N
N

N

HAL

open science

First Approach on Transfection Ability of Novel
Amphiphilic Water Soluble Degradable
Poly(e-caprolactone)-g-Poly(L-lysine) Copolymers.
Benjamin Nottelet, Julie Vendrell, Jean Coudane, Michel Vert

» To cite this version:

Benjamin Nottelet, Julie Vendrell, Jean Coudane, Michel Vert. First Approach on Transfection Ability
of Novel Amphiphilic Water Soluble Degradable Poly(e-caprolactone)-g-Poly(L-lysine) Copolymers..

e-polymers, 2008, 8 (1), pp.31. 10.1515/epoly.2008.8.1.330 . hal-00416803

HAL Id: hal-00416803
https://hal.science/hal-00416803v1

Submitted on 12 Jan 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-00416803v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

\ ) http://www.e-polymers.org

e-Polymers 2008, no. 031
ISSN 1618-7229

First approach on transfection ability of novel amphiphilic
water soluble degradable poly(e-caprolactone)-g-poly(L-
lysine) copolymers

Benjamin Nottelet,* Julie Vendrell,> Jean Coudane'* and Michel Vert*
" Max Mousseron Institute on Biomolecules, UMR CNRS 5247, University
Montpellier 1, University Montpellier 2, Faculty of Pharmacy, 15, Avenue Charles
Flahault, BP 14491, 34093 Montpellier cedex 5, France; fax: +33 (0)4 67 52 08 98; e-
mail: jcoudane@univ-montp1.fr

2 C.P.B.S.-U.M.R C.N.R.S. 5160, Faculty of Pharmacy, Montpellier | University,15,
Avenue Charles Flahault, BP 14491, 34093 Montpellier cedex 5, France.

(Received: 14 November, 2007; published: 21 February, 2008)

Abstract: The potential of novel amphiphilic water soluble and degradable poly(e-
caprolactone)-g-poly(L-lysine) as carriers for DNA transfection has been
investigated. Two graft copolymers having the same proportion of lysine units but
different structures have been synthesized following two grafting techniques. The
chemical composition of these copolymers, their expected architectures and their
behaviour in aqueous solutions have been studied. The benefits resulting from the
use of these degradable polycationic structures as well as their ability to form
polyplexes are discussed. Finally, preliminary transfection assays of MCF-7 cells
by pRL-TK plasmid using poly(e-caprolactone)-g-poly(L-lysine) copolymers as
carriers are reported.
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Introduction

Transfection is a well-known technique that relies on the delivery of therapeutic DNA
into the nucleus of a target cell where the exogenous gene of interest is expressed,
which results in the expected therapeutic effect. However, DNA is a large hydrophilic
molecule with an overall negative charge that does not easily pass biological barriers
and can be degraded by deoxyribonuclease. To overcome these drawbacks and to
obtain acceptable gene expression levels, the use of carriers is required. Historically,
viral vectors such as retroviruses, adenoviruses and adeno-associated viruses, were
firstly developed [1-4]. They showed efficient gene transfer in vitro and in vivo as
compared to non-viral vectors, but their use is associated with several severe
drawbacks: limitations of the size of DNA that can be associated, targeting of dividing
cells only, random DNA insertion, risks of replication or recombination with wild-type
viruses and possible host immune reaction [5-8].

As a consequence, an increased attention has been devoted to non-viral systems
such as cationic liposome/DNA complexes [9-14] and cationic polymer/DNA
complexes [15-23] also called polyplexes. Among the synthetic polymers, poly(L-
lysine) (PLL) has been widely studied. It has been demonstrated that PLL binds DNA
efficiently. An increase of gene expression is obtained by targeting the DNA/PLL
polyplex to the site of action by addition of ligands that can mediate cell specific
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recognition and internalization, namely antibodies [24-28], saccharidic moieties [29-
32] or folate moieties [33, 34]. However, despite good transfection efficiencies, the
positively charged surface of PLL/DNA complex restrains its use, as it is responsible
for the cytotoxicity and the rapid clearance from blood stream of the polyplex
following the non-specific adsorption of serum proteins. To overcome this drawback
PLL was associated with neutral hydrophilic poly(ethylene glycol) (PEG), which is
widely used for the preparation of stealth long time circulating objects. Different
structures have been synthesized, especially block PLL-b-PEG [33, 35-38],
multiblock (PLL-b-PEG), [39] and comb-like PLL-g-PEG [40-44] copolymers. Another
approach was proposed by Brown et al. [35, 45] who showed that amphiphilic
structures based on derivatized PLL present two advantages compared to PLL. The
first one is a higher biocompatibility, thanks to a lower cytotoxicity due to a lower
amount of available amine groups allowed to interact with cell anions at the surface
of the micelle-like objects formed by the polyplex. The second one is a better release
from acidic endosomal environment without adjunction of chloroquine [31, 46] or
endosomolytic agents [46-48] which are normally necessary to obtain high
transfection efficiencies with PLL.

