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(DNA or RNA) in cells (nucleus or cyto
plasm) in order to correct or restore the
defective gene.[1,2] Naked DNA (gener
ally plasmid DNA, pDNA) is unstable
in biological medium, preventing from
its direct use in delivery applications.
To circumvent this limitation, carriers
may condense and protect pDNA from
nuclease degradation during blood cir
culation, and facilitate its cellular uptake
later on, and thus enhance the pDNA
delivery efficiency.[3,4] Two classes of
delivery systems have been reported
so far. The first one is recombinant
viruses that promote gene delivery in
a very efficient way.[4,5] However, the
reported limitations of viruses as car
rier systems are immune responses
or inflammation reactions, despite the
recent improvement in the field. Further
more, the size of the transported genetic
material is limited by a finite size of
the capsid, and vectorization of chemi
cally modified nucleic acids is still an
issue.[5–7] Alternatively, synthetic car
riers have been developed, notably
cationic polymers.[8] They have potential as gene carriers,
thanks to their ability to (i) form nanosized electrostatic
complexes – called polyplexes – with the negatively charged
pDNA, (ii) protect pDNA from DNase degradation, and
(iii) release pDNA into the cell after uptake.[9] However, only
few polymers meet all these criteria. Good results have been
obtained with polyamidoamine,[10] poly(amino-ester),[11] his
tidinylated polylysine and peptides,[12] chitosan,[13] poly(2N-dimethylaminoethyl)methacrylate,[14] and polyethylenimine
(PEI), which may exhibit a branched or linear architecture
(lPEI), the latter being currently considered as the gold
standard.[8,15,16] lPEI exhibits high transfection efficiency
but suffers from high cytotoxicity.[17,18] Modifications of the
lPEI backbone have been suggested to tackle this concern
by grafting cyclodextrins,[19,20] different pendant amines,[21]
alkyl chains,[22,23] sugars or amino acids such as histidine.[24]
Improvements of both the transfection and the cytotoxicity
were observed in many cases, but they did not meet the cri
teria for clinical trials and further developments. In view of the
great diversity of the polymers tested, it appeared interesting
to reconsider polyvinylamines. Indeed, we reported that poly
methylvinylamine (PMVAm)-based pDNA polyplexes reached

Poly(N-methylvinylamines) with secondary amines can form complexes
with plasmid DNA (pDNA) and provide transfection efficiency in HeLa cells
in the same order as linear polyethyleneimine but with higher cell viability.
Chemical modifications of poly(N-methylvinylamine) backbones are performed to further improve transfection efficiency while maintaining low
degree of cytotoxicity. In a first type of polymer, primary amino groups are
incorporated via a copolymerization strategy. In a second one, primary amino
and imidazole groups are incorporated also via a copolymerization strategy.
In a third one, secondary amino groups are substituted with methylguanidine
functions through a postpolymerization reaction. Thus, novel polymers of
various molecular masses are synthesized, characterized, and their interaction with pDNA studied. Then, their transfection efficiency and cytotoxicity
are tested in HeLa cells. Two polymethylvinylamine-based copolymers, one
containing 20% of imidazole moieties and another one composed of 12% of
guanidinyl units allow remarkable transfection efficiency of HeLa, pulmonary
(16HBE), skeletal muscle (C2C12), and dendritic (DC2.4) cells. Overall, this
work thus identifies new promising DNA carriers and chemical modifications that improve the transfection efficiency while maintaining low degree of
cytotoxicity.

1. Introduction
Since a few decades, gene therapy has emerged as a new
strategy to treat genetic diseases, cancers, and infections.
This therapy consists of the introduction of genetic materials
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Figure 1. Chemical structures of the statistical copolymers:
A) P(MVAm-co-VAm), B) P(MVAm-co-VIm), C) P(MVAm-co-VAm-coVIm), and D) P(MVAm-co-MGua).

transfection efficiency in the same order as the gold standard
lPEI, yet with improved cell viability (>60%).[17] PMVAms
were readily obtained by free radical polymerization (FRP)
of N-methylvinylacetamide (NMVA), followed by acidic
hydrolysis of the amide groups.[25–27] A series of PMVAms
with controlled molar masses and low molar mass distribu
tion prepared by organometallic mediated radical polymeri
zation (OMRP) of NMVA and subsequent acidic hydrolysis
was tested.[28,29] We also found that the molar mass and the
distribution of the PMVAm had a negligible impact on the
transfection efficiency. In contrast, good transfection effi
ciencies were observed for polyvinylamine (PVAm), bearing
pendant primary amines only when their molar mass was
lower than 10 kg mol−1. As with PEI, we hypothesized that
improved transfection efficiency and cell viability could be
achieved by designing relevant chemical modifications of the
polyvinylamine backbone to reduce the internal order of the
polyplexes and improve the pDNA release of endosomes.[30]
The present work reports the transfection efficiency and
cell viability of polyvinylamines as a function of their chem
ical modifications (Figure 1). First, we suggested that varying
the proportions of different amine functions (primary vs sec
ondary amine functions) along the polymer backbone might
tune the pKa and the buffer capacity of the resulting cationic
polyelectrolytes.[31,32] Thus, we prepared a range of statistical
poly
vinylamine-based copolymers P(MVAm-co-VAm) bearing
pendant primary and secondary amines with controlled compo
sitions. Then, imidazole (Im) moieties were introduced along
the PMVAm backbone in order to induce a proton sponge
effect and improve the endosome escape of pDNA.[33–35] Finally,
guanidinyl groups were grafted onto PMVAm to improve cell
penetration.[36–39] The transfection efficiency and cell viability of
this new library of PMVAm derivatives (Figure 1) were evalu
ated on HeLa cells, and the most promising polymers, on pul
monary, dendritic, and skeletal muscle cells.

2. Experimental Section
2.1. Materials
N-vinylacetamide (NVA) (>98%, TCI), cobalt(II) acetylacetonate
(Co(acac)2) (97%, Aldrich), 2,2′-azobis(4-methoxy-2,4-dimethyl
valeronitrile) (V-70, t½ = 10 h at 30 °C) (>98%, Wako), 2,2′azobis[2-methyl-N-(2-hydroxyethyl)propioamide] (VA-086, t½ =
10 h at 86 °C) (>98%, Wako), 2,2′-azobis(2-methylpropionitrile)
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(98%,
Aldrich),
and
1H-pyrazole-1-carboxamidine
hydrochloride (99%, Aldrich) were used as received.
NMVA (>98% Aldrich) and 1-vinylimidazole (VIm) (>99%,
Aldrich) were purified by distillation under reduced pres
sure and degassed by freeze-drying cycles under vacuum.
Propanethiol (99%, Aldrich), dichloromethane (CH2Cl2)
(p.a.), ethanol (p.a.), dimethylformamide (DMF) (p.a.),
and methanol (MeOH) (p.a.) were degassed by bubbling
argon for 30 min. The alkyl–cobalt(III) adduct initiator
([Co(acac)2(CH(OAc)CH2)≈4R0]; R0 being the primary rad
ical generated by V-70 (Wako)) was prepared as described in
the literature[40] and stored as a CH2Cl2 solution at −20 °C
under argon. Deuterated methanol and deuterated water (D2O)
used for NMR characterization were ordered from Eurisotop.
Dialysis membranes (cut-off 1 kDa) were purchased from
VWR. UV irradiations were performed with a Laboratory-UVReactor system 2 purchased from UV-Consulting Peschl. The
photoreactor is composed of a medium pressure mercury
lamp TQ 150 (power input: 150 W), a quartz immersion tube,
a quartz cooling tube, power supply, reactor vessel with con
verter tube, discharge cock, and sealing cap. The acid digestion
vessel (23 mL) used for hydrolysis reactions was purchased
from Parr. PNVA homopolymer was prepared by photoiniti
ated OMRP as reported before.[29] lPEI of Mw = 22 kDa was
prepared as described before.[24]

2.2. Characterization
2.2.1. Size Exclusion Chromatography (SEC)
Number-average and weight-average molar masses (Mn and
Mw) and molar mass distribution (Đ), of the polyvinylamides
were determined by SEC in DMF containing LiBr (0.025 m) at
55 °C (flow rate: 1 mL min−1) with a Waters chromatograph
equipped with three columns (Waters Styragel PSS gram
1000 Å (×2), 30 Å), a dual λ absorbance detector (Waters 2487),
and a refractive index detector (Waters 2414). Multiangle laser
light scattering (MALLS) measurements were performed with
a Dawn Heleos apparatus from Wyatt Technology to determine
the absolute molar masses (MnLS). Data were processed with
Astra V Software (Wyatt technology). For each polymer, the
dn/dc value was measured using a Wyatt OptilabrEX refrac
tive index detector (λ = 658 nm). A polystyrene calibration
was also used to evaluate the molar mass distribution. After
hydrolysis, the resulting PVAm, PMVAm, and P(MVAm-coNMVA) were analyzed by SEC in water containing NaCl (0.1 m)
and trifluoroacetic acid (TFA) (0.1 vol%) at 30 °C (flow rate:
1 mL min−1) using a Waters SEC equipped with a precolumn
(PSS NOVEMA Max analytical 10 micron 8.0 × 50 mm) and a
linear column (PSS NOVEMA Max analytical linear S micron
8.0 × 300 mm). Poly(2-vinylpyridine) standards were used for
the calibration.

