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Aim. To investigate the potential of poly(2-dimethylamino)ethyl methacrylate (DMAEMA)-
based block-like polymers to serve as gene delivery carriers in moss Ceratodon purpureus
(Hedw.) Brid. protoplasts, and to evaluate the level of their phytotoxicity. Methods. Organic
synthesis; DNA gel retardation assay; adapted PEG-mediated transformation protocol; PCR;
light microscopy. Results. The formation of pPDNA complex with DMAEMA-based carriers
took place at 0.01-0.1 % concentrations of the polymer. The poly-DMAEMA carriers F8-DMI,
F8-DM2 (fluorine-containing), LAcr-DM1, LAcr-DM2 (lauryl acrylate-containing), BAcr-
DM1, and BAcr-DM2 (butyl acrylate-containing) were effective as carriers of plasmid DNA
pSF3 at C. purpureus transformation. PCR analysis confirmed that the transformants of
C. purpureus moss contain GFP as a gene of interest after the protoplast transformation by
polymers LAcr-DM2, LAcr-DM1, BAcr-DM2, BAcr-DM1 and F8-DM2. The poly-DMAEMA
carriers at working concentration (0.0025 %) were relatively non-toxic for protoplasts of
C. purpureus moss. 83.1-93.9 % of viable protoplasts of C. purpureus moss were found after
the treatment with studied carriers at that dose. However, at 0.25 % i.e. 100 times higher
concentration than that used for moss transformation, the poly-DMAEMA carriers reached
their ICs, level. Conclusion. The novel block-like poly-DMAEMA carriers were effective in
transformation of C. purpureus moss protoplasts and demonstrated low toxicity.

Keywords: polymeric carrier, poly(2-dimethylamino)ethyl methacrylate, moss Ceratodon
purpureus, protoplasts transformation, toxicity.
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Plasmid DNA delivery to mosses by poly-DMAEMA carriers

Introduction

Genetic engineering of plants is crucial at crop
engineering to achieve higher yields and resis-
tance to different environmental stresses and
diseases [1, 2], as well as to meet the energy
demands [3] and to provide pharmaceutical
manufacturing of recombinant proteins and
small-molecular drugs [4, 5]. The Agrobacte-
rium-mediated delivery is the most commonly
used tool for gene delivery into plants [6]. The
biolistic particle delivery with “gene gun”,
PEG-mediated, chemical-based methods are
also used for plant transformation [7-9]. The
plant viral vectors (e.g. tobacco mosaic virus-
based) could be applied for the plant transfor-
mation [5].

The plant cell wall is a main barrier for
exogenous gene delivery to plants. Current
delivery methods are limited by low transfor-
mation efficiencies, cell/tissue damage or un-
avoidable DNA integration into the host ge-
nome [5, 10]. The viral vectors are effective
only for selected plant species and limited by
the content and size of the expression cassette
[5, 11].

Nanomaterials are intensively studied as the
carriers for gene delivery in animal cells [12—
15]. However, their potential for plants re-
mains understudied [1, 5]. Thus, mesoporous
silica nanoparticles (MSNs) [16], carbon
(CNTs) [17], silicon carbide whiskers (SCWs)
[5], gold nanoclusters [18] and nanosheets [19]
have been reported for gene delivery to plant
cells. Noteworthy, the application of the re-
ported carriers could be limited due to their
reduced bio-compatibility [1, 20]. Polyme-
thacrylates are widely used for gene delivery
into mammalian cells [21-23]. The poly-

DMAEMA-based polymers were found to be
efficient gene transfer carriers into the mam-
malian [24-26], yeasts [27], and plants [28].

Genetic engineering of mosses might serve
multiple purposes, such as identifying mo-
lecular mechanisms of environmental adapta-
tion of mosses and formation of biologically
active products. Ceratodon purpureus is a
moss used as a model system in genetic and
developmental studies [29, 30].

Present study was aimed at investigation of
the potential of DMAEMA-based block poly-
mers to serve as gene delivery carriers in the
protoplasts of the model species Ceratodon
purpureus moss and at evaluation of cytoto-
xicity.

