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ABSTRACT: The conjugation of polyethyleneimine (PEI) to silica nanoparticles has
emerged as a useful strategy in gene delivery. Here we investigate the influence of the PEI
conjugation mode on the transfection ability of plain silica nanoparticles. Surface
functionalization with sulfonate- and chloride-bearing silanes modulates the amount and
conformation of PEI, and therefore the particles’ affinity for the plasmid, without
impacting on cytotoxicity. However, transfection efficiency in both immortalized and
primary cells is more directly correlated to the nature and strength of the particle-PEI
interactions. It suggests that PEI detachment from the particle surface at the stage of
endosomal escape is a key event in the plasmid delivery process. These data should
provide fruitful guidelines for the fine tuning of colloidal surfaces intended for

intracellular delivery of bioactive molecules.
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INTRODUCTION

Gene therapy is considered as a breakthrough in regenerative medicine as it permits to
correct genetic disorders.'? More recently, gene delivery strategies have been used to
modulate impaired gene expressions observed in chronic diseases.>® In this case,
therapeutic genes do not need to be inserted in the genome but are transitory expressed.
Therapeutic genes can take the form of ShRNA, siRNA or plasmidic DNA.>” Because of
their negative charge, nucleic acids are unable to penetrate into the cells. As a
consequence, they need to be combined with a transfecting reagent to penetrate the
mammalian cells. Viral vectors are broadly used as they present the highest transfection
efficiencies.” Nonetheless, these systems have several limitations such as their
immunogenicity and oncogenicity.” These drawbacks justified the development of
non-viral vectors such polymeric transfecting reagents.” PEI has been deemed as one of
the most efficient polymeric transgene reagent in virtue of the *proton sponge effect’, that
enables endosomal escape and translocation of DNA into the nucleus.'® However, the

cytotoxicity accompanying high transfection efficiency greatly impairs its clinical

ACS Paragon Plus Environment

Page 2 of 32



Page 3 of 32

©CoO~NOUTA,WNPE

Langmuir

applications. Efforts have been devoted to find a compromise between the two
phenomena, by chemical modification of PEI or its conjugation to nanoparticles."’
Nanoscale delivery systems hold great promise for gene therapy owing to their ability
to enhance cellular uptake and intracellular stability of nucleic acids.'? For gene delivery,
the generation of positive charges on the particle external or internal surface is required to
complex negatively-charged nucleic acids. A common solution is to modify nanoparticle

surface with amino-alkoxysilane® or cationic polymers," '

among which
polyethyleneimine (PEI) has drawn considerable interest. The combination of particles
with PEI was first studied to promote polyplex transfection efficiency, in which
nanoparticles was applied to enhance sedimentation of polyplexes at cell surface. Silica
nanoparticles have emerged as ideal candidates due to their biocompatibility, facile
fabrication, tunable size/porosity and easy surface functionalization.'” Silica
nanoparticles were first studied as drug delivery systems to target tumoral cells or to
deliver antibiotics inside the cells."™® For example, several studies have shown the
delivery of high doses of doxorubicin within multi-resistant cancer cells.”’ SiO,-PEI
particles have emerged as versatile drug/gene vehicles that can be synthesized by in situ
polymerization,”' electrostatic adsorption®” and covalent bonding.”> However the impact
of the PEI bioconjugation mode to silica particles on its conformation and on the carrier
transfection efficiency has not been examined so far.

To address this question, we have compared here three methods to conjugate PEI with

plain silica nanoparticles, from non-specific electrostatic interactions to covalent bonding

3

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Langmuir

(Figure 1). We show that the mode of conjugation impacts on the amount and
conformation of immobilized PEI and that the transfection efficiency is directly related to
the nature of the particle-PEI interactions, both in immortalized fibroblasts and primary
keratinocytes. These results have important implications for the design of nanovectors for

intracellular drug delivery.

. o o m

SiO,@PEI Si0,-SO,@PEI Si0,-CI@PEI

Figure 1. Schematic representation of the different conjugation modes of
polyethyleneimine (PEI) with silica particles and proposed PEI configuration:
non-specific adsorption on silica particles (SiO,@PEI), strong electrostatic interactions
with sulfonate-modified silica particles (SiO,-SO3;@PEI) and covalent bond with

propylchloride-grafted silica particles (SiO,-ClI@PEI).

MATERIALS AND METHODS

Silica-polyethyleneimine particle preparation. Silica nanoparticles SiO, were
synthesized by the Stober method®* using 7.6 mL of tetracthylorthosilicate (TEOS), 200
mL of ethanol, 9.7 mL of ammonia (25 %) and 5.9 mL of deionized water. For

Si0,@PEI particle preparation, 200 mg of branched polyethyleneimine PEI (25 kDa) was

4
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dissolved in 20 mL of saline phosphate buffered saline (PBS, 10 mM, pH 7.4).> Silica
nanoparticle suspension in PBS (20 mL) was then added dropwise into the PEI solution
under stirring. The mixtures were stirred for 48 h after which particles were recovered by

centrifugation, washed 3 times in PBS and finally suspended in PBS.

For Si0,-SO3@PEI particle preparation, the SiNP was first functionalized with thiol
groups by silylation with 3-mercaptoptopyltrimethoxysilane (MPTMS).” Typically, 1 g
of silica was dispersed in a mixture of 100 mL ethanol and 2.2 mL ammonium hydroxide
solution before addition of 1 mL MPTMS. The mixture was stirred for 40 min at room
temperature. Subsequently, the reaction mixture was heated to 80 °C and the total volume
was reduced by 2/3 by distillation of ethanol and ammonia at ambient pressure. Then, the
mixture was cooled back to room temperature, centrifuged, washed 3 times with ethanol
and dried at 60 °C. Then 0.9 g of the thus-obtained SiO,-SH was suspended in 45 mL
hydrogen peroxide (H,O, 35%, Acros Organics) under stirring at room temperature for
48 hours. The solid product was washed by centrifugation with distilled water before
addition of 35 mL of concentrated sulfuric acid (H,SO4 95.0-98.0%, Sigma Aldrich) and
stirred for 2 hours. Finally the as-synthesized Si0,-SOs3 particles were washed with water,

suspended in PBS and coated with PEI as described above.