2.2.2. NMR
1

H NMR spectra were recorded in D2O at 298 K with a Bruker
spectrometer (400 MHz) and treated with MestraNova software.

1700353 (2 of 16)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.mbs-journal.de

Table 1. Characteristics of homopolyvinylamides (PNVA and PNMVA) and copolyvinylacetamide P(NVA-co-NMVA) and the corresponding polyvinylamines PVAm, PMVAm, and P(VAm-co-MVAm) synthesized by FRP and OMRP followed by amide hydrolysis.
#

Name

Polymer

Polymer before hydrolysis
Composition
FNVA

DPnb)
MnLSa)
[kg mol−1]

Hydrolyzed polymer

-Dc)

NMVA
Global
NVA
hydrod) [%] hydrod) [%] rate [%]
FVAme)

FNMVA

Mni)
(kg/mol)

Composition
FNVAf)

FMVAmg) FMNVAh)

1

PN255-Cs

PVAm

1

0

22

256

1.1

88j)

/

88

0.88

0.12

/

/

12.0

2

PM140-Fh

PMVAm

0

1

14

138

1.8

/

81k)

81

/

/

0.81

0.19

9.0

3

PM155-Fm

15.5

155

1.6

/

76m)

76

/

/

0.76

0.24

10.4

4

PM310-Ch

31

313

1.1

/

93k)

93

/

/

0.93

0.07

18.7

35

391

1.7

90j)

53

78

0.61

0.07

0.17

0.15

22.1

94k)

89

92

0.64

0.04

0.28

0.04

19.8

1.5

90j)

78

83

0.41

0.04

0.43

0.12

16.8

1.2

j)

66

83

0.66

0.07

0.18

0.09

17.6

94k)

81

90

0.69

0.04

0.22

0.05

16.7

90j)

76

83

0.45

0.05

0.38

0.12

31.7

k)

80

87

0.47

0.03

0.40

0.10

13.6

90j)

63

76

0.41

0.05

0.34

0.20

13.1

94k)

83

88

0.43

0.03

0.45

0.09

8.4

94k)

76

85

0.47

0.03

0.44

0.08

6.7

5

P(M125-N266)-Fs P(VAm-coMVAm)

6

P(M125-N266)-Fh

7

P(M160-N130)-Fs
n)

8

P(M90-N240)-Cs

9

P(M90-N240)-Ch

10

P(M277-N277)-Cso)

11

P(M277-N277)-Ch

12

P(M114-N114)-Csn)

13

P(M114-N114)-Ch

14

P(M60-N60)-Chp)

0.68

0.45
0.73

0.50

0.32

0.55
0.27

0.50

27
29

51

291
329

554

l)

1.5

90

94
0.46

0.50

0.54

0.50

21

11

231

120

1.1

1.1

a)
Determined by SEC in DMF equipped with a MALLS detector. LS = light scattering; b)Degree of polymerization (DPn) calculated using the following formula: DPn =
MnLS/MMmonomer for the homopolymers and DPn = MnLS/Σ(MMmonomer × Fmonomers) for the copolymers; c)Determined by SEC in DMF using a polystyrene (PS) calibration;
d)
Determined by EA; e)FVAm molar fraction of primary amine; f)FNVA molar fraction of residual acetamide; g)FMVAm molar fraction of secondary amine; h)FNMVA molar fraction
of residual acetamide; i)Number-average molar mass calculated by the MnLS of the polyamide precursor and the degree of hydrolysis of the amide moieties; j)Hydrolysis
2 n/120 °C/14 h; k)Hydrolysis 6 n/120 °C/64 h; l)Determined by SEC in DMF using a poly(methyl methacrylate) (PMMA) calibration using two PSS GRAM 1000 Å columns
(8 × 300 mm; separation limits: 1–1000 kg mol−1) and one PSS GRAM 30 Å (8 × 300 mm; separation limits: 0.1–10 kg mol−1). Columns and detectors were maintained at
60 °C; m)Hydrolysis 3 n/100 °C; n)[monomer]/[RCo] = 300/1; o)[monomer]/[RCo] = 447/1; p)[monomer]/[RCo] = 150/1.

Chemical shifts are reported in δ values (ppm) relative to
internal tetramethylsilane (TMS).

2.2.3. Elementary Analyses (EA)
EA were carried out by the Microanalyses Service of Institut
de Chimie des Substances Naturelles (ICSN, Gif-sur-Yvette,
France) in order to determine the C/N ratios in the copolymers
before and after acidic treatment which permits evaluating the
degree of deacetylation of the amide functions.

was then heated at 30 °C for 4 h (total monomer conversion
measured by 1H NMR in D2O = 14%). The polymer was then
purified by precipitation in diethyl ether, filtrated and dried under
vacuum before dissolution in water and dialysis (membrane cut
off 1 kDa) against water for 2 d. After lyophilization, PNMVA
was collected as a white solid and characterized by 1H NMR
in D2O and SEC–MALLS in DMF (dn/dcPNMVA in DMF =
0.071, Mn SEC DMF MALLS = 13.7 kg mol−1, ĐSEC DMF cal PS = 1.8)
(Table 1, entry 2).

2.4. Synthesis of PNMVA by OMRP
2.2.4. Inductively Coupled Plasma (ICP)
ICP analyses were carried out by the Institut Malvoz de la Prov
ince de Liège (Liège, Belgium) in order to determine the quan
tity of residual cobalt in the polyvinylamines ([Co] < 0.4 ppm).

2.3. Synthesis of Poly(N-methylvinylacetamide) (PNMVA) by FRP
According to Dréan et al.,[25] V-70 (416 mg, 1.35 mmol) was placed
under argon in a flask, dissolved in degassed methanol (14 mL)
followed by addition with a syringe of distilled and degassed
NMVA (14 mL, 13.4 g, 135 mmol). The reaction mixture

Macromol. Biosci. 2018, 18, 1700353

According to Dréan et al.,[29] a solution of alkyl–cobalt (III)
initiator ([Co(acac)2(CH(OCOCH3)CH2)≈4R0] in CH2Cl2)
(1.30 mL of a 0.15 m stock solution, 0.195 mmol) was introduced
in a flask under argon and evaporated to dryness under reduced
pressure at room temperature. Distilled NMVA (6.0 mL,
58 mmol) was added under argon into the flask and the poly
merization mixture was stirred at 40 °C. After 16 h, the poly
merization was stopped by addition of 1-propanethiol (0.35 mL,
3.9 mmol) and the medium became dark black instantane
ously. Stirring was maintained overnight at room temperature.
After elution of the polymer solution through a celite pad for
removing the black matter, the polymer was precipitated in
diethylether, filtered, and dried. A second precipitation was
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performed in Et2O after solubilizing the polymer in MeOH.
Finally, the polymer was purified by dialysis against water for
2 d and was collected as an off-white solid after lyophilization.
The resulting PNMVA was analyzed by SEC and1H NMR. (dn/
dcPNMVA in DMF = 0.071, Mn SEC DMF MALLS = 30.8 kg mol−1, Mn SEC
−1
DMF cal PS = 21.6 kg mol , ĐSEC DMF cal PS = 1.1) (Table 1, entry 4).