Materials and Methods

DMAEMA-based block polymers

Materials used for synthesis of polymers: 2-(di-
methylamino)ethyl methacrylate (DMAEMA),
2-aminoethyl methacrylate hydrochloride
(AEM), vinyl acetate (VA), maleic anhydride
(MA), butyl acrylate (BA), lauryl acrylate
(LA), isopropylbenzene (IPB) were from
Aldrich (Milwaukee, WI, USA). Fluorine-
containing monomer (octafluoropentyl meth-
acrylate (FSMA)) was synthesized at the
Institute of Organic Chemistry of NAS of
Ukraine and used without further purification.
N,N-Dimethylformamide (DMF), 1,4-dioxane,
acetone and n-hexane were obtained from
Merck (Darmstadt, Germany).

Novel DMAEMA-containing block-copo-
lymers were synthesized at the Department of
Organic chemistry of Lviv Polytechnic
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Fig. 1. Schematic structure of the polymeric carriers F8-DM1, F8-DM2 (A), BAcr-DM1, BAcr-DM2 (B), LAcr-DM1,

LAcr-DM2 (C).

National University (Lviv, Ukraine). The
block-copolymers were synthesized in two
stages: 1) synthesis of polyfunctional macro-
initiators (telechelic oligoperoxides — polyal-
cyl acrylate or fluorinated poly(meth)acrylate
with terminal peroxide groups), and 2) synthe-
sis by grafting radical polymerization of the
polycationic polymer chains [24, 31]. The
structures and compositions of polymers are
shown in Figure 1 and Table 1.

Complex polymer/pDNA formation. The
polymer/plasmid DNA complexes were pre-
pared as described previously [28] by adding
the polymer (1 puL) at increasing concentra-
tions (0.003-0.1 %) to the plasmid DNA
(pDNA, 1 pg) pEGFPc-1 (Clontech, USA) in
6 uL of 20 MM Tris-HCI, pH 7.4. The comp-
lexes were incubated for 20 min at room tem-
perature. Then, the polymer/pDNA complexes

were loaded onto 1 % agarose gel (Lachema,
Czech Republic) and run with 1x Tris-acetate
buffer containing 1 pg/mL of Ethydium
Bromide (Sigma-Aldrich, USA). Electropho-
resis was performed for approximately 1 h at
a constant voltage of 90 V. The bands of plas-
mid DNA were visualized with UV transillu-
minator (MacroVue UV-20, Hoeffer, USA).
Transformation of moss protoplasts. Moss
Ceratodon purpureus (obtained from the col-
lection at the Institute of Ecology of the
Carpathians, National Academy of Sciences of
Ukraine, Lviv, Ukraine) was cultured at 24—
26 °C in solid Knop medium with light inten-
sity of 5-20 W/m? with alternate 16/8 h day
and night cycle. The culture of C. purpureus
moss was initiated from the spores. Protoplasts
of C. purpureus were isolated by a digestion
of cell wall of 100 mg of protonemal tissue

Table 1. Composition of block-copolymers and their molecular-mass characteristics