For Si0,-CI@PEI particle preparation, 400 mg of SiO, nanoparticles was dispersed
in 20 mL of dried toluene, and 1.3 mL of chloropropyltriethoxysilane (CI-PTES) was

added to the suspension, that was further kept under reflux for 24 h, after which the
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product was washed thoroughly with toluene and ethanol, and dried at room temperature.
Then, 200 mg SiO,-Cl was dispersed in 20 mL ethanol, and 0.8 g of PEI was added to the
suspension. The suspension was refluxed for 24 h. The final solid product was recovered
by washing with ethanol and dried at room temperature. The as-synthesized

SiNP-CI@PEI was suspended in 10 mM PBS before use.

Silica-polyethyleneimine particle characterization. Sizes and zeta potential ()
were measured in 10 mM PBS solution using a ZetaSizer Nano (Malvern Instruments
Ltd., Worcestershire, UK). Particles were also imaged using Transmission Electron
Microscopy (TEM) on a JEOL 1011 instrument. The amount of adsorbed PEI was
determined by elemental analysis (C,H,O,N). For SiO,-SOs, the grafting rate was
calculated according to the amount of —SH before oxidation, which is determined by
Ellman test.”” For this test, a phosphate buffer (0.2 M, pH = 7.3) was prepared and
labeled as solution A. Solution B (10 mM EDTA) was produced by dissolving 372 mg of
EDTA in 100 mL of solution A, and solution C (6 mM
5-(3-Carboxy-4-nitrophenyl)disulfanyl-2-nitrobenzoic acid (DTNB)) was prepared by
dissolving 238 mg of DTNB in 100 mL of solution A. Several vials were filled with a
mixture of 8 ml of solution A, 1 mL of solution B and 1 mL of solution C. A series of
masses of Si0,-SH, less than 50 mg, were measured and then each dispersed into a vial
mixture solution. Simultaneously, several known quantities of thiol (obtained from a

solution of MPTMS) were also introduced in the same mixture solution to determine the
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molar extinction coefficient by linear regression. After 45 minutes of stirring, the particle
dispersion is filtered through a syringe filter. The absorbance of the filtrate and standard
MPTMS solutions are determined by spectroscopy. The absorbance of the solutions
MTPMS can be traced back to the value for the experience of the molar extinction

coefficient of NTB® by linear regression.

XPS analyses of the powders were performed on a Phoibos 100 X-ray photoelectron
spectrometer (SPECS GmbH, Germany) with the Mg KB X-ray source (hv =1253.6 eV).
Spectra were recorded with 20 eV pass energy for the survey scan and with 10 eV pass
energy for the C 1s, O 1s, N 1s, S 2s and Si 2p regions. A take-off angle of 90° from the
surface was employed. Element peak intensities were corrected by Scofield factors and
the spectra were fitted using the Casa XPS v.2.3.13 Software (Casa software Ltd. UK)

and by applying a Gaussian/Lorentzian ratio, G/L equal to 70/30.

pDNA-PEI and pDNA-PEI-SiNP Complexation. Reporter plasmid pCMV-GLuc
(pGluc) encoding for Gaussia Luciferase (New England BioLabs, Ipswich, MA) was
used to quantify transgene expression. This plasmid was amplified by one shot”
BL21(DE3) pLysS kit (Invitrogen™, Life technologies), extracted by one PureLink®
HiPure Plasmid kit (Invitrogen™, Life technologies) and finally stored in Tris-EDTA
buffer at -20 °C. pGluc-PEI complexes were prepared at weight ratio of 1:2. pGluc-
Si0,-X@PEI (X = none, SOs, Cl) complexes were prepared at various weight ratios.

Complexes formation was examined by agarose gel electrophoresis. Briefly, 1 uL of
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pGluc solution (0.1 pg. uL™") were mixed homogeneously with a total volume of 9 pL of
Si0,-X@PEI suspension or PEI solution (PBS 1x) by vortexing in a microcentrifuge
tube. The resulting mixtures were left at room temperature for 2 h to achieve complete
complexation, before being loaded onto 0.7% agarose gel with ethidium bromide (0.1
pg.mL™") and running with TAE buffer at 100 V for 40 min. DNA retardation was

observed by irradiation with ultraviolet light.

Cell Transfection and Cell Viability. 3T3 mouse fibroblasts were cultured in
complete cell culture medium (Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal serum, 100 U.mL™" penicillin, 100 pg.mL™" streptomycin
and 0.25 pg.mL" Fungizone). Primary normal human keratinocytes (NHK) were cultured
in keratinocytes growth medium 2 (Promocell) supplemented with CaCl,. Tissue culture
flasks (75 cm?) were kept at 37 C in a 95 % air: 5 % CO, atmosphere. Before
confluence, cells were removed from culture flasks by treatment with 0.1% trypsin and
0.02 % EDTA. Cells were rinsed and suspended in the appropriate culture medium before
use.

Transfection efficiency of pGluc-PEI and pGluc-SiO,-X@PEI were evaluated by
luciferase expression of pGLuc by cells in cell culture medium. To perform cell
transfection, mouse fibroblasts or human keratinocytes were plated at a density of 5.10*
per well in a 24-well plate. pGluc-PEI or pGluc-Si0,-X@PEI complexes (25 uL) were

added to the cell culture medium. After 4 h, the supernatant was removed, the well was
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refreshed with 1 mL medium and the cells were then cultured for another 44 h in
complete medium for the expression of luciferase. For measurements of luciferase
activity, a BioLux Gaussia Luciferase Assay Kit (New England Biolabs) was used and
transgene expression of luciferase was reported as relative light units (RLU). Control
groups were under the same culture condition as the experiment groups except for the

absence of DNA complexes.

