), 0.5 mL of 20% solution of L-a-
phosphatidylcholine (Ph) (Sigma-Aldrich, USA) in chloroform (Sigma-Aldrich, USA) was
added to 5 mL of the solution of BGA-22 (1 mg/mL, pH 7.2) and sonicated for 25 s.
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Then, chloroform was evaporated at 60 °C and stirred for 2 h, and the sample was
vacuumized for 1 h.

Formation of polymer/pDNA complex. The polymer/pDNA complexes were pre-
pared as described previously [8] by adding the polymer (1 ulL) at increasing concentra-
tions (0.003-0.1%) to the plasmid DNA (1 ng) pEGFPc-1 (Clontech, USA) on 6 uL of
20 MM Tris-HCI, pH 7.4. The complexes were incubated for 20 min at room temperature.
Then, the polymer/pDNA complexes were loaded onto 1% agarose gel (Lachema,
Czech Republic) and run with 1x Tris-acetate buffer containing 1 ug/mL of Ethydium
Bromide (Sigma-Aldrich, USA). Electrophoresis was performed for approximately 1 h at
a constant voltage of 90 V. Plasmid DNA bands were visualized with an UV transillumi-
nator (MacroVue UV-20, Hoeffer, USA).

Transformation of moss protoplasts. Moss Ceratodon purpureus (the Collection
of the Institute of Ecology of the Carpathians, National Academy of Sciences of Ukraine,
Lviv, Ukraine) was cultured at 24—-26 °C in a solid Knop medium [4] with light intensity of
5-20 W/m? with an alternate 16/8 h day/night cycle. The culture of C. purpureus was initia-
ted from the spores. Protoplasts of C. purpureus were isolated by digestion of cell walls of
100 mg of protonemal tissue with 1% Driselase (Sigma-Aldrich, USA) for 1 h in darkness
at room temperature with slight continuous shaking. The digested moss tissue was trans-
ferred to the wet with a D-mannitol (Sigma-Aldrich, USA) nylon filter. The tube with the
filtrated protoplasts was centrifuged at 200xg for 5 min. The pellet was gently resuspen-
ded in 10 mL of 9% D-mannitol. The number of protoplasts was counted using Neubauer
chamber [15]. Protoplasts were recentrifuged at 200xg for 5 min. The pellet was gently
resuspended in the MMM solution (9% D-mannitol, 0.015 M MgCl,, 0.1% MES-KOH,
pH 5.6) to obtain the protoplasts suspension at the concentration of 1.6x10%/mL [4].

Plasmid DNA pSF3 [8, 9] that contained a gene of green fluorescent protein and
hygromycin B resistance gene was used to transform the protoplasts of C. purpureus
moss. The modified method of PEG-mediated transformation, developed for moss Phy-
scomitrella patens, was used to transform the protoplasts of C. purpureus [4, 11]. The
pDNA complexes with the poly-DMAEMA carrier (1 uL of pDNA and 2.5 pL of 0.1% of
polymer) or with 2.5 uL of 40% PEG-6000 (LobaChemie, Austria) were used for moss
protoplasts transformation. Complexes were added to 0.1 mL of protoplasts in the MMM
solution (the final concentration of polymeric carriers was 0.0025%). Tubes with trans-
formed protoplasts were transfered in a light-tight cardboard box and incubated for 24 h
at 24-26 °C. The transformed protoplasts were mixed with 2 mL of PRMT medium
(approximately 37—42 °C) and placed on Petri dishes (9 sm) with a solid PRMB medium
containing 0.5% glucose. The regenerants were transferred on a selective medium con-
taining hygromycin B (50 pg/mL, Sigma-Aldrich, USA) after 14 days at 24-26 °C with
light intensity of 5-20 W/m? with alternate 16/8 h day/night cycle. The regenerants were
sub-cultivated for next 14 days on the medium without or with hygromycin B antibiotic
for approximately 8 weeks in order to obtain stable transformants [8].

Toxicity of polymers for moss protoplasts. The effects of poly-DMAEMA carriers
and PEG-6000 on C. purpureus protoplasts were studied in the following range of
the final carriers’ concentrations of 0.0025 (working concentration), 0.025 and 0.25%.
Polymers were added to 0.1 mL aliquots of protoplasts suspension (1.6x10%mL) in 8%
of D-mannitol and gently mixed by pipetting. Protoplasts were co-cultivated with the car-
riers for 24 h at 24—-26 °C with light intensity of 5-20 W/m? with an alternate 16/8 h day/
night cycle. The cytotoxicity of polymers was examined by calculating the amount of
normal and damaged protoplasts using Neubauer chamber [15]. The level of polymer
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toxicity was evaluated using IC,, value (concentration of polymer that reduced proto-
plasts viability by 50%).