Block A Block B
Polymers FSMA BA LA MP,, M,a,, kDa DMAEM My, kDa
F8-DM1 373 - - 0.96 4.7 61.7 12.6
F8-DM2 26.7 - - 0.69 4.7 72.6 17.6
BAcr-DM1 - 493 - 0.5 6.5 50.0 13.0
BAcr-DM2 - 374 - 0.4 6.5 62.1 17.2
LAcr-DM1 - - 26.0 0.6 6.0 73.2 18.0
LArc-DM2 - - 12.2 04 6.0 87.3 34.0
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with 1 % Driselase (Sigma-Aldrich, USA) for
1 h in darkness at room temperature with slight
continuous shaking. The digested moss tissue
was transferred to the wet with 8 % D-mannitol
(Sigma-Aldrich, USA) nylon filter. The tube
with filtrated protoplasts was centrifuged at
200xg for 5 min. The pellet was gently resus-
pended in 10 mL of 8 % D-mannitol. The
number of protoplasts was counted using
Neubauer chamber [9]. The 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 1.6 x10%mL concentration.
Plasmid DNA pSF3 [28] that contained the
gene of green fluorescent protein and the gene
of Hygromycin B resistance, was used to
transform the protonema of C. purpureus
moss. The modified PEG-mediated transfor-
mation method, developed for moss P. patens,
was used to transform the protoplasts of
C. purpureus [32]. The pDNA complexes with
poly-DMAEMA carrier (1 uL of pDNA and
2.5 pL of 0.1 % polymer) or with PEG-6000
(1 pL of pDNA and 2.5 pL of 40 % PEG-
6000, LobaChemie, Austria) were used. The
complexes were added to 0.1 mL of proto-
plasts suspension (1.6 x10%/mL) in 8 % of
D-mannitol (Sigma-Aldrich, USA) (the final
concentration of polymeric carriers was
0.0025 %). The tubes with transformed pro-
toplasts were transferred in a light-tight card-
board box and incubated for 24 h at 24-26 °C.
The transformed protoplasts were mixed with
2 mL of PRMT medium containing 0.6 % agar
(approximately 3742 °C) and placed on Petri
dishes with solid PRMB medium containing
0.5 % glucose. The regenerants were trans-

ferred on a selective medium containing
Hygromycin B (50 pg/mL, Sigma-Aldrich,
USA) for 9 days at 24-26 °C with light inten-
sity of 5-20 W/m? with alternate 16/8 h day
and night cycle. The regenerants were culti-
vated for the next 14 days on the medium
without Hygromycin B antibiotic. After that,
they were sub-cultivated for next 8 weeks on
the medium with or without Hygromycin B
antibiotic in order to obtain stable transfor-
mants of C. purpureus moss [28].

Molecular-genetic analysis of transfor-
mants of C. purpureus moss with PCR. To
verify the presence or absence of the trans-
ferred gene of interest in the obtained trans-
formants, PCR analysis was performed. DNA
from transgenic plants was isolated after 8
weeks of cultivation according to the described
method [32]. The primers VN10 (forward) and
VNI11 (reverse) (Genomed, Poland) were used
to detect the transgenesis of the GFP-PTS1
chimeric gene (Table 2).

Table 2. The nucleotide sequence of the primers
used in this work

Primer
VNI10
VNI11

5’-3” oligonucleotide sequence of primers
AAGAATTCATGGTGAGCAAGGGCGAG
AAAGCGGCCGCTGCAGATCTGAGTACTTGT

PCR analysis was performed under the fol-
lowing conditions: 1 cycle at 94 °C for 5 min;
30 cycles at 94 °C for 30 s, 57 °C for 30 s,
72 °C for 80 s; 1 cycle at 72 °C for 1 min. PCR
products were analyzed by electrophoresis in
1 % agarose gel [33].

Toxicity of polymers for moss protoplasts.
Protoplasts of C. purpureus moss were isolated,
as described previously. The effects of poly-
meric carriers and PEG-6000 on C. purpureus
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protoplasts were studied in the following range
of the final concentrations of carriers: 0.0025
(effective concentration), 0.025 and 0.25 %.
Polymers were added to 0.1 mL aliquots of
protoplasts suspension (1.6 x10%mL) in 8 %
of D-mannitol and gently mixed. Protoplasts
were co-cultivated with carriers for 24 h at
24-26 °C with light intensity of 5-20 W/m?
with alternate 16/8 h day and night cycle. The
cytotoxicity of polymers was examined via
calculating the amount of normal and damaged
protoplasts using Neubauer chamber. The level
of polymer toxicity was evaluated using ICs,
value (the concentration of polymer that re-
duced protoplasts viability by 50 %).

The obtained data are presented as Mean
(M) = Standard deviation (SD) from three

replications. Statistical analysis was performed
using one-way ANOVA test at GraphPad Prism
6 software. P value < 0.05 was considered as
statistically significant.