Internalization of nanoparticles in 3T3 mouse fibroblasts was studied using
fluorescence microscopy. Fluorescent silica particles 200 nm in diameter were prepared
according to a previously described protocol®® and modified according to the
above-described procedure. The pGluc-fluorescent nanoparticles complexes along with
cell culture medium were removed after a 24 h incubation period, rinsed 3 times with
PBS and fixed with 4% paraformaldehyde for 1 hour at room temperature. The cell
nucleus was then stained with DAPI (4',6-diamidino-2-phenylindole dihydrochloride,

Life technologies, 300 nM in PBS) for 10 min and rinsed with PBS before observation.
Cell viability was monitored using the Alamar Blue test. For the 2D model, cell
culture medium was removed for luciferase activity test and 200 puL of the Alamar Blue
solution (10% in cell culture medium) was added. The cells were then incubated at 37 °C
with 5 % CO,; for 4 h. The supernatant in each well was then collected, diluted with 800
uL water, and its absorbance was measured at A = 570 nm and 600 nm. Cell viability was

calculated and reported as a percentage of the control group (n = 6).
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RESULTS AND DISCUSSION

Chemical properties of PEI-coated silica nanoparticles. Silica nanoparticles SiO,
were synthesized by the Stober method and obtained with a low size dispersity (210 & 20
nm, from TEM with a polydispersity index PDI = 0.005) (Figure S1). After coating with
PEI, the particle hydrodynamic diameter (d) in PBS was not significantly modified but
the PDI significantly increased to 0.127. The zeta potential () value turned from
negative to positive in PBS, in agreement with the deposition of a cationic polymer
(Table 1). In the case of sulfonated Si0,-SOs3 particles, neither surface functionalization
nor PEI sorption significantly impacted on the colloidal size distribution. The mean ¢
value of SiO,-SOj; particles was slightly more negative than for bare silica, due to the
presence of acidic sulfonate moieties, but the ¢ value after PEI coating was similar for
both particles. The SiO,-Cl nanoparticles showed a high tendency to aggregate, as such
and after PEI conjugation, with high PDIs in both situations. However, the ¢ values were
not significantly different from the two previous systems (Table 1).

Elemental analysis allowed for quantification of grafted moieties and amount of
surface PEI (Table 1). For SiO,-SOs3, the S content was below 0.1 wt% so that the silane
density was obtained by the Ellman test, yielding to ca. 1.5x10* groups per particle. For
Si0,-Cl, grafting density was estimated to ca. 1.5x10° silanes per particle. Upon reaction
with PEI, the CI:Si ratio was decreased by half, supporting the occurrence of a

nucleophilic substitution reaction between the propylchloride moieties and amine groups.

10
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The extent of the alkylation reaction was qualitatively supported by *C NMR experiments

evidencing a significant decrease of the mobility of the a C of the chloropropyl chain after

©CoO~NOUTA,WNPE

reaction with PEI (Figure S2). The highest amount of bound PEI was obtained for
12 Si0,@PEI (12 wt%) while the two other systems had a significantly lower binding
15 capacity (4 wt% for Si0,-SO3;@PEI and 3 wt% for Si10,-Cl@PEI).

18 Table 1. Hydrodynamic diameter () with polydispersity index (PDI), zeta potential () in

20 PBS, elemental analysis and calculated composition of the particles.

23 d 4 PDI  CL:Si  N:Si PEI  silane/  amine/

26 (nm) (mV) (wWt%) (wt%) (wt%) particle particle

28 SiO, 214+17 -15+6 0.005 - - - - -
31 Si0,@PEI 188+68 +20+7 0.126 - 11.0 127 - 5x10°
24 Si0,-SOs 233+£38 -21+8 0027 - - - 1.5x10%

36 Si0,-SO;@PEI 221420 +21+9 0.008 - 38 42  ND®  1.5x10°
39 Si0,-Cl 518+308 -13+6 0314 2.7 - - 1.7x10° -

42 SiO,-CI@PEI 806+ 642 +18+9 0635 11 31 34  ND° 10°

“from Ellman titration; ’ND= not determined

60 11
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Figure 2: XPS spectra of (a) pure PEIL (b) SiO,@PEIL (c) SiO,-SO;@PEI and (d)

Si0,-CI@PEI at the Ny level.

The surface composition of the particles was studied by X-ray Photoelectron
Spectroscopy (XPS) (Figure 2 and Figure S3). For PEI, carbon and nitrogen elements are
identified in a C:N atomic ratio of 70:30, in fair agreement with the overall C,HsN formula
of ethylene imine. The C;s data show an asymmetric peak in the 284-288 eV region,
corresponding to the overlap of C-C (285 eV) and C-N (287 eV) signals.29 The Ny, signal
consists of a single peak centered a 399 eV that can be attributed to
primary/secondary/tertiary amines. For SiO,, the typical peaks of amorphous silica are
observed at 103 eV (Siy,) and 534 eV (Ols).30 A weak Cj; signal is also obtained that can

be attributed to carbon surface contamination as well as possible unhydrolyzed Si(OC,Hs)

12
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moieties. The XPS spectrum of SiO,@PEI particles combines the Si, O and C peaks of
Si0; and PEI. However, the N;g data showed two populations at 399 eV and 401 eV in a
56:44 intensity ratio, the latter corresponding quartenary amines (Figure 2).*' The
presence of sulfonate groups could be ascertained by the presence of a Sy signal at 232 eV
for SiOz-SO3.32 Compared to SiO,, the Cs region showed an additional signal near 289 eV
that can be attributed to the C-S bond. PEI coating did not significantly modify the C, O,
Si and S signals. At the Ny level, the 399 eV and 401 eV peaks are again identified but
with an intensity ratio of 64:36 (Figure 2). For SiO,-Cl, the Cl, peak near 200 eV
confirms the successful grafting of CI-PTES.* Similarly to Si0,-SO3, the C; signal shows
a high energy contribution corresponding to C-CI bond. For SiO,-Cl@PEI, the Cl,, signal
was still clearly evidenced but a slight decrease of the Cl1:Si ratio was found, in qualitative
agreement with the elemental analysis results. The signal at the Njs level indicates a
unprotonated:protonated amine ratio of 72:28 (Figure 2), the highest value in this series.
Using the reporter plasmid pCMV-GLuc (pGluc), the optimal plasmid:particle ratio
was determined using gel electrophoresis (Figure 3). Full retention was achieved for
pG-Luc:Si0,@PEI and pG-Luc:Si0,-SO;@PEI: weight ratios of 1:30 whereas a 1:50
ratio was optimal for pGLuc:Si0,-Cl@PEI. As a comparison, the optimal pG-Luc:PEI

ratio was 1:2.