Data analysis. All data are presented as a Mean (M) + Standard deviation (SD)
from three replications. Statistical analysis was performed using one-way ANOVA test
at GraphPad Prism 6 software (RRID:SCR_002798). P value of < 0.05 was considered
as statistically significant.

RESULTS AND DISCUSSION

pPDNA binding properties of polymers. The electrostatic interactions between
positively charged groups of the carrier and negatively charged phosphate groups of
DNA are important for DNA binding and efficient delivery [24].

A gel retardation assay was used to confirm the formation of poly-DMAEMA carrier
and plasmid DNA pEGFPc-1 complex. Plasmid DNA migrated during agarose gel elec-
trophoresis (lane 5 of Fig. 2). The electrophoretic mobility of pDNA slowed down with an
increase of the polymer concentration. The retardation of pDNA migration was found
when it was mixed with 0.03% of BGA-21 (lane 2 of Fig. 2A) point to the polymer/pDNA
complex formation. The formation of a pPDNA complex with BGA-22(2ph), BG-24, BG-25,
BG-26 took place at 0.03% concentration of the polymer (Fig. 2C—F). BGA-22 at 0.01%
form complex with pDNA (lane 3 of Fig. 2B).

e
=T

Fig. 2. Electrophoregram of gel retardation assay of the polymeric carriers BGA-21 (A), BGA-22 (B), BGA-
22(2ph) (C), BG-24 (D), BG-25 (E), BG-26 (F) and plasmid pEGFPc-1 complexes in 1% agarose gel.
Lines 1 — pDNA + 0.1% of polymer; 2 — pDNA + 0.03% of polymer; 3 — pDNA + 0.01% of polymer; 4 —
pDNA + 0.003% of polymer; 5 — intact pDNA. The white rectangle points to the polymer/pDNA complex

Puc. 2. Enektpocoperpama OHK nnaswign pEGFPc-1 i nonimepHux HociiB BGA-21 (A), BGA-22 (B),
BGA-22(2ph) (C), BG-24 (D), BG-25 (E), BG-26 (F) B 1% reni arapo3u. JliHia 1 — nAHK + 0,1%
nonimep; 2 — nHK + 0,03% nonimep; 3 — nOHK + 0,01% nonimep; 4 — nAHK + 0,003% nonimep; 5 —
iHTakTHa ndHK. Binuin npaMokyTHUK BKadye Ha komnnekc nonimep/nAHK
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All studied poly-DMAEMA carriers at concentration of 0.03—0.1% were able to form
complexes with plasmid DNA.

Transformation of Ceratodon purpureus moss. \We adapted the protocol of PEG-
mediated transformation of moss protoplasts to transform the C. purpureus moss proto-
plasts using poly-DMAEMA carriers. We were not able to obtain moss transformants by
application of the conventional PEG-based transformation method [4] (Fig. 3G). Three
stable transformants of C. purpureus were obtained using BGA-22 polymer, 2 clones —
when using BGA-21 carrier, and 1 clone — when using BGA-22(2ph), BG-24, BG-25,
BG-26 polymers (Fig. 3, Table 2).

Fig. 3. Stable transformants of moss C. purpureus obtained after
transformation by the complexes of plasmid pSF3 with dif-
ferent poly-DMAEMA carriers BGA-21 (A), BGA-22 (B),
BGA-22(2ph) (C), BG-24 (D), BG-25 (E), BG-26 (F), and
PEG-6000 (G)

Puc. 3. CtabinbHi TpaHcopmaHTn moxy C. purpureus, oTpu-
MaHi nicns Tpancdopmadii komnnekcamun JHK nnasmign
pSF3 i3 pisHumun noni-DMAEMA Hociamu BGA-21 (A),
BGA-22 (B), BGA-22(2ph) (C), BG-24 (D), BG-25 (E),
BG-26 (F) Ta MEM-6000 (G)

Thus, poly-DMAEMA carriers BGA-21, BGA-22, BGA-22(2ph), BG-24, BG-25, and
BG-26 were able to deliver plasmid DNA pSF3 into protoplasts of C. purpureus.
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Table 2. The effectiveness of the transformation of C. purpureus moss protoplasts
using poly-DMAEMA and PEG-6000 as pDNA carriers

Tabnuys 2. EcpekTMBHiCTb TpaHctopmauii nporonnactiB Mmoxy C. purpureus i3 BUKOpUC-
TaHHAM noni-AMAEMA i NMEr-6000 sik HociiB nAHK

Polymer The number of transformants

BGA-22 3

BGA-21
BGA-22(2ph)

BGA-24

BGA-25

BGA-26

PEG-6000

O =) a2 a a N

Toxicity of polymers towards protoplasts of C. purpureus. All poly-DMAEMA
carriers demonstrated a slight decrease in the level of viability of C. purpureus proto-
plasts (Fig. 4).