Results and Discussion

pDNA binding properties of studied
polymers

The electrostatic interactions between posi-
tively charged groups of the carrier and nega-
tively charged phosphate groups of nucleic
acid are important for the DNA (RNA or oli-
gonucleotides) condensation and efficient gene
delivery [21-23, 34].

The gel retardation assay was used to con-
firm the formation of poly-DMAEMA carrier

Fig. 2. Gel retardation assay of the polymeric carriers: FSMA-DM1 (A), FSMA-DM2 (B), LA-DM1 (C), LA-DM2
(D), BA-DM1 (E), BA-DM2 (F) and plasmid DNA pEGFPc-1 complexes in 1 % agarose gel. Line 1 — pDNA mixed
with polymer at 0.1 %; 2 — pDNA + polymer at 0.01 %; 3 — pDNA polymer + polymer at 0.001 %; 4 — intact
pDNA. The white rectangles indicate the plasmid DNA that was bound with polymeric carrier.
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and plasmid DNA pEGFPc-1 complex. Plasmid
DNA pEGFPc-1 migrated during electropho-
resis in the agarose gel (lane 4 of Fig. 2). The
electrophoretic mobility of pDNA was hold
back with an increase of the poly-DMAEMA
carrier concentration.

Poly-DMAEMA carriers FEMA-DMI,
FSMA-DM2, LA-DM1, LA-DM2, BA-DM1
at 0.01 % retarded the electrophoretic mobili-
ty of pDNA. We assumed that the formation
of pDNA complex with polymers FESMA-DMI1,
FSMA-DM2, LA-DM1, LA-DM2, BA-DMI1

Fig. 3. Stable transformants of moss C. purpureus obtained after treatment of protoplasts with plasmid DNA pSF3 in
complex with different poly-DMAEMA carriers: FSMA-DM1 (A), FSMA-DM2 (B), LA-DM1 (C), LA-DM2 (D),
BA-DMI1 (E), BA-DM2 (F), PEG-6000 (G), and DNA-minus sample (H).
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took place at 0.01 % concentration of the poly-
mer (Fig. 2A-E). Polymer BA-DM2 at 0.1 %
concentration fully retarded the electropho-
retic mobility of pDNA (lane 1 of Fig. 2F),
and this carrier at 0.01 % partly induced retar-
dation of electrophoretic mobility of pDNA
(lane 2 of Fig. 2F). BA-DM2 at 0.1 % forms
the complex with pDNA.

Thus, the studied poly-DMAEMA carriers
are capable of forming the complexes with
plasmid DNA.

Moss (Ceratodon purpureus)
transformation

We have adapted the protocol of PEG-mediated
transformation of moss (C. purpureus) proto-
plasts using poly-DMAEMA carriers. The same
number of protoplasts (1.6 x10%mL) was tak-
en for transformation with each carrier. No
moss transformants were received when using
conventional PEG-based transformation proto-
col (Fig. 3G). However, we obtained 75 stable
transformants of C. purpureus moss using
F8MA-DM2 carrier, 26 transformants — using
F8MA-DMI1, 41 — using LAcr-DM2, 38 —
using LAcr-DM1, 33 — using BAcr-DM2,
28 — using BAcr-DM1 (Fig. 3, Table 3).

Table 3. The effectiveness of transformation of
moss C. purpureus using different poly-DMAEMA
carriers and PEG-6000

Polymer The amount of stable transformants

F8-DM-2 75
LAcr-DM2 41
LAcr-DM1 38
BAcr-DM2 33
BAcr-DM1 28
F8-DM1 26
PEG-6000 0
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The PCR analysis confirmed the presence
of the gene of interest — GFP — in transfor-
mants of C. purpureus moss at using LAcr-
DM2, LAcr-DM1, BAcr-DM2, BAcr-DM1,
F8-DMI1, and F8-DM2 carriers of plasmid
DNA (Fig. 4).