13
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DNA pGluc PEI SINP@PEI SINP-SO;@PEI SINP-CI@PEI
ladder A A A

1:3 1:10 1:30 1:50Y1:3 1:10 1:30 1:50Y1:3 1:10 1:30 1:50

5kb —>

Figure 3: Agarose gel electrophoresis showing the influence of PEI conjugation mode on
pGLuc complexation. A constant amount of pGLuc was complexed with particles at 1:3,

1:10, 1:30 and 1:50 weight ratios.

These data indicate that the conjugation mode impacts on PEI content, charge and
plasmid binding ability. For SiO,@PEI, using a particle radius of 100 nm and a silica
density of 2 g.cm™, the total amount of amine groups per particle can be estimated to ca.
5.10° from elemental analysis (Table 1). The ammonium/total amine ratio obtained by
XPS is ca. 45 % (i.e. ca. 2.2x10° ammonium per particle). As a comparison a 30 % value
was reported for PEI in a buffer solution (pH 7.4), suggesting that partial PEI protonation
occurred during the adsorption process.** A density of 3-5 silanol per nm? was reported for

amorphous silica surfaces, i.e. 4-6x10° SiOH for 200 nm particles, with 20 % of acidic

14
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(pKa = 4.5) and 80 % of basic (pKa = 8.5) groups.’” The increase in PEI protonation may
therefore arise from an acid-base reaction with the silanol groups. Comparing 5x10° SiOH
with 2.2x10° N* per particle, the silanol:ammonium ratio is 1:4-5 so that the positive
charge of PEI is not balanced by the negative charge of silica, explaining the positive
value of these systems.

For Si0,-SO3;@PEI, the protonation degree of PEI is closer to the reported value in
buffer (36 % vs. 30 %). Sulfonate groups are fully deprotonated at pH 7 so that proton
exchange with PEI was not expected. The fact that the silanol groups do not significantly
interact with the polymer suggests that PEI is kept apart from the silica surface.
Interestingly, combined elemental analysis and XPS indicate that there are 5x10°
ammonium groups per particle to be compared with 1.5x10* sulfonate groups. This
observation can be compared with a recent study devoted to the sorption of collagen triple
helices on the surface of silica particles.”® For bare particles, a large amount of collagen
was readily adsorbed, suggesting that the protein adopts a flat configuration on the particle
surface. In contrast, sulfonate-bearing particles could adsorb less collagen but the proteins
had a more ordered organization. It was suggested that the sulfonate groups could act as
anchoring points for the protein chains that protrude out of the surface rather than laying
flat, so that the amount of sorbed collagen was limited by the steric constraints of the triple
helices packing. A similar situation can be reasonable assumed for the present system
(Figure 1). Noticeably, naked particles have a lower initial negative charge, bind more

PEI with a higher degree of protonation than sulfonated ones, so that it was expected that

15
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they exhibit a higher positive surface charge after coating. However the two systems show
close ¢ values. This can be explained considering that silanol groups of the surface can
contribute to the overall particle charge for Si0, whereas these moieties are screened by
the sulfonate/PEI layer, strengthening our model of a flat vs. compact organization of the
polymer in the two systems.

For SiO,-Cl@PEI, the protonation degree of PEI is similar to its free form in buffer
and the number of amines per particle is ca. 10°. This value is in the same range as the
initial density of propylchloride groups (1.5x10%). Elemental analysis indicate that one half
of the Cl atoms are no longer present after reaction with PEIL. Taken together these data
suggest that an important fraction of the PEI amine groups have reacted with the
propylchloride moieties. It is therefore possible to assume that each PEI chain is bound to
the particle surface by several anchoring points, decreasing its conformational flexibility
and therefore its maximum packing density on the surface, resulting in a low PEI loading
(Figure 1). Noticeably, SiO,-CI@PEI has a similar { value to SiO,@PEI, which can be
explained considering that the less negative surface charge of the chlorinated surface
compared to bare particles is compensated by lower PEI loading and lower PEI
protonation.

Considering the optimal plasmid:PEI ratio, it depends on the positive charge of PEI, as
the PEI-plasmid system is a polyelectrolyte complex, as well as on the PEI flexibility, that
determines its ability to wrap and compact DNA.'"*® The amount of PEI per particle must

also be considered for the optimal plasmid:particle ratio. SiO,@PEI and Si0,-SO;@PEI
16
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particles have a similar optimal pGLuc:particle@PEI ratio although the former has a
higher polymer loading with a larger proportion of ammonium groups than the latter. As
pointed out earlier, the C value is not a suitable parameter to compare the complexing
ability of the systems as it can include a contribution of the silica particle surface that is
not involved in the DNA wrapping process. Rather PEI conformation has to be considered
(Figure 1). For Si0,, the extended conformation of the polyelectrolyte is not favorable for
DNA wrapping whereas the local anchoring of PEI on the surface of Si-SO;3 should better
preserve its structural flexibility. For Si0,-Cl, as mentioned earlier, its flexibility should be
limited by the high density of covalent bonds, resulting in a low pG-Luc:particle@PEI

ratio.

Biological properties of PEI-coated silica nanoparticles.

Delivery of therapeutic genes from PEl-coated silica nanoparticles requires the
particles uptake by cells. Particle internalization within mouse 3T3 fibroblasts was
checked using fluorescent FITC-silica nanoparticles after 48 h of contact. Observations
by fluorescence microscopy evidenced the accumulation of colloids near the cell nucleus
for SiO,@PEI and SiO,-Cl@PEI (Figure 4A). Bleaching of the FITC probes during
sulfonate particle preparation hindered their intracellular observation. Cytotoxicity of
uncoated and PEl-coated particles was also studied on 3T3 fibroblasts. This study
consisted in the measure of cell viability of fibroblasts incubated with increasing doses of

particles (Figure 4B). For particle@PEI systems, cell viability was always higher than 80
17
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%, indicating the absence of significant cytotoxicity up to 50 pg.mL™" in PEL In contrast,
PEI alone was detrimental to cell viability at a dose > 5 pg.mL™". Uncoated particles were

evaluated using the same silica weights, showing no visible cytotoxicity effect.