in the copolymer = 46/54, dn/dcP(NMVA-co-NVA) in DMF = 0.057, Mn
= 21.4 kg mol−1, Mn SEC DMF cal PS = 19.6 kg mol−1,
ĐSEC DMF cal PS = 1.1) (Table 1, entries 12 and 13). Similar experi
ments were carried out with various NVA/NMVA feed molar
ratios and various [M]0/[RCo]0 ratios (Table 1, entries 8 to 14,
see legend in Table 1 for conditions) in order to target polymers
with different composition and molar mass.
SEC DMF MALLS

2.5. Synthesis of P(NMVA-co-NVA) by FRP
According to Dréan et al.,[25] NVA (5.75 g, 67.5 mmol) and V-70
(416 mg, 1.3 mmol) were placed in a flask under argon and dis
solved in degassed methanol (15 mL) before addition of distilled
and degassed NMVA (7.0 mL, 6.7 g, 68 mmol). The reaction mix
ture (FNVA = 0.50, FNMVA = 0.50) was heated at 30 °C for 30 min
and the polymerization was stopped at low global molar monomer
conversion (32%) in order to prevent significant compositional
drift. The copolymer was first purified by precipitation in acetone,
filtrated, and dried under vacuum. Then, the copolymer was solu
bilized in water and purified by dialysis (membrane cut-off 1 kDa)
against water for 2 d before lyophilization. P(NVA-co-NMVA) was
collected as a white powder and characterized by 1H NMR in
D2O and SEC–MALLS in DMF (dn/dcP(NVA-co-NMVA) in DMF = 0.084,
Mn SEC DMF MALLS = 35.1 kg mol−1, Mn SEC DMF cal PS = 38160 g mol−1,
Đcal PS = 1.7, FNVA = 0.68, FNMVA = 0.32) (Table 1, entries 5 and
6). Varying the [NMVA]/[NVA] and [M]0/[V-70]0 ratio, polymers
with different compositions and molar mass were obtained (see
Table 1, entry 7).

2.6. Synthesis of P(NMVA-co-NVA) Statistical Copolymers by
OMRP
According to Dréan et al.,[29] a solution of alkyl–cobalt (III) initi
ator ([Co(acac)2((CH(OCOCH3)CH2)<4R0)] in CH2Cl2, 3 mL
of a 0.15 m stock solution, 0.45 mmol) was introduced under
argon in a flask and evaporated to dryness under reduced pres
sure at room temperature. The residue was then dissolved in
distilled NMVA (10 mL, 98.7 mmol) added with a syringe under
argon. The resulting solution was transferred through a cannula
under inert atmosphere into a second flask containing NVA
(3.21 g, 37.7 mmol) degassed by three vacuum/argon cycles.
After full dissolution of NVA, the reaction medium (FNVA =
0.28, FNMVA = 0.72) was heated at 40 °C under stirring for
2 h 30 min. The monomer conversion determined by 1H NMR
reached 18%. The copolymerization was not pursued to avoid
significant composition drift and the reaction was quenched by
addition of 1-propanethiol (0.815 mL, 9 mmol). The medium
became dark black instantaneously and stirring was maintained
overnight at room temperature. Elution of the copolymer solu
tion through celite permitted to eliminate the black residue and
the copolymer was further purified by precipitation in a Et2O/
acetone mixture (50/50: v/v). After filtration and drying, the
copolymer was dissolved in MeOH, filtered, and precipitated
one more time in a Et2O/acetone mixture (50/50: v/v). The
recovered polymer was then dried under vacuum at 40 °C, dis
solved in water, dialyzed against water for 2 d, and lyophilized.
The P(NVA-co-NMVA) was collected as an off-white solid char
acterized by SEC–MALLS and 1H NMR (in D2O) (FNVA/FNMVA

Macromol. Biosci. 2018, 18, 1700353

2.7. Synthesis of P(NMVA-co-VIm)
According to Dréan et al.,[25] V-70 (416 mg, 1.30 mmol) was
placed under argon in a flask, dissolved in degassed methanol
(15 mL) followed by addition of distilled and degassed NMVA
with a syringe (10.5 mL, 10.1 g, 102 mmol) and 1-VIm (3.0 mL,
3.1 g, 33 mmol). The reaction mixture (FNMVA = 0.73, FVIm =
0.27) was then heated at 30 °C for 2 h (total monomer conver
sion measured by 1H NMR in D2O = 29%). The copolymer
was first purified by precipitation in diethyl ether, filtrated, and
dried under vacuum. Next, the copolymer was solubilized in
water and purified by dialysis (membrane cut-off 1 kDa) against
water for 3 d before lyophilization. P(NMVA-co-VIm) was col
lected as a white solid and characterized by 1H NMR in D2O
and SEC–MALLS in DMF (dn/dcP(NMVA-co-VIm) in DMF = 0.073, Mn
−1
−1
SEC DMF MALLS = 39.9 kg mol , Mn SEC DMF cal PS = 20.1 g mol ,
Đcal PS = 2.4, FNMVA = 0.54, FVIm = 0.46) (Table 2, entry 1). A
similar polymerization was carried out with different [NMVA]0/
[VIm]0 and [M]0/[V-70]0 feed molar ratios in order to target a dif
ferent composition and molar mass (Table 2, entry 2).

2.8. Synthesis of P(NMVA-co-NVA-co-VIm)
According to Dréan et al.,[25] NVA (2.47 g, 29 mmol) and V-70
(416 mg, 1.3 mmol) were placed under argon and dissolved by a
degassed methanol (15 mL) followed by addition with a syringe
of distilled and degassed 1-VIm (1.8 mL, 1.8 g, 20 mmol)
and NMVA (8.9 mL, 8.5 g, 86 mmol). The reaction medium
(FNVA = 0.19, FNMVA = 0.64, FVIm = 0.17) were added and the
mixture was heated at 30 °C for 2 h (total monomer conver
sion measured by 1H NMR in D2O = 28%). The copolymer was
first purified by precipitation in acetone, filtrated, and dried
under vacuum. Then, the copolymer was solubilized in water
and dialyzed (membrane cut-off 1 kDa) against pure water for
3 ds before lyophilization. P(NVA-co-NMVA-co-VIm) was col
lected as an off-white solid and characterized by 1H NMR in
D2O and SEC-MALLS in DMF (dn/dcP(NVA-co-NMVA-co-VIm) in DMF =
0.083, Mn SEC DMF MALLS = 35.5 kg mol−1, Mn SEC DMF cal PS =
25.5 kg mol−1, Đcal PS = 1.8, FNVA = 0.32, FNMVA = 0.34, FVIm =
0.34) (Table 2, entry 3). Similar polymerizations were car
ried out with various NVA/NMVA/VIm feed molar ratios and
various [M]0/[V-70]0 (Table 2, entries 4 and 5) ratios in order to
target polymers with different compositions and molar masses.

2.9. General Procedure for Hydrolysis
Following a procedure adapted from Dréan et al.,[25] PNMVA
(0.40 g) was dissolved in HCl 6 n (5.5 mL). The resulting solution
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Table 2. Characteristics of copolyvinylacetamide P(NMVA-co-VIm) and P(NVA-co-NMVA-co-VIm) and the corresponding polyvinylamines
P(MVAm-co-VIm) and P(VAm-co-MVAm-co-VIm) synthesized by FRP followed by amide hydrolysis.
#

Name

Polymers

Polymer before hydrolysis
Composition

MnLSb) DPnc) -Dd)
[kg mol−1]

Hydrolyzed polymer
NMVA
Global
NVA
hydroe) [%] hydroe) [%] rate [%]

FNVAa) FNMVAa) FVIma)

Mnk)
[kg mol−1]

Composition
FVAmf) FNVAg) FMVAmh) FMNVAi) FVImj)

1

P(M225-V185)-Fh P(MVAm-coVIm)

0

0.55

0.45

40

408

2.4

/

2

P(M245-V60)-Fh

0

0.81

0.19

29.8

304

2.2

/

84l)
80l
l)

84

/

/

0.46

0.09

0.45

32

80

/

/

0.65

0.16

0.19

21.5

0.32

0.34

0.34

35.5

382

1.8

90

78

84

0.29

0.03

0.27

0.07

0.34

26.6

4 P(M70-N140-V175)Fh

0.36

0.18

0.46

17.8

384

1.4

90l)

78

86

0.32

0.04

0.14

0.04

0.46

27.7

5 P(M90-N170-V55)-Fh

0.53

0.29

0.18

28.9

318

1.4

90l)