Recent works showed that biocompatible and preferably biodegradable polymers
yielded harmless degradation products [48-50]. In the family of degradable polymers,
aliphatic polyesters are the most widely used for biomedical applications. However,
very few examples of aliphatic polyesters-based structures are described in literature
for gene delivery applications. Lim et al. [51,52] described a PLL-analogue polyester,
namely poly(a-[4-aminobutyl]-L-glycolic acid) (PAGA), which exhibited higher
transfection efficiency than PLL and showed no cytotoxicity. Another example was
given by Lynn et al. who synthesized a non cytotoxic poly(B-aminoester) [53].
Poly(p,L-lactic acid-co-glycolic acid) (PLAGA) and poly(D,L-lactic acid) (PLA) are used
in the preparation of micro- and nanoparticles embedding and protecting DNA [54-
56], or in the preparation of comb-like structures like PLL-g-PLAGA graft copolymer
[57,58]. Only one structure based on poly(e-caprolactone) (PCL) aimed at gene
delivery is described by Shuai et al. [59] who prepared a hystidine-PEI-g-(PCL-b-
PEG) terpolymer.

Considering the limited number of examples listed above, and keeping in mind the
advantages of degradable amphiphilic polymers for gene delivery, we focused on
new amphiphilic water-soluble and degradable PCL-g-PLL copolymers. The aim of
this work is to give a initial idea of the in vitro transfection possibilities offered by
these new potential carriers through preliminary tests and to validate our approach
before undertaking more systematic studies.

Results and Discussion

As discussed in the introduction, it was expected that poly(e-caprolactone)-g-poly(L-
lysine) should bring advantages for gene delivery applications. The amphiphilic
character of PCL-g-PLL copolymers should help transfection [45], while the
degradability of these structures meets the last requirement of new synthetic vectors
that should degrade and lead to harmless degradation products. Another advantage
is that cytotoxicity of polycations is depending on the chain length of the
macromolecule [60]. As a result, a strategy to decrease toxicity is to link polycationic
moieties with degradable bonds. A high charge density is kept and thus good DNA-
condensing properties of the long cationic macromolecules, while a lower toxicity is



insured due to the degradability, which leads only to short and less toxic cationic
oligomers after transfection [61].

Synthesis and analysis of the copolymers

The synthesis of poly(e-caprolactone)-g-poly(L-lysine) (PCL-g-PLL) copolymers has
been recently described elsewhere [62]. Two strategies have been used, based on a
grafting “onto” or a grafting “from” methods. In the grafting “onto” method a Z-
protected PLL (Z-PLL) was activated in a brominated form by reaction with
bromoacetyl chloride, and then reacted on a macropolycarbanion derived from PCL
by anionic activation in the presence of lithium diisopropylamide (LDA). In the grafting
“from” method an anionic polymerization of the N-carboxy anhydride of lysine was
initiated by the same macropolycarbanion. Scheme 1 illustrates these two synthetic
pathways leading to copolymers with a hydrophobic degradable PCL backbone and
hydrophilic degradable PLL side chains. The water-soluble copolymers obtained are
referred as PCL-g-PLL “onto” and PCL-g-PLL “from” depending on the synthesis
strategy. Thanks to "H NMR analysis in D-TFA the compositions of these copolymers
were found to be 40% of ¢-CL and 60% of L-Lysine units for both structures. SEC

analyses in THF were carried out, giving M, =23500 for PCL-g-PLL “onto” and
M, =7200 for PCL-g-PLL “from”.
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Scheme 1. Synthesis of poly(e-caprolactone)-g-poly(N-Z-L-Lysine) copolymers (PCL-
g-PZLL) following a) the grafting “from” strategy or b) the grafting “onto” strategy.
(PCL= macropolycarbanion derived from PCL, R = -(CH3)s-NH-CO-O-CH;,-CgHa4,
ROP = Ring Opening Polymerization)