(C)

=23 S -
e ———— ———

~~~~~~~~~~~~~~~

- PEI
-= Si0,

404 — SiO,@PEI
-=- Si0,-Cl

| = SiOC-@PEI
- Si0,-S04
-+~ Si0,-SO;@PEI

0 2 40 )
Concentration (pg/ml)

Cell viability %
g

Figure 4: (A and B) Fluorescence microscopy image showing internalization of
pGLuc:particle@PEI by 3T3 fibroblasts after 48 h of incubation (green: FITC-labeled
particles, blue : DAPI nuclei staining, scale bar = 20 um) ; (C) Impact of PEI, particles
and particle@PEI systems on 3T3 cell viability after 4 h of contact as monitored by the

Alamar Blue test. Bar: 50pm.

The transfection efficiency of the particles was evaluated in 3T3 mouse fibroblasts and

primary human keratinocytes using a plasmid encoding for Luciferase (pG-Luc) (Figure

5). Quantities of polymers used in this experiment were not toxic for cells with the aim of

18
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comparing the abilities of transfection of the different systems. The ability of transfection

was first analyzed on immortalized 3T3 fibroblasts (Figure 5a). Among particles, the

©CoO~NOUTA,WNPE

10 highest bioluminescence level was obtained with SiO,@PEI, that was one order of
12 magnitude below that of PEI alone.”” The efficiency of SiO,-SO;@PEI particles was ten
15 times lower than that measured with SiO,@PEL Last, a very weak luciferase activity was
18 observed with the SiO,-CI@PEI system that was not statistically different from the

20 control.

26 (A) 1,E+09 120
1e+08 1 @ N ® 100

1,E+07 80
1,E+06 60
1,E+05 40

35 1,404 20

Luciferase Activity (RLU)
*
*
*

Viability (% of Control)

37 1,E+03
Control PEI SiO2@PE! Si02-  SiO2-CI@PEI
SO3@PEI

a1 ( B) 100007 <) o o ¢ o 100

40000 40

49 20000 20
50
51 0 — 10

52 Control PEl SO2QPEI  Si02-  Si02-CIGPEI
SO3@PEl

D
a1
Luciferase Activity (RLU)
Viability (% of Control)

55 Figure 5: Transfection of mouse 3T3 fibroblasts (A) and human primary keratinocytes

58 (B) after a 4 h incubation period with pGLuc :particle@PEI systems. Variance of the

60 19
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luciferase expression among particle groups was determined by one-way ANOVA with

Tukey posthoc test (*** P <0.001)

Indeed, the luciferase activity was only the double of the basal level quantified in
controls samples (without pG-Luc). The potential of PEI@particles to delivery genes was
also investigated on primary normal human keratinocytes (Figure Sb). The
bioluminescene levels measured after incubation with the different systems of particles
revealed the same profiles of transfection as those observed in 3T3 cells. The best ability
of transfection was obtained with SiO,@PEI. The transfection efficiency was three times
lower with Si0,-SO;@PEI particles and that measured with the SiO,-ClI@PEI system
was very low. Compared with the performance of the different particles@PEI systems on
3T3 cells, the bioluminescence levels measured with keratinocytes were two times lower.

Despite their extensive study, the exact mechanisms driving cell transfection by
non-viral vectors are still controversial.’’ Yet the main steps of the process have been
identified. First, the DNA complex must be internalized by endocytosis, a process that
depends on its size and charge. Here, the three particles exhibit similar positive charges
compatible with internalization. SiO,@PEI and Si-SO;@PEI particles have similar
dimensions (ca. 200 nm) in PBS whereas SiO,-Cl@PEI dispersions show a tendency to
aggregate into larger species (ca. 800 nm). Nevertheless fluorescence images suggest the
successful internalization of a fraction of Si0,-CI@PEI particles. This could be explained

by the de-aggregation of SiO,-Cl@PEI, allowing the uptake of individual particles. A
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second hypothesis relies on the polydispersity of SiO,-CI@PEI particles. According to
the results obtained by DLS, a small fraction of particles possesses the appropriate size
(less than 400 nm) to be engulfed by cells. Despite the fact that the uptake abilities are
cell dependent, it is generally admitted that particles larger than 500 nm are not likely to
be internalized by endocytosis in mammalian cells.'”® This could explain the very low
level of transfection. The question of the particle size, rather the covalent bonding seems
to a crucial parameter for cellular uptake of SiO,-ClI@PEI Several groups have
functionalized PEI by covalent attachment on mesoporous silica nanoparticles or on
hyaluronic acid chains. They obtained particles:DNA complexes with a limited
aggregation (less than 350 nm), thereby permitting cellular uptake and transfection.*”*!
In addition, some of these particles were functionalized with mannose facilitating the
engulfment by receptor-mediated endocytosis.*” Last, the studied cells were macrophages
that are cells with high efficiency of engulfment.

In a second step, DNA must be released in the cytoplasm.’’ This is possible via
endosome acidification leading to endosomal membrane disruption. The plasmid carrier
can play a role both in the destabilization of the endosome via the proton sponge effect
and in the protection of DNA against acidic degradation. The first effect increases with
the amount of PEI and should therefore be more favorable with SiO,. The protecting
effect depends on the PEI quantity, its conformation and flexibility.'® The ratio PELDNA

for SiO,@PEI , Si-SO3;@PEI, SiO,-Cl@PEI were 3.8, 1.2 and 1.7, respectively.

According to the results of cell viability, these ratios were not associated with any
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cytotoxicity. It is well-admitted that the transfection capabilities increase when the
PEL:DNA ratio rises.*> Hence, the quantity of PEI on SiO, particles could explain in part