82

87

0.48

0.05

0.24

0.05

0.18

19.3

3

P(M130-N120V130)-Fh

P(MVAm-coVAm-co-VIm)

by
NMR;
by SEC in DMF equipped with a MALLS detector. LS = light scattering;
using the following formula: DPn = MnLS/
Σ(MMmonomer × Fmonomers); d)Determined by SEC in DMF using a PS calibration; e)Determined by EA; f)FVAm molar fraction of primary amine; g)FNVA molar fraction of
residual acetamide; h)FMVAm molar fraction of secondary amine; i)FNMVA molar fraction of residual acetamide; j)FVIm molar fraction of vinylimidazole; k)Number-average
molar mass calculated by the MnLS of the polyamide precursor and the level of hydrolysis of the amide moieties; l)Hydrolysis conditions: 6 n, 120 °C, 64 h.
a)Determined

1H

b)Determined

c)Calculated

of polymer (7% w/v) was then placed in an Acid Digestion Parr
Vessel and heated at 120 °C for 64 h. After cooling, the solution
was dialyzed against pure distilled water for one night. During
the last 2 h of dialysis, the pH was maintained at 7 (the pH was
controlled with pH-meter and adjusted by addition of NaOH
0.1 n or HCl 1 n). The polymer was recovered by lyophilization.
The polymer was analyzed by 1H NMR in D2O and EA. The
copolymers containing vinylimidazole moieties were hydrolyzed
in the same conditions (harsh conditions, indicated by the suffix
h in the abbreviated polymer name). In contrast, the hydrolysis
the PNVA homopolymer was performed under milder condi
tions (5% w/v, 2 n HCl, 120 °C, 14 h, soft conditions, indicated by
the suffix s) according to Dréan et al.[25] P(NMVA-co-NVA) copoly
mers were hydrolyzed by both the sets of conditions. Finally, the
PMVAm for guanidinylation was hydrolyzed using 3 n HCl at
100 °C (medium conditions, suffix m, Table 1, entry 3).[27] The
determination of the percentage of deacetylation for each pol
ymer was achieved using EA. The method was based on the
C/N ratio in the polymer before and after acidic treatment rather
than on absolute mass percentage of C and N in order to prevent
mistakes coming from the hydroscopic character of the polymer
(Table S1, Supporting Information).

2.10. General Procedure for Guanidinylation
of PMVAm
Following a procedure adapted from Yu
et al.,[41,42] PMVAm hydrolyzed at 76%
(PM155-F, 0.100 g, 1.5 mmol MVAm) and
1H-pyrazole-1-carboxamidine hydrochloride
(0.051 g, 0.35 mmol, 0.23 equiv. relative to
amide and amine functions, and 0.3 equiv.
relative to the amine functions) were dissolved
in distilled H2O and 200 µL NaOH 1 n were
added to reach pH > 7. The reaction was per
formed at 30 °C for 36 h. The solution was
dialyzed against pure distilled water for one
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night. During the last 2 h of dialysis, the pH was adjusted to 7
(pH controlled with pH meter and adjusted by addition of NaOH
0.1 n or HCl 1 n). The polymer was recovered by lyophilization.
The polymer was analyzed by 1H NMR in D2O and the determi
nation of the substitution degree for each polymer was achieved
using EA. The method was based on the C/N ratio in the polymer
before and after acidic treatment rather than on absolute mass
percentage of C and N in order to prevent mistakes coming from
the hydroscopic character of the polymer (Table S2, Supporting
Information). Similar experiments were carried out with various
feed molar ratios (reaction conditions and results reported in
Table 3).

2.11. Plasmids
pCMV-luc (pTG11033, 9514 bp, Transgene S.A., Strasbourg,
France) was a plasmid DNA encoding the firefly luciferase (luc)
gene under the control of the human cytomegalovirus (CMV)
promoter. pCMV-EGFP (5130 bp) was a homemade plasmid
DNA encoding the jellyfish Aequorea victoria-enhanced green
fluorescent protein (EGFP) under the control of the CMV pro
moter. Supercoiled plasmid was isolated from Escherichia coli

Table 3. Preparation and characteristics of statistical copolymers composed of secondary
amine, secondary amide and guanidine units, through the substitution of MVAm units. Substitutions were performed on PMVAm (PM155-F) hydrolyzed at 76%.
Entry

Polymers

MVAm/ Time [h]
Substitution by
pyrazole
methylguanidinea) [%]

Final composition

Mnc)
[kg mol−1]

FNMVAb) FMVAmb) FGuab)
1

P(M138-Gua17)-Fm

1/0.30

36

15

0.24

0.65

0.11

11.1

2

P(M121-Gua34)-Fm

1/0.45

120

28

0.24

0.54

0.22

11.8

a)Percentage

of substituted amine functions with respect to amine function, determined by elemental analysis considering a NMVA hydrolysis rate of 76%; b)Molar fraction of the residual acetamide, the secondary
amine, and the guanidine function, determined by the elemental analysis using the C/N ratio; c)Molar mass
determined based on the MnLS and composition of the PMVAm precursor and the hydrolysis degree of the
pendant amide moieties.
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DH5α super competent bacteria (Invitrogen, Cergy Pontoise,
France) by alkali lysis and purification with QIAGEN Mega Kit
Endotoxin free Plasmid (Qiagen, Courta-boeuf, France).

Table 4. Characterization of PMVAm, PVAm, and P(VAm-co-MVA)
polyplexes.
#

Polyplexes

1

PN255-Cs-plex

2.12. Polyplexes
Polyplexes were prepared at various polymer/pDNA weight
ratios (WRs) in 10 × 10−3 m HEPES, pH 7.4. The proper amount
of polymers was added to 2.5 µg pDNA (2.5 µL of a 1 mg mL−1
stock solution in HEPES) in 35 µL of HEPES and vortexed for
4 s. Typically, for a WR of 3, 15 µL (7.5 µg) of a 0.5 mg mL−1
solution of the polymer in HEPES was added to 35 µL (2.5 µg)
of the pDNA solution. After 30 min at room temperature, the
solution containing polyplexes was adjusted to a total volume
of 500 µL using the cell culture medium (MEM for HeLa and
human bronchial epithelial (16HBE), DMEM for C2C12 and
RPMI 1600 for DC2.4) supplemented with 10% FBS.

2

PM140-Fh-plex

Polyplexes were prepared at various polymer/pDNA ratios in
10 × 10−3 m HEPES, pH 7.4. Samples (20 µL) were loaded onto
0.9% agarose gel containing ethydium bromide (0.3 mg mL−1)
in a Tris-borate–EDTA buffer, pH 8.6 (95 × 10−3 m Tris, 89 ×
10−3 m boric acid, 2.5 × 10−3 m EDTA, and 10 × 10−3 m DTT,
pH 8.6) and run at 100 V for 45 min. The gels were analyzed
using the AzureTMBiosystem c600 to visualize pDNA.

ζd) [mV]

1

6

180

+48

3

18

190

+48

1

4

1521

+32

3

12

230

+42

4

194

+27

PM155-Fm-plex

1
3

11

145

+25

4

PM310-Ch-plex

3

15

220

+32

6

30

140

+42

1

4

170

+53

3

14

200

+49

5

6

P(M125-N266)-Fs-plex

P(M125-N266)-Fh-plex

1

6

140

+51

3

18

150

+48

7

P(M160-N130)-Fs-plex

1

5

150

+47

3

14

290

+47

8

P(M90-N240)-Cs-plex

1

5

90

+41

3

15

145

+48

9

P(M90-N240)-Ch-plex

10

P(M277-N277)-Cs-plex

11

P(M277-N277)-Ch-plex

12

13

2.14. Gel Retardation Assay

Dhc) [nm]

3

2.13. Size and ζ-Potential Measurements of Polyplexes
Polyplexes were prepared as above at 10 µg mL−1 in
10 × 10−3 m HEPES, pH 7.4. The size and ζ-potential meas
urements of polyplexes were performed by using SZ-100
Nanopartica (Horiba, Les Ulis, France). Samples were illumi
nated with a 633 nm laser, and the intensities of scattered
light at an angle of 173° and 15° were measured using an
avalanche photodiode, respectively, for size measurement
and zeta-potential determination. The z-average hydrody
namic diameters (Dh) of the samples were calculated and are
reported in Tables 4 and 5.