B8 0% =3 0.0025% mm 0.025 % 0.25%

100

50

% of alive protoplasts

Fig. 4. The effect of poly-DMAEMA carriers and PEG-6000 at different concentrations on viability of C. purpu-
reus protoplasts

Puc. 4. Bnnus noni-AMAEMA Hocii i MEM-6000 y pi3HWX KOHLEHTPpaLisaX Ha XUTTE3AATHICTbL NPOTONNacTiB
C. purpureus

The levels of viable protoplasts after treatment with BGA-21, BGA-22 and BGA-
22(2ph), BG-24, BG-25 and BG-26 at the concentration of 0.0025%, that was used for
transformation of C. purpureus protoplasts, was of 88.4, 88.2, 84.8, 83.5, 83.1 and
83.1%, respectively (Fig. 4). A survival ratio of protoplasts reached 66.7—-72.9% under
the effect of these polymers at 0.025% (10 times higher than working concentration).
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The polymers at 0.25% (100 times higher than working concentration) decreased the
viability of protoplasts to 23.1-35.6%. The most pronounced cytotoxic effects were
found for PEG-6000. PEG-6000 used at 0.0025, 0.025 and 0.25% decreased moss
C. purpureus protoplasts viability to 74.3, 35.5 and 4.3%, respectively (Fig. 4). The IC,,
value of BGA21 was 0.164%; 0.135 — for BGA-22; 0.119 — for BG-24; 0.117 — for BG-26
and BGA-22(2ph); 0.113 — for BG-25. The IC,, value of PEG-6000 was 0.016%.

Different studies reported that modification of polymers with PEGylation substan-
tially reduce the toxicity of carriers against mammalian cells [14, 16, 21, 22, 25]. Here,
we found that the efficiency of PEG-containing DMAEMA-based polymers as gene
delivery vectors for transformation of moss protoplasts was relatively low. The transfor-
mation efficiency of PEG-containing poly-DMAEMA carriers was not associated with the
increased cytotoxicity of these carries. Previously, we found that poly-DMAEMA carriers
did not demonstrate a genotoxic action in the ana-telophase test in A. cepa, and in the
Ames test (with and without metabolic activation) [10]. One can speculate that PEG-
containing poly-DMAEMA carriers form highly stable complexes with pDNA that reduced
the dissociation of the polyplex. Previously, we demonstrated that linear DMAEMA-
based polymers were more effective for plant transformation. 25 stable transformants of
C. purpureus were obtained using TN 83/6 and 26 stable transformants — using TN 84/5.
At the same time, a PEG-containing carrier DLM-9-DM was considerably less effective
in C. purpureus transformation [8].

CONCLUSION

The studied poly-DMAEMA carriers form complexes with plasmid DNA. Poly-
DMAEMA carriers are capable of delivering plasmid DNA pSF3 into protoplasts of
C. purpureus moss. The poly-DMAEMA carriers at working concentration were rela-
tively non-toxic for protoplasts of C. purpureus moss. The poly-DMAEMA carriers at
0.113-0.164% (approximately 45 times higher concentration than that used for moss
transformation) reached their IC,, value. Thus, novel synthetic poly-DMAEMA carriers
demonstrate their prospects as a system for the delivery of plasmid DNA into plant cells.
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BUKOPUCTAHHA NONI(AMMETUNAMIHO) ETUIIMETAKPUIAT-BMICHUX
HOCIIB OHK NNA3MIAX ANt TPAHC®OPMALIII MOXY
CERATODON PURPUREUS

H. C. ®iHrok'?, H. €. Mimina®,

O. B. Jlo6ayesckka*, O. C. 3aiyeHko®, P. C. Cmolika'?

' Jlbsiecbkuli HayjoHanbHUl yHieepcumem imeHi leaHa ®paHka

syrn. [pywescbkoeo, 4, Jlbeie 79005, YkpaiHa

2 [nemumym 6ionoeii knimuHu HAH YkpaiHu, eyn. pazomaHosa, 14/16, Jlbeie 79005, YkpaiHa