its higher transfection ability because of its impact on DNA compaction and protection
against nucleases. Nevertheless, the conformation of PEI at the surface also plays an
important role and is expected to be optimal for the Si-SO3;@PEI system.

In a following step, the released plasmid must diffuse to the nucleus and enter, either
during mitosis or via the nuclear import machinery. Importantly, the stage at which PEI
and DNA are dissociated is still a matter of debate.”” However, focusing on the
particle-PEI interactions, it is interesting to note that in the acidic conditions of the
endosomes, an important fraction of the silanolate groups of the bare silica particles
become protonated. This decreases the negative charge of the carrier, favoring PEI
desorption. On the opposite, sulfonate functions should remain negatively-charged,
preserving their attractive interactions with PEI. Finally, for SiO,-Cl, the existing
covalent bonds are not expected to be cleaved, limiting the possibility for complexes to
escape. These trends in PEI detachment from particles nicely follow the measured
transfection efficiencies, suggesting that such a release is a relevant event in the plasmid
delivery process.

Surprisingly, the performance of PEI alone was not better than that of the
Si0,@PEI system for keratinocytes, in contrast to the results obtained with 3T3 cells.
The highest cell transfection observed with PEI compared to particles on immortalized

cells could be explained by the particle size and the metabolic activity of 3T3 fibroblasts.
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PEI/DNA complexes are about 100 nm in diameter.* These complexes are rapidly
uptaken by cells via the chlatrin-mediated endocytosis. In contrast, larger particles@PEI
systems are more internalized by the caveolin-mediated endocytosis.** Therefore the
chlatrin pathway seems to be more efficient in 3T3 fibroblasts to engulf complexes.
Second, 3T3 cells proliferate rapidly, facilitating plasmid transfer by disruption of the
nuclear membrane during cell division. Thus it can be proposed that PEI complexes are
rapidly uptaken, transported to the nucleus and that protein expression occurs at a very
high rate thanks to fast proliferation. In contrast, the uptake of particles being less
efficient, there is a delay required for sufficient plasmid accumulation before significant
protein expression is achieved. In the case of primary cells such as keratinocytes, the cells
proliferate at a lower rate. Therefore the overall protein expression rate is slower for both
systems. Moreover, in these conditions, it is possible for silica particles to accumulate in
a higher quantity between two cellular division event, so that the protein expression level

becomes comparable to that of PEL

CONCLUSION

These results provide an important insight on the relationship between the chemistry of
silica nanoparticles and their biological properties as gene delivery vectors. Whereas great
attention has already been paid to the optimization of the plasmid loading, we have here
enlightened the influence of the chemistry of the particle surface on the conformation and

lability of the cationic coating. Such effects were observed for both immortalized and
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primary mammalian cells. Our findings particularly suggest that a delicate balance has to
be established between weak particle/coating and strong coating/plasmid interactions.
They therefore provide interesting guidelines for further optimization of
nanoparticle-based gene carriers but also, on a more general level, for the design of

nanovectors for intracellular delivery of bioactive molecules.
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S1. Detailed experimental protocols

Silica-polyethyleneimine particle preparation. Silica nanoparticles SiO, were
synthesized by Stober method using ammonia for the hydrolysis and polymerization of
tetraethylorthosilicate (TEOS, Sigma). The amount of chemicals was shown in the table

below.

TEOS (mL) Ethanol (mL) H,O (mL) Ammonia (25%, mL)

7.6 200 5.9 9.7

For SiO,@PEI particle preparation, 200 mg of branched polyethyleneimine PEI (25
kDa) was dissolved in 20 mL of saline phosphate buffer (PBS, 10 mM, pH 7.4). Silica
nanoparticle suspension in PBS (20 ml) was then added dropwise into the PEI solution
under stirring. The mixtures were stirred for 48 h and particles were recovered by
centrifugation, washed 3 times in PBS and finally resuspended in PBS.

For Si0,-SO3;@PEI particle preparation, the SiNP was first functionalized with thiol
groups by silylation with 3-mercaptopropyltrimethoxysilane (MPTMS). Typically, 1 g of
silica was dispersed in a mixture of 100 ml ethanol and 2.2 ml ammonium hydroxide
solution before addition of 1 ml MPTMS. The mixture was stirred for 40 min at room
temperature. Subsequently, the reaction mixture was heated to 80 °C and the total volume
was reduced by 2/3 by distillation of ethanol and ammonia at ambient pressure. Then, the
mixture was cooled back to room temperature, centrifuged, washed 3 times with ethanol

and dried at 60 °C. Then 0.9 g of the thus-obtained SiO2-SH was suspended in 45 mL

2



hydrogen peroxide (H>O, 35%, Acros Organics) under stirring at RT for 48 hours. The
solid product was washed by centrifugation with distilled water before addition of 35 mL
of concentrated sulfuric acid (H2SO4 95.0-98.0%, Sigma Aldrich) and stirred for 2 hours
at RT. Finally the as-synthesized SiO,-SO; particles were washed with water, suspended
in PBS and coated with PEI as described above.

For SiO,-ClI@PEI particle preparation, 400 mg of SiO, nanoparticles was dispersed
in 20 mL of dried toluene, and 1.3 mL of chloropropyltriethoxysilane (CI-PTES) was