N/Pb)

WRa)

P(M114-N114)-Cs-plex

P(M114-N114)-Ch-plex

1

6

130

+49

3

17

115

+49

1

5

280

+54

3

14

160

+50

1

5

222

+37

3

15

158

+46

1

4

103

+18

3

13

290

+48
+47

1

5

180

3

15

190

+48

153

+47

14

P(M60-N60)-Ch-plex

1

5

3

15

265

+48

15

lPEI-plex

2

1

130

+48

3

2

120

+42

a)WR = Polymer/DNA weight ratio; b)Amine/phosphate molar ratio calculated as
described in the Experimental Section; c)Hydrodynamic diameters Dh of the polyplexes at 298 K in 10 × 10−3 m HEPES, pH 7.4; d)ζ-potential of polyplexes at 298 K
in 10 × 10−3 m HEPES, pH 7.4.

2.15. Determination of the Nitrogen/Phosphate N/P Molar Ratio
The mole number of protonable nitrogen atoms at pH 7.4
per g of polymer (NN+ in mol g−1) was calculated taking into
account of the composition of the (co)polymers, reported as
fraction F (Tables 1 and 2 and Table S3 (Supporting Infor
mation)), the molar mass of each monomer unit, and the
molar fractions of the monomer units containing proton
able nitrogen atoms at pH 7.4, i.e., VAm, MVAm, and Gua
(Equation (1))
N N+ =

(FVAm + FMVAm + FGua )

∑M F

i i

(1)


Macromol. Biosci. 2018, 18, 1700353

where Mi and Fi correspond to the molar mass and the molar
fraction of the comonomer units in the copolymer, i.e., VAm,
MVAm, Gua, and VIm.
The mole number of charged phosphate per g of pDNA (NP−
in mol g−1) was determined according to Equation (2)
N P− =

1
= 3.058 × 10 −3 mol g −1
MM bp /2

(2)


where MMbp corresponds to the mean molar mass of a base
pair (MMbp = 654 g mol−1).
The N/P ratio is calculated based on Equation (3) and took
into account the polymer/pDNA WR (reported in Tables 4 and 5)
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Table 5. Characterization of P(MVAm-co-VIm), P(NMVA-co-VIm),
P(MVAm-co-VAm-co-VIm), and P(MVAm-co-MGua) polyplexes.
Entry
1

2

3

4

5

6

Polyplexes
PM140-Fh-plex

P(M225-V185)-Fh-plex

P(M245-V60)-Fh-plex

P(M125-N266)-Fs-plex

P(M70-N140-V175)Fh-plex

P(M130-N120-V130)Fh-plex

7

P(M90-N170-V55)Fh-plex

8

PM155-Fm-plex

9

10

N/Pb)

Dhc) [nm]

ζd) [mV]

1

4

1521

+32

3

12

230

+42

3

6

100

+20

6

11

130

+36

1

3

e)

e)

+49

WRa)

P(M138-Gua17)-Fmplex

P(M121-Gua34)-Fmplex

3

9

286

6f)

17

155

+48

8g)

24

100

+48

1

4

170

+53

3

14

200

+49

1

4

110

+33

3

12

140

+43

1

3

235

+47

3

8

180

+50

1

3

140

+29

3

10

127

+22

1

4

194

+27

3

11

145

+25

1

3

177

+28

3

10

134

+31

2

7

123

+28

4

13

168

+34

(3)

2.16. Cell Culture
Human epitheloid cervix carcinoma (HeLa cells; CRL1772,
C2C12, Rockville, MD, USA), mouse skeletal muscle (C2C12;
CRL1772, ATCC, RockvilleMD, USA), murine dendritic
(DC2.4),[43] and human bronchial epithelial (16HBE14o−)[44] cell
lines were cultured in MEM, DMEM, RPMI, and MEM medium,
respectively. The media were supplemented with 10% FBS,
100 U mL−1 penicillin, 100 µg mL−1 streptomycin, 1% nones
sential amino acid, and 1% GlutaMAX. Cells were maintained
at 37 °C in a humidified 5% CO2 atmosphere. The presence of
mycoplasma was checked by presence using the MycoAlert1
Mycoplasma Detection Kit (Lonza, Levallois Perret, France).

Macromol. Biosci. 2018, 18, 1700353

1 d before transfection, cells were seeded in a 24-well plate at
a density of 1.5 × 105 cells per well in 1 mL culture medium.
After removing the culture medium, the cells were incubated
for 4 h at 37 °C with the freshly made polyplexes (2.5 µg DNA)
in 500 µL of the cell culture medium supplemented with 10%
FBS. Then, the medium was removed and replaced by 1 mL
of fresh complete medium in the absence of any polyplexes.
The luciferase activity was measured 48 h after transfection by
using the Promega luciferase assay system (Promega, E1500)
and a luminometer (LUMAT LB 9507). The luciferase activity
was normalized to total cell protein using a BCA protein assay
kit (Uptima, Interchim SA, Montluçon, France), and expressed
as relative light units (RLUs) per mg of protein. Data are pre
sented as means and standard deviation (S.D.) based on three
independent experiments, each in duplicate for the determina
tion of the RLU and in triplicate for protein quantification.

2.18. Cytotoxicity

a)
WR = Polymer/DNA weight ratio; b)Amine/phosphate molar ratio calculated as
described in the Experimental Section; c)Hydrodynamic diameters Dh of the polyplexes at 298 K in 10 × 10−3 m HEPES, pH 7.4; d)ζ-potential of polyplexes at 298 K
in 10 × 10−3 m HEPES, pH 7.4; e)Not determined; f,g)Used as ratio 1 and ratio 2,
respectively, for the determination of transfection efficiency.

N N N+
=
× WR
P N P−


2.17. Transfection and Luciferase Gene Expression Measurement

An MTT assay was performed to determine the cytotoxicity of
polyplexes and free polymers. 48 h after transfection, 50 µL of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide
(MTT); 5 mg mL−1 in PBS) was added to each well containing
1 mL culture medium and the cells were incubated for 4 h at
37 °C. The medium was removed and the cells were washed
with PBS (500 µL). MTT converted in water-soluble formazan
was solubilized with acidified isopropanol (1 mL) and a solution
of 3% sodium dodecyl sulfate (SDS) (200 µL) was added. The
absorbance was measured at 560 nm with a Victor I spectro
photometer. The percentage of cytotoxicity was calculated using
[(Ant − At)/Ant] × 100, where Ant and At were the absorbance of
nontransfected cells and transfected cells, respectively. Data are
presented as mean and S.D. based on two independent experi
ments, each in triplicate.

3. Results and Discussion
3.1. Synthesis of Polyvinylamine-Based Copolymers
Primary amino groups, imidazole and guanidine moieties were
incorporated into PMVAm in order to evaluate the impact of
such modifications on both the transfection efficiency of their
complexes with pDNA and the cell viability. The macromo
lecular characteristics of modified PMVAms are summarized
in Tables 1–3 and their synthesis is discussed below. For the
sake of the clarity, an abbreviated polymer terminology was
used. First, the nature of the monomer unit in the polymer is
indicated by M, N, V, and Gua for MVAm, VAm, VIm, Gua
nine, respectively. Each letter is followed by a number referring
to the total number of this monomer unit per polymer chain.
The following letter refers to the polymerization method: F and
C stand for free and controlled radical polymerization, respec
tively. The name ends with the hydrolysis conditions that can be
either soft (HCl 2 n), harsh (HCl 6 n), or moderate conditions
(HCl 3 n) and labeled by s, h, and m, respectively. For example,
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Scheme 1. Synthesis routes of modified polymethylvinylamines (PMVAm); A) P(MVAm-co-VAm) synthesized by FRP, B) P(MVAm-co-VAm) synthesized
by OMRP, C) P(MVAm-co-VIm) and P(MVAm-co-VAm-co-VIm), and D) P(MVAm-co-MGua) synthesized by FRP.