Thus, the poly-DMAEMA carriers F8-
DM1, F8-DM2, LAcr-DM1, LAcr-DM2,
BAcr-DM1, and BAcr-DM?2 were effective
carriers of plasmid DNA at transformation of
protoplasts of C. purpureus moss. The PCR-
analysis confirmed that transformants of
C. purpureus moss contained a gene of interest
GFP after protoplast transformation with the
studied poly-DMAEMA carriers. Thus, poly-
DMAEMA carriers possess the structure pro-
viding a possibility of surface adjustment for
excellent self-assembly [35, 36].
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Fig. 4. Electrophoregram of the products of PCR analysis
of C. purpureus moss transformants: 1 — delivery of
pDNA with LAcr-DM2 carrier; 2 — LAcr-DM1; 3 —
BAcr-DM2; 4 — BAcr-DM1; 5 — markers of molecular
weights; 6 — delivery of pPDNA with F§-DM2; 7 — F8-
DM1 carrier.
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It was found that poly-DMAEMA carriers
with higher amount of DMAEMA blocks
(marked as DM?2) were more effective for
transformation of moss protoplasts. Synatschke
et al. reported that the polymers with a
branched architecture and an intermediate mo-
lecular weight were more prominent for the
gene delivery, since they combined low cyto-
toxicity with acceptable transfection efficiency
[37]. Besides, the fluorinated polymers are
characterized as hydrophobic and lipophobic
carriers with high chemical stability, bio-inert-
ness, and low surface energy [38, 39].

Toxicity of polymers towards protoplasts
of C. purpureus moss

The poly-DMAEMA carriers under study dem-
onstrated moderate toxicity for the protoplasts
of C. purpureus moss (Fig. 5).

The poly-DMAEMA carriers FSMA-DM?2,
FSMA-DMI1, LAcr-DM2, LAcr-DM1, BAcr-
DM2, and BAcr-DM1 used in 0.0025 % work-
ing concentration were relatively non-toxic for
protoplasts of C. purpureus. 87.1-93.9 % of
viable protoplasts of C. purpureus moss were
detected after treatment. The poly-DMAEMA
carriers used at 0.025 % (10 times higher con-
centration than that used for moss transforma-
tion) caused a reduction of alive protoplasts
amount to 74.7-76.6 %. At the same time the
poly-DMAEMA carriers used at 0.25 % dose
reached their ICs, value and only 46.5-53.5 %
of alive protoplasts of C. purpureus moss were
found (Fig. 5). The most pronounced cyto-
toxic effects were demonstrated by the PEG-
6000. When used at 0.0025, 0.025 and 0.25 %
doses, a decrease in the viability of protoplasts
of C. purpureus moss to 74.3, 35.5 and 4.3 %,
respectively, was detected (Fig. 5). Several

B8 0% 0.0025 % = 0.025 % 0.25 %

100
|

50

% of alive protoplasts

0-

3
&

v
\d Y'9$\ Nod > Nod Nod
P

> & > & &
Qw‘ &‘ &‘ 9@ G@

Fig. 5. Effect of polymeric carriers used at different con-
centrations on the viability of protoplasts of C. purpureus
moss.

researchers reported that fluorine-containing
polymers possessed a reduced toxicity toward
targeted cells [40, 41]. We did not find a sig-
nificant difference in the toxicity of the butyl
acrylate-, lauryl acrylate-, and fluorine-con-
taining poly-DMAEMA carriers for the proto-
plasts of C. purpureus moss.

