View Article Online
View Journal

Journal of

Materials Chemistry B
Materials for biology and medicine

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: A. Dascalu, A.
Rodinel, A. Neamtu, S. Maier, C. M. Uritu, A. Nicolescu, S. Mihaela, D. Peptanariu, M. Calin and M. Pinteala,
J. Mater. Chem. B, 2017, DOI: 10.1039/C7TB01722G.
Volume 4 Number 1 7 January 2016 Pages 1–178

Journal of

Materials Chemistry B
Materials for biology and medicine
www.rsc.org/MaterialsB

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.
Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available
to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.
You can find more information about Accepted Manuscripts in the
author guidelines.

ISSN 2050-750X

PAPER
Guoping Chen et al.
Regulating the stemness of mesenchymal stem cells by tuning
micropattern features

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal’s
standard Terms & Conditions and the ethical guidelines, outlined
in our author and reviewer resource centre, still apply. In no
event shall the Royal Society of Chemistry be held responsible
for any errors or omissions in this Accepted Manuscript or any
consequences arising from the use of any information it contains.

rsc.li/materials-b

Please
not adjustChemistry
margins B
Journal
ofdo
Materials

Page 1 of 11

View Article Online

DOI: 10.1039/C7TB01722G

Published on 07 August 2017. Downloaded by University of Windsor on 08/08/2017 16:10:42.

ARTICLE
Transfection-capable polycationic nanovectors which include
PEGylated-cyclodextrin structural units. A new synthesis pathway.
Received 00th January 20xx,
Accepted 00th January 20xx

a

a

a,b

A. I. Dascalu, R. Ardeleanu, A. Neamtu,
a
d
a,
Peptanariu, M. Calin, M. Pinteala. *

c,a

a

a

a

S. S. Maier, C. M. Uritu, A. Nicolescu, M. Silion, D.

DOI: 10.1039/x0xx00000x
www.rsc.org/

Efficient tools are still searched to substitute the viral vectors in nucleic acids delivery applications. One of the most severe
constraint in producing them is related to the strict reproducibility of their molecular characteristics, ensured by synthesis.
In this work, we report an original route to obtain polycationic nanoentities with low variability, able to act as cooperating
carriers, for dsDNA complexation and transport. The carriers are synthesized by rigorous conjugation of β-cyclodextrin (βCD) with precise ratios of 2 kDa branched poly(ethyleneimine) (b-PEI), and 0.75 kDa poly(ethylene glycol) (PEG). The low
cytotoxicity was the main designed parameter, beside the highest possible transfection ability, both of them proved on
HeLa cells culture. A reporter gene which induces the expression of green-fluorescent-protein (GFP), inserted in a plasmid,
was used to perform the necessary quantitations. In silico molecular modelling guided the carrier design, and confirmed
the functional mimicry of histones, in tight and compact nucleosome-like spiral packaging of dsDNA. The synthesized
reproducible carrier molecules are expected to largely confirm their feasible application in gene transfection.

Introduction
Polymeric non-viral vectors are intensely studied in order to
1,2
develop efficient tools for controlled nucleic acids delivery. Their
presumed advantages in relation with other non-viral vectors lies in
(i) the ability to tailor their properties and dimensions through
molecular and supramolecular design, (ii) the reproducibility of
their functional characteristics as a consequence of the rigor of
macromolecular synthesis pathways, and (iii) the simplicity of their
manipulation during the complexing/loading and using protocols.
Evidently, the main benefit of using engineered well-defined
macromolecular constructs consists in the possibility to mimic the
functionality of both the viral vectors (the protective encapsulation
and the precisely targeted delivery of DNA), and the cell
mechanisms of genetic information managing (e.g. through
packaging DNA by nucleosomal-like spatial edifices, able to
reversible load and to stably carry large-enough, genetic-relevant
3,4
segments of nucleic acids).
Polycationic species represent “the natural choice” in producing
macromolecular non-viral vectors, but some issues must be solved
5
in the attempt to construct nucleic acids delivering tools. One of