P(M90-N170-V55)-Fs corresponds to a statistical ter-polymer
prepared by FRP comprising 90 units of secondary MVAm,
170 units of primary VAm, and 55 of VIm, obtained after soft
hydrolytic treatment. In order to differentiate polyplexes from
polymers the suffix “-plex” is added to the abbreviated name of
the polymer, i.e., P(M90-N170-V55)-Fs-plex.
First, a series of P(MVAm-co-VAm) copolymers was prepared
by copolymerization of NMVA with NVA followed by depro
tection of the amino groups via amide hydrolysis. According
to a previous procedure,[25] the free radical copolymerization
of NVA/NMVA was initiated at 30 °C in methanol using V-70
as the initiator, leading to copolymers with rather high molar
mass distributions (1.5–1.8) (Scheme 1, route A and Table 1,
entries 5–7). In addition, the NMVA/NVA copolymerization
was performed by OMRP in the presence of Co(acac)2 in order
to better control the molar mass and composition of the copoly
mers (Scheme 1, route B, Table 1, entries 8–14). According to
the OMRP mechanism,[28,29,44,45] the cobalt complex limits the
extent of irreversible termination reactions via reversible deac
tivation of the radical poly(N-vinylamide) chains.[28,45–47] As
described elsewhere,[28,29] the controlled NVA/NMVA copoly
merization was performed at 40 °C in methanol using a pre
formed alkylcobalt (III) complex (RCo) initiator. Varying the
monomer feed composition ([NVA]0/[NMVA]0) gave access to a
series of P(NMVA-co-NVA) copolymers with different composi
tions ranging from 46% to 73% of primary acetamido groups
as determined by 1H NMR (Table 1, entries 8–14 and Figure S1
in the Supporting Information for 1H NMR spectra). On the
other hand, changing the [monomer]/[initiator] ratio allowed to
adjust the molar mass of the polymer as indicated by the SEC
analyses. An optimized procedure involving thiol treatment[29]
was applied for quantitative removal of the cobalt complex from
the polymer.
In order to obtain the desired pendant amino groups, the
polyvinylacetamido precursors were hydrolyzed using two con
ditions. The first one called soft condition, (2 n HCl, 120 °C,
14 h) reported by Akashi et al.,[48,49] led to copolymers having
a global degree of deacetylation between 76% and 83%, while
the second condition, (6 n HCl, 120 °C, 64 h) referred to as
harsh conditions, gave global degree of deacetylation between
87% and 92% depending on the copolymer composition, i.e.,
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the ratio between the primary and secondary amides.[25,29] The
hydrolysis level was confirmed by 1H NMR (Figure S1, Sup
porting Information) and the final composition of the copoly
mers was determined by EA (Table S1, Supporting Informa
tion). For sake of simplicity, copolymers obtained after hydrol
ysis of P(MNVA-co-NVA) were named P(MVAm-co-NVAm)
although, in reality, quaterpolymers were formed due to the
incomplete hydrolysis of the amido units.
All the polymer characteristics are reported in Table 1. For
comparison, homo-PMVAm and homo-PVAm were also syn
thesized by FRP and OMRP according to previously established
conditions[24,26] (Table 1, entries 1–4).
Imidazole moieties, supposed to play a proton sponge role
in the endosome during transfection, were inserted along
the PMVAm backbone by statistical radical copolymerization
of NMVA with VIm. A subsequent acidic hydrolysis led to
P(MVAm-co-VIm).[25] Terpolymers composed of vinylimidazole,
primary and secondary amines, i.e., P(MVAm-co-VAm-co-VIm)
(Figure 1C), where obtained by copolymerizing NMVA, NVA,
and VIm and successive hydrolysis. It is worth noting that these
copolymerizations were only performed by FRP, using V-70 as
initiator at 30 °C in MeOH (Scheme 1, route C), because the
imidazole ring dramatically alters the OMRP process via its
complexation with cobalt. The control of the polymerization
is thus impossible. Based on the 1H NMR, the imidazole per
centage in the copolymers ranged from 18% to 46% (Table 2
and Figure S1 (Supporting Information)). Harsh acidic treat
ment led to the hydrolysis of 80–87% of the acetamido groups,
as determined by EA. The final composition of the hydrolyzed
polymers was estimated taking into account the initial composi
tion of the acetamido precursors and the percentage of hydrol
ysis (Table S1 and Figure S1, Supporting Information). The
characteristics of these copolymers are summarized in Table 2.
A third series was prepared in order to obtain
poly(methylvinylamine)s possessing pendant guanidinyl
groups (P(MVAm-co-MGua)) (Figure 1D). The PMVAm pre
cursor was synthesized by FRP of NMVA at 30 °C in MeOH
followed by acidic hydrolysis with 3 n HCl at 100 °C (Table 1,
entry 3, PM155-F). Under this moderated condition, hydrolysis
reached 76% (Table 1, entry 3).[25,27,29] Then, 1H-pyrazole-car
boxamidine hydrochloride was reacted at 30 °C in water with
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the secondary amines of the PMVAm. The substitution reaction
was performed at basic pH values, which facilitates the deproto
nation of the amino groups and their reaction with carboxami
dine (Scheme 1, route D).[40,41] The analysis by 1H NMR of the
resulting methylguanidine-functionalized PMVAm confirmed
the grafting level of the guanidine moieties (Figure S2C, Sup
porting Information). According to EA, the substitution degree
of the amines ranged from 15% to 28% (Table S2, Supporting
Information). The polymers’ characteristics are reported in
Table 3.

3.2. Polyplex Formation, Particle Sizes, and Zeta-Potentials
The formation of polyplexes at pH 7.4 is based on electrostatic
interactions between the positively charged polyvinylamines
(thanks to the protonated amino or guanidino groups) and
the phosphate groups of pDNA. First, the optimal polymer/
DNA WR permitting complete pDNA condensation was
determined by agarose gel retardation assay upon electro
phoresis of polyplexes made with a fixed pDNA quantity
and increasing amounts of polymer (Figure S3, Supporting
Information). Free pDNA migrates with the electric current,
while complexed pDNA does not migrate and is retained at
the top of the gel. The pDNA condensation level is evaluated
by fluorescence of intercalated ethidium bromide (EtBr). The
fluorescence intensity decreases as a function of pDNA con
densation due to a decreasing capacity of EtBr to intercalate
into pDNA. The optimal WR was identified as the minimum
amount of cationic polymers necessary to induce complete
inhibition of pDNA migration. The size and the zeta-poten
tial of polyplexes were determined at two WRs and listed in
Tables 4 and 5.
In the first P(MVAm-co-VAm) series, all copolymers com
pletely complexed pDNA at WR of 1 (Table 4 and Figure S3,
top (Supporting Information)), except for the shortest one. The
resulting molar nitrogen/phosphate (N/P) ratios were calcu
lated in order to estimate the number of protonable nitrogen
atoms (N) available to complex one phosphate group (P) of
pDNA. As expected, the optimal N/P ratio for complete pDNA
condensation depends on the copolymer composition. Gener
ally, increasing the fraction of primary amino groups (VAm)
increased the amount of polymer needed to form polyplexes.
For instance, the minimum required N/P ratios for PN255-Csplex, P(M114-N114)-Fh-plex, and PM140-Fh-plex, exhibiting
comparable degrees of acetylation, were, respectively 6, 5, and 4
(Table 4). This difference can be explained by the difference of
pKa, being 10.6 and 12.4 for PVAm and PMVAm, respectively.[17]
When the particle size and the zeta (ζ)-potential of polyplexes
were determined, it appeared that almost all polyplexes had a
hydrodynamic diameter ranging from 100 to 300 nm, and they
were positively charged with a ζ-potential ranging from +30 to
+55 mV (Table 4).
The influence of the incorporation of vinylimidazole and
guanidino moieties in the PMVAm backbone on the pDNA
condensation was also investigated (Table 5). The gel retar
dation assay (Figure S3, middle, Supporting Information)
revealed that similar quantity of P(M245-V60)-Fh and P(M90N170-V55)-Fh was required to complex pDNA compared to the
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homopolymer PM140-Fh and the copolymer P(M114-N114)Cs (WR = 1). Compared to PMVAm and P(MVAm-co-VAm),
pDNA, condensation with VIm-containing copolymers
revealed a higher fluorescent response in the presence of EtBr
at a similar WR. This difference might come from the steric
hindrance provided by the pendant imidazole rings on the
polymer chain, preventing from a regular internal organiza
tion between pDNA and the polymer in the polyplexes. These
amorphous polyplexes may be more porous to EtBr diffusion
during analysis.[50]
For the P(MVAm-co-MGua) copolymers containing guani
dine moieties (Figure S3, bottom, Supporting Information), the
gel retardation revealed that to completely condense the pDNA,
the quantity of polymer must be increased when the numbers
of methylguanidine incorporated in the polymer increased.
Indeed, twice as much polymer was necessary for full complex
ation (WR increased from 1 to 2, and accordingly the N/P ratio,
from 3 to 7) for PM155-Fm and P(M121-Gua34)-Fm, respec
tively, when the number of guanidine moieties was doubled.
It is finally interesting to mention that the N/P ratio neces
sary for the complexation of the copolymers (Table 5) was quite
constant over the whole polymer series: a minimum of 3 or 4
protonable nitrogens per phosphate was generally required.
This reveals that the condensation of pDNA mainly depends
on the number of protonable units present in the polymer, as
expected.
All polyplexes formed with copolymers containing vinylimi
dazole and guanidine groups had hydrodynamic diameters
ranged between 100 and 300 nm and a ζ-potential between +20
and +55 mV (Table 5).