Conclusion

The poly-DMAEMA carriers caused an effi-
cient condensation of plasmid DNA into stable
complexes. We found that such carriers noted
as F8-DM1, F8-DM2, LAcr-DM1, LAcr-DM2,
BAcr-DM1, and BAcr-DM?2 were effective in
transformation of C. purpureus moss with
plasmid DNA. PCR-analysis confirmed that
transformants of C. purpureus moss contained
the gene of interest, namely GFP, after proto-
plast transformation with the synthetic poly-
mers LAcr-DM2, LAcr-DM1, BAcr-DM2,
BAcr-DM1, F8-DM2, and F§8-DM1. The poly-
DMAEMA carriers at the effective concentra-
tion were relatively non-toxic for protoplasts
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of C. purpureus moss. However, the poly-
DMAEMA carriers used at 0.25 % dose, that
1s 100 times higher concentration than that
used for moss transformation, reached their
ICs, value. Thus, the novel synthetic poly-
DMAEMA carriers demonstrated their poten-
tial as a promising system for delivering plas-
mid DNA into plant cells, and the applied
approach seems to be beneficial in plant bio-
technology.
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Tpancdopmania moxy Ceratodon purpureus
miaasmignorw JAHK, 1ocraBiieHoo HOBUMH OJI0K-
KomnoJiiMepaMu JUMeTHJIAMiHOETHJI MeTaKPUJIaTy

H. C. ®inrok, H. €. Mirina, O. B. JlobayeBchKa,
O. C. 3aiuenko, P. C. Croiika

Merta. Buunty 31aTHICTH TOJIiMEpiB OJ109HOT OyZoBH Ha
OCHOBI TONI(2-IMMETHIIaMIHO) eTHIIMETaKpUiIaTy
(AMAEMA) ciyryBary HOCIsIMU T'eHiB 1151 TpaHchopmarii
nipororuiactiB Moxy Ceratodon purpureus (Hedw.) Brid. Ta
OLIIHWUTH IXHIO TOKCHYHICTh. MeToau. OpraHiaHIA CHHTES,;
enekrpodope3 JIHK; amanrosanuii nporokon ITEI-
TpaHcdopmaii; ITJIP-anami3; cBiTIOBa MIKpOCKOIIS.
PesyabraTtu. ®opmysanns xomrurekcy JHK mmasmign 3
nomi- IMAEMA nocisimu BusiiieHo 3a 0,01-0,1 % xoH1ieH-
Tpauii nomimepis. [Tloni-DMAEMA nocii F8-DM1, F8-DM2
(mictats ¢rop y crpykrypi), LAcr-DM1, LAcr-DM2 (mic-
TATB Naypwiiakpuiar), BAcr-DM1 Ta BAcr-DM2 (micTsTh
OyTriakpwiar) Oy e(eKTHBHIMHI HOCISIMU TIIa3MiHOT
JHK pSF3 ams tparchopmartii moxy C. purpureus. 3a o-
niomoroto [1JTP-anani3y miaTBepHKEHO, 10 TpaHCchopMaH-
TH [ILOTO MOXY MICTSITh T'eH iHTepecy GFP micist TpaHcop-
Marii mpororuiactiB komruiekcom nmoimi-DMAEMA 3 JTHK
mwia3migu pSF3. Hocii momi-/IMAEMA 3a edexktuBHOT
xoHueHTpaii (0,0025 %) nposiBrImM HU3bKY TOKCHYHICT
Ut mipororiactiB Moxy C. purpureus. Bussneno 83,1—
93,9 % KHTTE3NAaTHUX MPOTOILIACTIB IIbOTO MOXY 3a Jii
JocimpKyBaHuX HociiB. [Ipore, 3a xoHeHTparii 0,25 %,
skay 100 pa3iB mepeBHIIyBaia KOHIICHTPAIIit0, BUKOPHC-
TaHy JUIsl TpaHchopMariii MOXy, JOCHIKyBaHi TOJIi-
JIMAEMA Hocii nocsiramu 1Cs,. BucnoBku. Hosi Griok-
noxi6Hi mom-DMAEMA Hocii 6ynmn eeKTHBHUME [T
TpaHcdopmarii npororactiB Moxy C. purpureus i ipu
[IbOMY J€MOHCTPYBAIN HU3bKY TOKCHUYHICTb.

Kaw4yoBi cuaoBa: mommepHuil HoOCciH, momi(2-
JIMMETHIIaMiHO) eruinMerakpuiar, Mox Ceratodon
purpureus, TpaHC(HOPMAITis IPOTOIUIACTIB, TOKCHYHICTb.
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