added to the suspension, that was further kept under reflux for 24 h. The product was
washed thoroughly with toluene and ethanol, and dried at room temperature. Then, 200
mg Si0,-Cl was dispersed in 20 ml ethanol, and 0.8 g of PEI was added to the suspension.
The suspension was refluxed for 24 h. The final solid product was recovered by washing
with ethanol and dried at room temperature. The as-synthesized SiNP-Cl@PEI was
suspended in 10 mM PBS (pH 7.4) before use.

Characterizations of SiO,-X@PEI Particle. Sizes and zeta potential (C) were
measured in 10 mM PBS solution using a ZetaSizer Nano (Malvern Instruments Ltd.,
Worcestershire, UK). Particles were also imaged using Transmission Electron
Microscopy (TEM) on a JEOL 1011 instrument. The amount of adsorbed PEI was
determined by elemental analysis (C,H,O,N). Specially, for SiO,-SOs, the amount of SO;
was calculated according to the amout of —SH before oxidation, which is determined by
Ellman test. For this test, a phosphate buffer (0.2 M, pH = 7.3) was prepared and labeled

as solution A. Solution B (10 mM EDTA) was produced by dissolving 372 mg of EDTA

3



in 100 mL of solution A, and solution C(6 mM DTNB) was prepared by dissolving 238
mg of DTNB in 100 mL of solution A. Several vials were filled with a mixture of 8 ml of
solution A, 1 mL of solution B and 1 mL of solution C. A series of masses of SiO,-SH,
less than 50 mg, were measured and then each dispersed into a vial mixture solution.
Simultaneously, several known quantities of thiol (obtained from a solution of MPTMS)
were also introduced in the same mixture solution to determine the molar extinction
coefficient by linear regression. After 45 minutes of stirring, the particle dispersion is
filtered through a syringe filter. The absorbance of the filtrate and standard MPTMS
solutions are determined by spectroscopy. The absorbance of the solutions MTPMS can
be traced back to the value for the experience of the molar extinction coefficient of NTB*
by linear regression. It can then inform the thiol concentration, therefore sulfonates, on

the surface of our particles.

pDNA-PEI and pDNA-SiO2-X@PEI Complexation. Reporter plasmid
pCMV-GLuc (pGluc) encoding Gaussia Luciferase (New England BioLabs, Ipswich,
MA) was used to quantify transgene expression. This plasmid was amplified by one
shot® BL21(DE3) pLysS kit (Invitrogen'™, Life technologies), extracted by one
PureLink® HiPure Plasmid kit (Invitrogen™, Life technologies) and finally stored in
Tris-EDTA buffer at -20 °C. pDNA-PEI complexes were prepared at weight ratio of 1:2.
pDNA-Si0,-X@PEI (X = none, SOs, Cl) complexes were prepared at various pDNA:

Si02-X@PEI weight ratios. Complexes formation was examined by agarose gel



electrophoresis. Briefly, 1 puL of pDNA solution (0. pg. pL") were mixed
homogeneously with a total volume of 9 pL of SiO2-X@PEI suspension or PEI solution
(PBS 1x) by vortexing in a microcentrifuge tube. The resulting mixtures were left at
room temperature for 2 h to achieve complete complexation, before being loaded onto
0.7% agarose gel with ethidium bromide (0.1 pg.mL™") and running with TAE buffer at

100 V for 40 min. DNA retardation was observed by irradiation with ultraviolet light.

Cell Transfection and Cell Viability. 3T3 mouse fibroblasts were cultured in
complete cell culture medium (Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal serum, 100 U.mL™" penicillin, 100 pg.mL™" streptomycin
and 0.25 ug.mL"' Fungizone). Tissue culture flasks (75 cm®) were kept at 37 'C in a 95 %
air: 5 % CO, atmosphere. Before confluence, fibroblasts were removed from culture
flasks by treatment with 0.1% trypsin and 0.02 % EDTA. Cells were rinsed and
resuspended in the above culture medium before use.

Transfection efficiency of pDNA-PEI and pDNA-SiO2-X@PEI were evaluated
by luciferase expression of pGLuc by 3T3 mouse fibroblast cells in cell culture medium.
The cells were plated at a density of 5.10* per well in a 24-well plate. pDNA-PEI or
pDNA-PEI-Si02-X complexes (25 uL) were added to the cell culture medium. After 4 h,
the supernatant was removed, the well was refreshed with 1 mL complete medium and
the cells were then cultured for another 44 h for the expression of luciferase. For

measurements of luciferase activity, a BioLux Gaussia Luciferase Assay Kit (New

England Biolabs) was used and transgene expression of luciferase was reported as



relative light units (RLU). Control groups were under the same culture condition as the

experiment groups except for the absence of DNA complexes.

Internalization of nanoparticles in 3T3 mouse fibroblasts was studied using
fluorescence microscopy. Fluorescent particles were obtained following the previously
described protocol except for the addition of a solution of fluorescein-grafted
aminopropyl triethoxysilane (APTES, Merck ; FITC isomer 1 95%, Alpha Aesar ). The
pDNA-particle complexes were incubated with cells for 24 h. The cell culture medium
was removed and the cells were rinsed 3 times with PBS and fixed with 4%
paraformaldehyde for 1 hour at RT. The cell nucleus was then stained with DAPI
(4',6-diamidino-2-phenylindole dihydrochloride, Life technologies, 300 nM in PBS) for

10 min and rinsed with PBS before observation.

Cell viability was monitored using the Alamar Blue test as a function of particle
dose after 4 h of contact and after transfection. In all cases, 200 uL of the Alamar Blue
solution (10% in cell culture medium) was added to 1 mL of the cell culture medium. The
cells were then incubated at 37 °C with 5 % CO; for 4 h. The supernatant in each well
was then collected, diluted with 800 puL water, and its absorbance was measured at A =
570 nm and 600 nm. Cell viability was calculated and reported as a percentage of the

control group (n = 6).