3.3. Transfection Efficiency and Cell Viability of HeLa Cells
3.3.1. P(MVAm-co-VAm)-plex
The transfection efficiency and the cell viability of the P(MVAmco-VAm)-plex made with a pDNA encoding the luciferase gene
were evaluated on HeLa cells at two different WRs. Different
PVAm and PMVAm homopolymer polyplexes were also tested,
and the polyplexes made with lPEI (22 kg mol−1, DPn = 512)
were used as a standard.
For sake of comparison, a prescreening using copolyvi
nylamines obtained in either soft or harsh hydrolysis condi
tions was first performed in order to determine which condi
tions should be retained for the following study. As expected,
the determined global degree of deacetylation depended on
the copolymer composition (ratio of primary and secondary
amides). In the soft conditions, global degree of deacetylation
reached between 76% and 83%, whereas, with the harsh con
ditions, 87% and 92% were reached. As shown in Figure 2A,
better transfection efficiency was generally obtained with copol
ymer prepared with the soft hydrolysis conditions that pre
served more residual amide functions in the copolymers than
those prepared with the harsh conditions (108–109 RLU mg−1
proteins vs 106–108 RLU mg−1 proteins depending on the poly
mers). No real influence of the degree of residual amide func
tions was noticed on the cell viability. Most of the polyplexes
gave cell viability ranging from 50% to 70% at the two WRs
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Figure 2. A) Transfection efficiency and B) cell viability of HeLa cells with P(MVAm-co-VAm) polyplexes. The cells were transfected with polymers
obtained via soft or harsh hydrolysis conditions (resulting in two different hydrolysis rates, indicated on the top of each bar). Polyplexes were made at
two polymer/DNA ratios (ratio 1 and ratio 2 correspond to the ratios reported in Table 4). The luciferase activity was measured 48 h after the transfection and expressed as RLU mg−1 of protein. The cell viability was evaluated by MTT assay 48 h after transfection and expressed in percent with respect
to the untreated cells.

(Figure 2B). For the further study, we selected P(MVAm-coVAm) copolymers with a global degree of deacetylation between
75% and 85%, corresponding to the hydrolysis level obtained in
soft conditions.
Next, the P(MVAm-co-VAm) series with a decreasing
molar fraction of MVAm (FMVAm) was studied. As depicted in
Figure 3A, copolymers with a molar fraction of MVAm equal
or superior to 0.5 reached the highest transfection efficiency
(109 RLU mg−1 proteins). The latter were in the same order
of magnitude than the PMVAm homopolymer and slightly
better than the reference lPEI (Figure 3A). Increasing above
50 mol%, the quantity of VAm in the PMVAm backbone
diminished significantly the transfection efficiency, till 107
RLU mg−1 proteins. In addition, it seems that copolymers of
similar Mn but significantly different molar mass distributions
synthesized via different routes, i.e., FRP – P(M125-N266)-Fs –
or OMRP – P(M90-N240)-Cs, does not have any significant
influence on the transfection efficiency (Table 1, entries 5 and

8). This last observation is in line with our former work on
PMVAm homopolymers, highlighting the poor influence of
the molar mass and dispersity on the transfection efficiency in
the studied range.[17]
In that same study, it had also been established that the
PVAm molar mass (Mn) was an utmost important factor for
transfection efficiency, whereas the transfection was inde
pendent of the PMVAm molar mass.[17] We therefore evalu
ated also the transfection efficiency for P(MVAm-co-VAm) pos
sessing different molar masses, i.e., DPn ranging from 120 to
550 (with a NMVA/NVA composition close to 50/50, and a com
parable global degree of deacetylation close to 80%) (Figure S4,
Supporting Information). As with the PMVAm homopoly
mers,[17] no influence of the molar mass on the transfection
efficiency (109 RLU mg−1 proteins is reached for all polymers)
nor on the viability was observed for P(MVAm-co-VAm). Copol
ymers of the same chemical composition, possessing a similar
degree of hydrolysis and synthesized by either FRP or OMRP

Figure 3. A) Transfection efficiency and B) cell viability of HeLa cells with P(MVAm-co-VAm) polyplexes. Cells were transfected with polyplexes made at
two polymer/DNA ratios (ratio 1 and ratio 2 correspond to the ratios reported in Table 4). The molar fraction of secondary amine of polymers (FMVAm)
is indicated on the top of each bar. The hydrolysis rate of the copolymers was close to 85% for all the polymers. The luciferase activity was measured
48 h after the transfection and expressed as RLU mg−1 of protein. The cell viability was evaluated by MTT assay 48 h after transfection and expressed
in percent with respect to the untreated cells.
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can thus be considered as comparable in terms of transfection
efficiency. Figure 3B and Figure S4B (Supporting Information)
show that HeLa cell viability ranged between 60% and 80%,
some approaching even 100% was independent on the VAm
fraction and molar mass distribution of the copolymer used.
Based on these results, we can thus conclude that to reach
high transfection efficiency, statistical P(MVAm-co-VAm)
copoly
mers should comprise at least 50% of MVAm, and
should be hydrolyzed between 75% and 85%. P(M114-N114)-Cs
and P(M160-N130)-Fs can be considered as the most promising
ones. Their transfection efficiency was excellent, exceeding that
of lPEI, and the cell viability was close to 100%, in the case of
P(M160-N130)-Fs. Therefore, they were also studied on other
cells lines (cf. infra).

3.3.2. P(MVAm-co-VIm) and P(MVAm-co-VAm-co-VIm) Polyplexes
Although PMVAm[17] and P(MVAm-co-VAm) polyplexes
can be considered at least as efficient as lPEI polyplexes
on HeLa cells, we wanted to improve further the transfec
tion by the introduction of proton sponge units into the
polymer backbone in order to facilitate the endosomal escape

of the polyplexes as well as the release of the pDNA into
the cytosol.[24,34] Therefore, vinylimidazole moieties were
introduced into the PMVAm and P(MVAm-co-VAm) back
bones. VIm may also have a second interest. Indeed, at pH
7.4, VIm is negligibly charged (pKa ≈ 6).[32] The presence of a
small percentage of vinylimidazole moieties into highly posi
tively charged polymer chains permits to reduce the charge
density, and consequently to decrease its interaction with
cells membranes and other organelles and so to decrease
the cytotoxicity.[51,52] Two types of polyplexes were studied:
polyplexes made with P(MVAm-co-VIm) copolymers and
P(MVAm-co-VAm-co-VIm) terpolymers possessing different
molar fractions of VIm (FVIm) (Table 2).
The incorporation of vinylimidazole moieties into the
PMVAm backbone did not significantly change the transfec
tion efficiency (Figure 4A). In the case of P(MVAm-co-VAm)
copoly
mer with both the secondary and primary amines,
the incorporation of less than 30% VIm seemed to favor the
transfection efficiency (Figure 4C, P(M90-N170-V55)-Fh). In
general, HeLa cell viability remained high or increased with
respect to the (co)polymers containing no vinylimidazole units
(Figure 4B,D, for instance, P(M245-V60)-Fh). The most effi
cient polyplexes made with copolymers containing imidazole

Figure 4. A,C) Transfection efficiency and B,D) cell viability of HeLa cells with PMVAm, P(MVAm-co-VIm), P(MVAm-co-VAm), and P(MVAm-co-VAmco-VIm) polyplexes. The cells were transfected with polyplexes made at two polymer/DNA ratios (ratio 1 and ratio 2 correspond to the ratios reported
in Tables 4 and 5). The hydrolysis rate of copolymers was close to 85% for all the polymers. The luciferase activity was measured 48 h after the transfection and expressed as RLU mg−1 of protein. The cell viability was evaluated by MTT assay 48 h after transfection and expressed as percent to the
untreated cells.
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Figure 5. A) Transfection efficiency and B) cell viability of HeLa cells with PMVAm and P(MVAm-co-MGua) polyplexes. The cells were transfected
with polyplexes made at two polymer/DNA ratios (ratio 1 and ratio 2 correspond to the ratios reported in Table 4 and 5). The luciferase activity was
measured 48 h after the transfection and expressed as RLU mg−1 of protein. The cell viability was evaluated by MTT assay 48 h after transfection and
expressed as percent to the untreated cells.

moieties, i.e., P(M245-V60)-Fh and P(M90-N170-V55)-Fh, were
selected for testing on other cell lines (cf. infra).