Analyses of PCL-g-PLL copolymers by 'H NMR and size exclusion chromatography
(SEC) showed that architectures were dependent on the synthetic pathway [60].
While the overall composition was the same for the two copolymers, 40% of e-CL
units and 60% of L-Lysine units, it was demonstrated that structures were different.
According to the grafting “onto” method, the PCL backbone was grafted by an

average number of 2 long PLL chains (DP,= 230), whereas it was expected that in
the grafting “from” method PCL backbone is grafted by many short chains of amino-
protected PLL. Studies of PCL-g-PLL copolymers in distilled water confirmed this
assumption. In PCL-g-PLL “from” copolymer, big sized aggregates (J = 500 nm)
were obtained in distilled water because of the long PLL chains expansion. In PCL-g-
PLL “from”, smaller particles in water (@ = 100 nm) were obtained [62].



From these different architectures and related behaviour in aqueous medium, it was
expected that both copolymers should lead to different transfection efficiencies and
cytotoxicities. It is noteworthy that PCL-g-PLL “from” contained short polycationic PLL
chains which should decrease the overall toxicity of the copolymer during
degradation.

Complexes formation, cytotoxycity and transfection efficiency

This study being devoted to a preliminary validation of new PCL-g-PLL as gene
carrier, cytotoxycity was evaluated only by visual observation through a binocular
microscope and comparison with non transfected wells. No counting of cell
populations has been done. After a 2.5-hour transfection time, no dead cells were
detected. Dividing cells were even observed in wells transfected with PCL-g-PLL
showing good cell viability. In comparison, no dividing cells were detected in the PEI
containing wells used as reference. Complexes with diameters 10 folds smaller than
the cell diameter were also observed. Complexes with PCL-g-PLL were a little bigger
than those obtained with free PEI. Blessing et al. [63], who used the same PEI
according to the same protocol reported diameters of around 500 nm. At the end of
the transfection period, typically 5 hours, no variation of diameter was observed. After
removal of the complexes, incubation was prolonged for 24 hours. Cells transfected
with PCL-g-PLL were not affected and an increase of the covered surface was
observed, which is a good indication of the absence of acute toxicity, which should
be confirmed in the future by MTT assays.
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Fig. 1. MCF-7-MF transfection with pRL-TK (black bars) and pGL2-Basic (white bars)
plasmids complexed by PEI 25K, poly(e-caprolactone)-g-poly(L-Lysine) “from” and
poly(e-caprolactone)-g-poly(L-Lysine) “onto”. Lipofectamine™ Transfection Reagent
used as a negative control according to Invitrogen™ recommendations. Polymer
(nitrogen)/DNA(phosphate) ratio of 10 (N/P = 10) in HBS. Luciferase activity is shown
as mean x SD of triplicate.



Transfection efficiency of PCL-g-PLL copolymers in MCF-7 cells was compared to
two well known vectors, namely PEI 25K, a branched synthetic cationic polymer
known to be highly efficient, and Lipofectamine™ Transfection Reagent, a cationic
liposomal vector used as a routine vector for in vitro transfections. Two plasmids
were transfected, pRL-TK that contain a cDNA encoding Renilla Luciferase, and
pGL2-Basic which has no eukaryotic promoter and that was used as a “blank”
plasmid to evaluate the residual luminescence of the lysate in the absence of Renilla
Luciferase. Copolymer structure and N/P ratio were investigated, N standing for the
number of amine functions in the cationic carrier and P the number of phosphate
functions in the plasmid. As these transfection tests were the first to be achieved with
PCL-g-PLL copolymers, a large excess of amine functions was retained (N/P = 5 or
10) to insure a good complex formation. It is known that high N/P ratios favoured
transfection in the case of PEl-based polyplexes, but highly cationic charged
surfaces can cause cytotoxicity. As previously described no toxicity was observed
using N/P =5 or 10 in PCL-g-PLL copolymers.
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Fig. 2. MCF-7-MF transfection with pRL-TK plasmid complexed by PEI 25K, PCL-g-
PLL “from” and PCL-g-PLL “onto”at a polymer(nitrogen)/DNA(phosphate) ratio N/P of
5 (white bars) or 10 (black bars) in HBS. Luciferase activity is shown as mean = SD
of triplicate.