Figure S1. TEM images of SiO,, Si0,-SO3, Si0,-Cl before(A-C) and after (D-F)
modification with PEI 25 kDa




Figure S2. XPS spectra for SiO,, Si0,-SOs, Si0,-Cl before and after modification with

PEI 25 kDa. PEI 25 kDa was used for comparison

PEI

survey
10*
18|
Variable Name Pos Area  At%
16 1 Nls 399220 1081 129.095
Cls 285700 1464 70.905
14 |
12
10|
8]
6]
4]
2]
A,
T T T T T T T T T T T T T T T f
1000 800 600 400 200
Binding Ene1gy (eV)
Nis Cls
£ 10° 103
w01 50
- 451 a
35 = -
40
30 354
25 30
25
20
201
157 15]
10 10
5] 3
S R T e T T T T 7 T T
405 402 399 396 393 291 288 285 232

Binding Energy (eV) Binding Energy (eV)



survey Ols
10* g0.x10°
0] Varatle Name Pos At%
Si02 Ols 532486 56.018 0] o
Cls 284786 8.965 by
25 Si2p 103336 35017 60
20] 50,
15 e
30
10]
20
5]
T T T T T T T T T T
1000 300 600 400 200 540 537 534 531 528
Binding Energy (V) Binding Energy (V)
Si2p Cls
10 10
50
14]
v Q
5 45 a
12
40]
10
35]
8]
30]
6]
25
4]
20
. |
: W RTR
.. . I L s Amv WA T AR AN
T T T T T T T T T
108 105 102 99 201 288 285 282 219
Bindine Enerev (V) Binding Enerev (V)

CasaXPS (This string can be edited in CasaXPS DEF/PrintFootNote.txt)



SiO, @PEI

survey Ols
«10% 55.x10°
20|
Variable Name Pos At% 50
18] 2-SiO2-PEI O1ls 532561 41.273 [e]
Nis 399211  7.9¢9 453 I
16 ] Cls 286.161 23.308
Si2p 103.261 27.5]0 404
14}
354
12
303
10
25,
8
' v 204
6
153
4]
M 10
2
i 5]
T T T T T T T
1000 800 600 400 200 540 5317 534 531 528
Binding Energy (eV) Binding Energy (eV)
Silp Cls N Is
103 1U3 102
60
10 Name Pos YoArea
. ©» 551 Noprotoné?? 401.301 43 68‘2
2 10 w N ls 399201 56.31F
8
8
6
6]
4] .
4]
2
2]
T T T T T T T T T T T T T T
111 108 105 102 99 291 288 25 232 279 412 408 404 400 396
Bindine Enerev (eV) Bindine Enerev (eV) Bindine Enerev (eV)

CasaXPS (This string can be edited in CasaXPS DEF/PrintFootNote txt)




SiO, -SO;

survey Ols
lIII4 lCI3
45
20 Variatle Name  Pos At%
| Si02AlkylSO3 Ols  532.566 47.693 0 o
Cls 285316 121.390 ] af
S2s 233316 0396
Sidp 103316 $0.520 35
15 ]
30
251
10
204
153
5]
M 1]
5]
T T T T T T T T T N
1000 800 600 400 200 540 531 534 531 528
Binding Energy (eV) Binding Energy (eV)
Silp Cls S2s
10 10 10!
80
803 o a
oy @
70 ]
60 60]
50 501
407
40
30
30]
207
20]
10]
PN o~ - [~ PA A
T T T T T T T T T T T T T T T T T
108 105 102 99 291 288 285 282 2719 244 240 236 232 228 224 220 216
Binding Enerev (eV) Binding Enerev (eV) Binding Enerev (eV)

CasaXPS (This string can be edited in CasaXPS DEF/PrintFootNote txt)

11



SiO, -SO; @PEI

Ols Si2p
10 103 103
20
Variable Name Pos At%
18] SiO2-Alkyl SO3-PEI O s 532464 41495 50 o 10 @
Nls 399514 6.632 w £
16] Cls 285014 24.600
S7s 232514 0.166 ©
14] Sipp 103264 27.106 b 8
12]
30]
10] &
8]
20 4
6]
4
M 10] 2]
2]
T T T T T T T T T T T T T T T
1000 800 600 400 200 540 531 534 531 528 111 108 105 102 99
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
Cls Nls S2s
10 10 10!
12 55 184
7] Name Pos %Area
Q N protoné??  401.270  35.925 = A
o B 50] Nls 399.370 64.075% |
8]
6]
4]
2]
T T T T T T T T T T T T T T T T T
291 288 25 32 279 412 408 404 400 39 244 240 236 232 28 24 20
Bindine Enerev (eV) Bindine Enerev (eV) Bindine Enerev (eV)

CasaXPS (This string can be edited in CasaXPS DEF/PrintFootNote. txt)

12



Ols
10 103
Variable Name  Pos At% 70]
5] SiO2AlgICl Ols 532578 53.02 o
- Cls 284728 905 @
Clop 199928 162 60]
Si2p 103278 36.30
2] 507
15] 40]
301
© 0] .
203
5]
M 103
A —
T T T T T T T T T T
1000 300 600 400 200 540 537 534 531 528
Binding Energy (eV) Binding Energy (eV)
Silp Cls Cl2p
103 10 10
14] 32
@ 45] Q Q
12 5 gy 30 5
40
10 2]
35
8| ] 26|
6] 30] 24]
4 ] 2]
2] 20] 20
T T T T T T T T T T T T T T
108 105 102 %9 291 288 25 22 279 212 208 204 200 196
Binding Enerev (V) Binding Enerev (eV) Binding Enerev (V)

CasaXPS (This string can be edited in CasaXPS DEF/PrintFootNote txt)

13



SiO, -CI@PEI

survey Ols Si2p
10 103 10
20] 554
Variable Name  Pos At% 0
181 Si02-Alkyl CI-PEI O ls 532554 37.780 ] o 10 I3
N1s 399.104 6.006 45 @ 5
16 Cls| 285704 27.827 E
Cl2g 197.504 1076 Q
14 Si2g 103.3%4 27.311 E 8]
12] 354
30,
10] ] 64
253
8]
204
6] 4
15
4]
104 2
2]
53
LS L e s e o e e e e R s LS B S B m e | T T T
1000 800 600 400 200 540 531 534 531 528 11 108 105 102 99
Binding Energy (eV) Binding Energy (V) Binding Energy (eV)
Cls Nls Cl2p
103 10 10!
1 603 Name Pos %Area 280
b Q N protoné?? 401302 27.926 = Q
w 551 Nls 399.310 72.074 & 2703 4
10
2601
250
8
240
6 2303
220
4]
210
2] 200
T T T T T T T T T T T T T T T
291 288 285 22 219 412 408 404 400 396 212 208 204 200 196
Binding Enerev (eV) Bindine Enerev (eV) Bindine Enerev (eV)

CasaXPS (This string can be edited in CasaXPS DEF/PrintFootNote txt)

14



Figure S3. Agarose gel electrophoresis showing the influence of PEI conjugation mode

on pGLuc complexation. A constant amount of pGLuc was complexed with particles at

1:3, 1:10, 1:30 and 1:50 weight ratios.
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Figure S4. °C Inversion recovery cross polarization (IRCP)-MAS NMR spectra of (a)
Si0,-Cl and (b) SiO,-CI@PEI. Main acquisition parameters used for the IRCP exp.:
Recycle time: 1s; contact time: 1ms; NS: 4096; ro: 5 kHz; inversion time t; (from top to
bottom): 5, 10, 20, 30, 50, 70, 100, 200, 300, 500, 700, 1.000, 3.000, 5.000, 10.000 us.
In Si0,-Cl, the signal of the C(3) in a position of the CI atom reverses for an inversion
time of 200-300 us; in Si0,-Cl@PEI, the C(3) signal reverses for an inversion time of
50-70 us. The faster cross-polarization rate indicates a decrease in mobility of the C(3)
upon interaction with PEI (D.G Cory, W.M. Ritchey, Macromolecules, 1989, 22,

1611-16615)
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Figure S5. Viability of 3T3 fibroblast cells at the end of the transfection experiments, as

determined by the Alamar Blue assay
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