% HaujoHanbHul yHieepcumem “Jlbsiecbka nonimexHika”, ayn. baHdepu, 12, [lbeie 79013, YkpaiHa
4 [IHemumym ekonoeii Kapnam HAH YkpaiHu, eyn. KozesnibHuubka, 4, Jlbeie 79026, YkpaiHa

OOr'pyHTYBaHHS. [€HHa iHXeHepis POCnVH € NePCNeKTUBHOK rany33io B CifllbCb-
KOMY rocrnogapcTBi, 6ioTexHonorii, MeanumHi. Ha cborogHi HaHoMaTepianu € npueabnu-
BMMW CUCTEMAMUN ON1A TEHETUYHOI iHxXeHepii pocnuH. MeTow npeacTaBneHoi poboTu
Oyro BM3HAYMTK NOTEHUian nonimepis rpebiHyacToi OyqoBKM Ha OCHOBI Noni(2-gumMeTun-
amiHo) etunmeTtakpunaty (OAMAEMA) sik HOCIIB 45t BBEAEHHS reHIiB y NpOTONnacT MOXy
Ceratodon purpureus (Hedw.) Brid. Ta oLiHWTK piBeHb (DITOTOKCMYHOCTI X NomimepiB.

MaTepianu Ta metoaun. Enekrpocopes AHK nposogunu gnsi BUBYEHHS KOMMEK-
coytBopeHHs noni-AMAEMA HociiB i nnasmigHoi JAHK pSF3. AgantoBaHuin npoToKon
MEr-TpaHcdopmauii BUkopucTaHo ang TpaHcdopmadii npotonnactiB Moxy C. purpureus
3a pgonomoroto noni-DMAEMA HociiB. [1ns OUiHIOBaHHS TOKCUYHOCTI MoniMepiB LWoao
NPOTONMACTIB MOXY 3aCTOCOBaHO CBIT/IOBY MIKPOCKONIt0. 3ararnbHy TOKCUYHICTb Mosime-
piB ouiHIOBanM 3a nokasHukom IC,,.

Pesynbratu i o6roBopeHHsi. PopmyBanHsa komnnekcy AHK nnasmign pSF3 3 Hoci-
amu noni-AMAEMA BusiBneHo 3a gii nonimepis BGA-21, BGA-22(2ph), BG-24, BG-25,
BG-26 y nosi 0,03 %, a nonimepa BGA-22 — y posi 0,1 %. MNMoni-OQMAEMA Hocii 3gaTHi
poctaBut nnasmigHy OHK pSF3 y npotonnactn moxy C. purpureus. Tpn ctabinbHUX
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TpaHcgopmaHTu Moxy C. purpureus OTPMMaHO 3 BUKOPUCTaHHSM nonimepa BGA-22,
OBa KINOHM — 3a BUKOPUCTaHHSA Hocist BGA-21 i oguH KINOH — 3a BUKOPUCTAHHS NosiMepis
BGA-22(2ph), BG-24, BG-25, BG-26. Moni-OMAEMA Hocii 3a pobo40oi KOHUeHTpauii
(0,0025 %) nposiBUnM HN3bKY TOKCUYHICTb AN npotonnacTiB moxy C. purpureus. Busie-
neHo 83,1-88,4 % >»xutte3gatHmx npotonnactiBs moxy C. purpureus 3a BMnvBYy AOCHI-
OPKEHNX HOCITB. IMOKa3HMK BMXXMBaHHS NPOTONNacTiB csarae 66,7—72,9 % 3a gii nonimepis
y koHueHTpadii 0,025%, ska B 10 pasiB nepeBuLLyBana pobo4vy KOHLEHTpaLilo, BUKO-
puctaHy ansa TpaHcdopmauii npotonnactiB moxy. IC., noni-AMAEMA HociiB csaras
0,113-0,164 % 3a koHueHTpauii, ska y 10 pasiB nepesuwysana IC., TpaguuinHoro
Hocis — MNEr-6000.

BucHoBok. HoBi cuHTeTnyHi noni-DMAEMA Hocil 3gaTHi JOCTaBnsATM reH iHTepecy
y npotonnactu moxy C. purpureus i BOAHOYac MarTb ITOTOKCUMYHICTb. OTXe, noni-
OMAEMA Hocil € nepcnekTUBHUMM OS5 LOCTaBKM MeHiB Y KNITUHW POCIIVH.

Knroyoei cnoea: noni(2-gumMeTnnamiHo)eTunMeTakpunar, MosiMepHUA  HOCIN,
TpaHcdopMaulia npotonnacTie, Mox Ceratodon purpureus,
PITOTOKCUYHICTb
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