Figure 1 shows the transfection efficiency of the different carriers. It is noteworthy
that blank experiments realized with pGL2-basic gives the same amount of residual
luminescence with a good reproducibility, thus indicating that values could be
considered as a convenient background (RLU = 1x10%). Considering pRL-TK
transfection, PEI 25K is by far the most efficient vector with 3 decades higher RLU
values compared to blank experiments, 2 decades higher RLU values compared to
Lipofectamine™ Transfection Reagent, and 2.5 decades higher RLU values



compared to both PCL-g-PLL copolymers. It can be observed that despite the
cationic character of PCL-g-PLL copolymers which makes them close to PEI, lower
transfection efficiencies (RLU = 1x10°) are obtained as compared to the routine-used
liposomal system (RLU = 5x10°). However, transfection occured with degradable
PCL-g-PLL copolymers with one-decade higher RLU values than pGL2-Basic blank
experiments.

The influence of the ratio N/P on the transfection efficiency is shown in Figure 2 for
N/P= 5 and 10. As expected, transfection efficiency of PEI 25K is higher when N/P
=10: RLU = 3x10° for N/P = 10 and RLU = 3x10* for N/P = 5. Results are different
with PCL-g-PLL copolymers, where RLU is not depending on N/P (RLU=1x10%). It
should be noticed that PCL-g-PLL copolymers were tested without chloroquine, which
is always used with PLL derivatives in gene delivery applications to enhance
exocytosis, thus comparison with results reported in the literature should be
interpreted with precaution. Chloroquine was not added because we would like to
obtain the true efficiency of the copolymer for transfection, but future studies should
include chloroquine. At last, considering the copolymers structures, no difference was
found in transfection results for either PCL-g-PLL “from” or PCL-g-PLL “onto”
copolymers. If the two architectures lead to different physico-chemical properties,
they seem to have no influence on transfection efficiency.

Conclusions

New degradable poly(e-caprolactone)-g-poly(L-lysine) copolymers, synthesized by
either the grafting “from” or the grafting “onto” method, have been tested for
transfection. They were used as vectors for gene delivery on MCF-7 cells transfected
with pRL-TK, a plasmid coding for Renilla Luciferase expression. Data showed that
these compounds are able to induce transfection and, although more accurate
experiments should be carried out to confirm these results, they show no toxicity.
However, even if transfection was assessed, efficiency of both types of PCL-g-PLL
was a little lower than the one of liposomal Lipofectamine™ Transfection Reagent
and far below PEI efficiencies. Despite the mild transfection efficiency reported
herein, it is of interest that the new proposed PCL-g-PLL structures can be used as
degradable vectors. Their transfection efficiency could potentially be increased by
adding chloroquine, as it is classically done. However, this strategy was not retained
since chloroquine cannot be envisioned for in vivo applications. The mild transfection
efficiency obtained confirmed the validity of our approach and more specific studies
will be carried out in the future to fully characterize these degradable systems (size,
stability, toxicity etc). Furthermore, the structure of PCL-g-PLL could be further
modified by anionic modification of PCL backbone, for example to graft
endosomolytic moieties (like hystidine) or PEG chains onto the copolymer skeleton in
order to enhance the overall transfection efficiency.

Experimental Part

Materials

Poly(e-caprolactone) (M, = 42500 g/mol; M, = 80000 g/mol ), lithium diisopropy!l
amide (LDA, 2M in THF/n-heptane/Ethylbenzene), diethylamine (Et;NH, =98%),
branched polyethylenimine with an average molecular weight of 25 kDa (PEI 25K),
NaCl 299%, HCI 37% solution and HEPES were obtained from Aldrich (St. Quentin