Fh-plex, give equivalent transfection efficiency than the lPEI
polyplexes using lower pDNA quantities (1.25 µg) but the cell
viability was better (>80%).

3.3.3. P(MVAm-co-MGua) Polyplexes
The incorporation of guanidine or arginine moieties has been
shown to enhance cell penetration,[36,37] as well as to improve
the cell viability.[35] We thus studied whether the functionali
zation of PMVAm by guanidine moieties might enhance the
transfection efficiency as well as the cell viability. As shown
in Figure 5, incorporating 11% of methylguanidine (P(M138Gua17)-Fm) in PMVAm did neither alter the transfection effi
ciency (109 RLU mg−1 proteins) nor the cell viability (near 90%)
compared to the parent PMVAm homopolymer (PM155-Fm). On
the contrary, polymers carrying 22% of methylguanidine at ratio
1 (WR = 2) increased the transfection efficiency by one order of
magnitude compared to PMVAm- and lPEI-plexes (Figure 5A,
P(M121-Gua34)-Fm). Compared to PMVAm homopolymer poly
plexes, a slight decrease in viability was noticed. Nevertheless,
the latter still ranged between 70% and 90% and remained
much higher than with lPEI-plex (<50% of viability) (Figure 5B).
P(M121-Gua34)-Fm appeared to be a powerful gene carrier and
thus was also studied on other cell lines (cf. infra).
In order to better assess the differences in the transfection
capacity of the most performant polymers, additional experi
ments were performed with lower pDNA doses. P(M114N114)-Cs-plex, P(M121-Gua34)-Fm-plex, P(M245-V60)-Fh-plex,
and lPEI-plex were tested at 2.5, 1.25, 0.625, and 0.3125 µg
(Figure 6). For all the polyplexes and notably for P(M245-V60)Fh, their transfection efficiency with 2.5 or 1.25 µg pDNA,
remained high above 109 RLU mg−1 proteins, especially at ratio
2 but decreased to 107 RLU mg−1 proteins using with 0.3125 µg
pDNA (Figure 6A,C,E,G, respectively). However, using lower
quantities of polyplexes resulted in better cell viability for all the
polyplexes (Figure 6B,D,F,H). It can be concluded that P(M114N114)-Cs-plex, P(M121-Gua34)-Fm-plex, and P(M245-V60)-
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3.4. Transfection Efficiency and Cell Viability of 16HBE, DC2.4,
and C2C12 Cells with Selected Polyplexes
P(M160-N130)-Fs-plex, P(M114-N114)-Cs-plex, P(M245-V60)Fh-plex, P(M90-N170-V55)-Fh-plex, and P(M121-Gua34)Fm-plex were tested on pulmonary (16HBE), skeletal muscle
(C2C12), and dendritic (DC2.4) cells. Those cell lines are
representative cells for testing transfection of 16HBE cells,
skeletal muscle cells (C2C12 cells), and dendritic cells
(DC2.4 cells) which are the target cells for gene delivery in
cystic fibrosis, Duchenne muscular dystrophy, and vaccina
tion, respectively. PM140-Fh-plex, a performant nonmodi
fied PMVAm and lPEI-plex were also tested as references
(Figure 7). The transfection efficiency of 16HBE cells with
all the polyplexes was similar to lPEI-plex (especially at ratio
2, 107 RLU mg−1 proteins), yet exhibiting much better cell
viability than lPEI (between 70% and almost 100%, vs 50%
for lPEI) (Figure 7A,B). On C2C12 cells, the transfection effi
ciency of P(M114-N114)-Fs-plex and P(M121-Gua34)-Fm-plex
was in the same order as the homopolymer polyplex PM140hF-plex but slightly better than lPEI-plex (107 RLU mg−1 pro
teins). While the cell viability for lPEI-plex was near 70%, it
was close to 90% with all the studied polymethylvinylamine
polyplexes. Remarkably, the transfection efficiency of DC2.4
cells with P(M245-V60)-Fh-plex and P(M121-Gua34)-Fm-plex
was higher than with the PMVAm homopolymer and similar
to lPEI (108 RLU mg−1 proteins). Again, an excellent improve
ment of the cell viability was observed: It was between 70%
and 100% for all the studied PMVAm derivatives, while it was
only 10% with lPEI-plex.
All these results highlight the benefits provided by the
incorporation of guanidine or vinylimidazole units in the
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Figure 6. A,C,E,G) Transfection efficiency and B,D,F,H) cell viability of HeLa cells. The cells were transfected with selected performant polyplexes,
namely P(M114-N114-C)-plex (A, B), P(M121-Gua34)-F-plex (C, D), P(M245-V60)-F-plex (E, F), and lPEI-plex (G, H), at two polymer/DNA ratios (ratio
1 and ratio 2 correspond to the ratios reported in Tables 4 and 5). The studied dilutions 1, 1/2, ¼, and 1/8 correspond, respectively, to 2.5, 1.25, 0.625,
and 0.3125 µg pDNA. The luciferase activity was measured 48 h after the transfection and expressed as RLU mg−1 of protein. The cell viability was
evaluated by MTT assay 48 h after transfection and expressed as percent to the untreated cells.
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Figure 7. A,C,E) Transfection efficiency and B,D,F) cell viability of different cells lines. (A, B) 16HBE, (C, D) DC2.4, and (E, F) C2C12 cells were transfected with the polyplexes that were the most efficient on HeLa cells, at two polymer/DNA ratios (ratio 1 and ratio 2 correspond to the ratios reported
in Tables 4 and 5). The luciferase activity was measured 48 h after the transfection and expressed as RLU/mg of protein. The cell viability was evaluated
by MTT assay 48 h after transfection and expressed as percent to untreated cells.

PMVAm homopolymer backbone. At least two poly(N-meth
ylvinyylamine) derivatives incorporating vinylimidazole and
guanidine moieties P(M245-V60)-Fh and P(M121-Gua34)-Fm
have emerged and might be considered as potential competitors
to lPEI.
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4. Conclusions
In this work, we explored the influence of chemical modi
fications of PMVAm on the transfection efficiency of their
complexes with pDNA. First, a series of P(MVAm-co-VAm)
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copolymers containing various amounts of pendant primary
and secondary amines were prepared and imidazole and guan
idine groups were incorporated along the PMVAm chain. The
introduction of primary amino groups (VAm) into PMVAm
backbones slightly improved the cell viability, but the VAm
molar fraction must not exceed 50 mol% in order to preserve
high transfection efficiency. In contrast, it was difficult to
assert a clear effect of VIm units. Incorporation of VIm into
PMVAm did not clearly significantly alter the transfection
efficiency, whereas small quantities of VIm stimulated the
transfection of PVAm homopolymers or P(MVAm-co-VAm)
copolymers. Generally, the cell viability remained high, in the
same order of the PMVAm homopolymer (and better than
lPEI). The chemical substitution of some secondary amine
units by a methylguanidine (MGua) function permitted to
further increase the transfection efficiency, outperforming
that of lPEI. Overall, polymers P(M245-V60)-Fh containing
20% of VIm and P(M121-Gua34) containing 22% of guani
dine units showed the best transfection efficiency of HeLa
cells. When tested on pulmonary (16HBE), skeletal muscle
(C2C12), and dendritic (DC2.4) cells, they showed transfec
tion efficiency in the same order as lPEI, yet with remarkably
low cytotoxicity.
In summary, this study demonstrates that both the transfec
tion efficiency and the cell viability with polymethylvinylamine
derivatives are sensitive to structural modifications on poly
mers. At this stage, it is still difficult to establish a proper
structure–activity relationship due to the complexity of the phe
nomena involved in the transfection mechanism. Nevertheless,
this work identifies several promising polymethylvinylaminebased DNA carriers and suggests that there is still room for fur
ther improvements of the performances of this class of DNA
carriers.
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