Fallavier, France). N-g-benzyloxycarbonyl-L-Lysine (N-¢-Z-Lys,>98%), bromoacetyl
chloride (>95%) and ammonium chloride (NH4Cl) were obtained from Fluka (St.
Quentin Fallavier, France). Triphosgene, hydrobromic acid in glacial acetic acid (33%
wt), trifluoroacetic acid (TFA,>99%) and anhydrous Na,S;0; were obtained from
Acros Organics (Noisy-le-Grand, France). Ethyl acetate was obtained from Carlo-
Erba (Val de Reuil, France), MgSO4 was obtained from Prolabo (Paris, France),
dichloromethane, methanol, dioxane and heptane were obtained from Riedel de
Haén (St. Quentin Fallavier, France). All these products were used as received. THF
was obtained from Acros Organics (Noisy-le-Grand, France) and distilled on
benzophenone/sodium until the formation of a deep blue color. Cell culture medium,
Dulbecoo’s modified Eagle’s medium (DMEM), PBS, penicillin, streptomycin, L-
glutamine and Lipofectamine™ Transfection Reagent were obtained from Invitrogen
(Cergy Pontoise, France). Foetal calf serum was obtained from PAA Laboratories
(Les Mureaux, France). pRL-TK plasmid and pGL2-Basic plasmid were kindly
provided by Dr P. Roux (Research Center of Macromolecular Biochemistry,
Montpellier, France).

Synthesis of poly(e-caprolactone)-g-poly(L-lysine) copolymers

The syntheses of poly(e-caprolactone)-g-poly(L-lysine) copolymers (PCL-g-PLL)
following either the grafting “onto” method or the grafting “from” method has been
described elsewhere [62].

Preparation of plasmid solutions and complexes formation

PEl 25K was dissolved in HBS (HEPES buffered saline: 145 mM NaCl /20 mM
HEPES pH 7.2), neutralized with HCI solution to pH = 7.3, and used as a 0.43 mg/mL
working solution (10 mM of amine functions, assuming a molecular weight of 43 Da
for the repeating unit). PCL-g-PLL copolymers, under bromhydrate form, were
dissolved in distiled water and lyophilized. PCL-g-PLL “from” and “onto” were
dissolved in HBS buffer (10 ml) and used as 0.17 or 0.34 mg/mL working solutions
(0.6 mM and 1.2 mM of amine functions, assuming a molecular weight of 171 Da of
the repeating unit in the bromhydrate form).

Solutions of plasmid used with polycationic polymers were prepared from diluted
solutions of pRL-TK (0.45 pg/pL, 1.35 mM) and pGL2-Basic (1.22 ug/uL, 3.66 mM)
by dilution in HBS to obtain a 0.1 mM final phosphate concentration. Feedstock
solutions of plasmid used with Lipofectamine™ transfection reagent were pRL-TK
(1ug/pL, 3mM of phosphate functions) and pGL2-Basic (1.22 pg/uL, 3.66mM of
phosphate functions).

One hour before transfection, complexes were prepared by mixing plasmid solutions
with polymer solutions or lipofectamine as summarized in Table 1. For
Lipofectamine™ transfection reagent, complexes formation was achieved according
to suppliers protocol in DMEM free from serum and antibiotic. Preparation of
polyplexes was adapted from literature [63] in order to study the influence of two
amine / phosphate (N/P) ratios, namely 5 and 10. All solutions were gently shaken
prior to use and incubated 15-20 minutes at room temperature. In all cases, final pH
was in the range 7.2-7.3.



Cells and cell culture

MCEF-7 cells, a human breast adenocarcinoma cell line, were grown according to the
ATCC’s recommendations. Briefly, cells were maintained at 37 °C in a 5% CO;
humidified atmosphere, in DMEM containing 10% FCS supplemented with L-
glutamine, streptomycin (0.1 mg/ml) and penicillin (20 units/ml).

Transfection assay

One day before transfection, MCF-7 cells were trypsinated and plated at 360 000
cells/well on a 6-well tissue-culture plate. One hour before transfection assay, culture
medium was removed, wells were washed twice with PBS, and 1 ml of free form
serum and antibiotic DMEM was added. Transfection complexes were then added to
the cells by pouring 100 uL of the solutions as described in Table 1. Three wells were
transfected by each complex type. After 5 hours incubation, transfection medium was
removed, cells were washed twice with PBS, and fresh DMEM containing 10% FCS
supplemented with L-glutamine, streptomycin and penicillin was added. Cells were
grown for additional 24 hours, washed twice with PBS and lysed 15 minutes with 1X
passive lysis buffer. Luciferase activity was then assessed using the Dual-luciferase®
reporter assay (Promega, Charbonnieres, France) according to the manufacturer’s
recommendations. 20 uL of supernatant was added to 100 pL of luciferase substrate.
After 2 s delay, luminescence was measured for a period of 10 s using a
luminometer. Values are given as relative luciferase units (RLU, Firefly/Renilla).
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