them is related to the optimal charge value (the number of cationic
groups, and the pH value at which they are protonated in aqueous
milieu) and charge distribution (the steric arrangement and
placement of positive charges, and their dynamic rearrangement
during the interaction with nucleic acids). It is known that, in order
to minimally disturb tissue and cell metabolic mechanisms,
oligomeric polycations or their amphiphilic derivatives, placed in
unwinded/uncoiled segments or branches, are the most efficient
and low-toxic building-blocks.6 Another issue that cannot be
neglected is related to the local stiffness of macromolecule
segments, and to the type, placement and dimension of the
“articulation points” distributed through the main chain(s). These
structural peculiarities dictate the overall flexibility of the carrier,
7
and its ability to mimic the ordered packing ability, and the
dynamic spatial remodelling of nucleosomes.8,9
The present work reports a new pathway to synthesize a
polycationic construct which includes PEGylated β-cyclodextrin (βCD) molecules as “articulation points” (local multi-branching sites)
and linking entities, placed between the chain segments of
branched poly(ethyleneimine) (b-PEI), thus generating a spatial
positively charged network, which can be locally segmented by the
insertion of poly(ethylene glycol) (PEG) chains. Based on the
principles of the macromolecular synthesis, the composition and
the structure of such a construct can be tailored to the necessary
spatial extension (by the ratio between β-CD and b-PEI), its
reactivity can be fitted to any imposed association strength
between them and the carried nucleic acids (by the ratio between
b-PEI, β-CD and PEG), and its carrying capacity can be adjusted to
the type and amount of the nucleic acid to be loaded (by the
amount of cationic groups per construct edifice, i.e. by the length of
10
PEI branches). The construct has the characteristics of a charged
nanoparticle, being able to emulate the functionality of the histones
assembly by cooperatively packing long (linear or plasmidic) nucleic
acids chains, generating confined and dense cargocomplexes, in
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Due to their intrinsic reactivity and complexing affinity,
11,12
cyclodextrins (CDs) are versatile entities for organic
and
macromolecular synthesis,13 and for building functional
14
supramolecular edifices. They are also valuable chain links or
cross-linking elements in producing polycationic carriers, able to
15
16
transfect cells or to deliver drugs. CDs PEGylation represents a
resourceful way to enhance the biocompatibility of nucleic acids
carriers which include CDs, by reducing their interactions with both
the biomacromolecules of the blood and tissue fluids, and the cells
17,18
of the immune system.
Poly(ethyleneimine)s (PEIs) are largely used as condensing
partners of nucleic acids, because of their ability to concentrate an
important number of positive charges on a flexible, possibly furcate,
19-21
main chain.
By virtue of their primary, secondary and tertiary
amino groups, PEIs ionically interact with virtually all polyanions
and ampholytes which possess deprotonated groups at neutral or
mildly alkaline values of pH, to generate colloidal stable
nanoparticles characterized by a total charge (measured as zeta
potential) that depends on the predominant partner, and by a size
22
suitable for cell uptake. More sophisticated delivery systems were
produced by including a third macromolecular partner in the
condensing process, which increases the stability of the resulted
complex, enhances its biocompatibility, and assists its intracellular
23,24
trafficking.
An advantage of using PEIs to condense
polyelectrolytes of biological interest is the fact that they does not
25
alter the native state of biomacromolecules. The cytotoxicity
threshold of PEIs is still under debate (because it is strictly
dependent on the considered cell types, and on the nature and
26
extent of PEIs derivatization and/or conjugation), but the practice
proved that their molecular architecture (linear or (hyper)branched)
and molecular weight are the factors that can be manipulated in
27,28
order to minimize adverse effects on cells.
PEIs derivatization,
29
30
including
by
PEGylation,
lipid
conjugation,
and
31
copolymerization, represents a feasible alternative to enhance
their cytocompatibility, but also to modulate their condensing
capacity against nucleic acids, and the dimensions of the resulted
nanoparticles.
One of the ways to involve CDs in regular conjugation with
reactive polymers is to derivatize them with unsaturated
monomers, which provides the ability to further involve modified
CDs in Michael nucleophilic addition reactions with, for example,
32-35
polymers bearing pendant primary amino groups (like PEIs are).
To obtain unsaturated CDs derivatives in a reproducible manner,
the reaction must be rigorously conducted in anhydrous and nonoxidative conditions, with slow kinetics, to control the grafting
position and the number of engrafted units. According our
experience, CDs derivatization through the reaction with acryloyl
chloride meets these constraints. It occurs selectively at the most
nucleophilic hydroxyl groups, those in the 6-position (the primary
ones), placed on the CDs smaller rim. Despite its simplicity (as
36,37
),
compared with, for example, the route of tosyl leaving group
the direct CDs acrylation is reproducible and can be conducted
38
stoichiometrically.

Results and discussion
The synthesis and characterization of acrylated β-CD
The synthesis of acrylated β-CD was performed following a
39
modified protocol previously published with acryloyl chloride
(Figure S1, in Electronic Supplementary Information (ESI) file). In
our protocol the NMP solvent was replaced with DMF and the
39
reaction time was extended from two days to five days. The
purpose of the esterification (acrylation) reaction in DMF solvent is
to introduce as many necessary reactive acryloyl groups exclusively
at C-6 of β-CD to attain the most favourable affinity against the
particular nucleic acid, guaranteeing the highest transfection
capacity. To achieve the desired substitution (at seven C-6 hydroxyl
groups) a β-CD:acryloyl chloride molar ratio of 1:10.5 was sufficient
when the reaction took place in DMF at room temperature for five
days. No substitution at C-2 and C-3 was observed in comparison
39,40
with similar attempts.
1

The completion of acrylation reaction was confirmed by H13
NMR, C-NMR, XPS, and FTIR spectroscopy. The FTIR spectra of the
acrylated β-CD shows a decrease in the intensity of –OH vibration at
-1
3370 cm , as compared with those of the unmodified β-CD (Figure
S2, in ESI file), due to the decrease of the amount of hydroxyl
groups as a consequence of the esterification reaction. The new
-1
absorption band at 1722 cm was assigned to the vibration of –C=O
bonds in the ester groups associated with α,β unsaturated carbon
-1
atoms. The bands at 1631, 1409, 1296 and 1191 cm can be
attributed to the vinyl groups in acrylated β-CD. Characteristic
-1
bands at 1154 cm , due to –C–O–C– vibration in glycosidic bridges,
-1
and at 1039 cm , due to –C–OH stretch absorptions, were also
observed.
Acrylated β-CD has distinctive 1H and 13C-NMR spectra, as
1
compared with the native β-CD. In the H-NMR spectrum (Figure
S3), acrylated β-CD exhibits new signals corresponding to the
protons of acrylic groups, but due to the severe broadening of all
signals, caused by the lack of symmetry of the modified β-CD, it is
difficult to clearly differentiate between signals. The correlations in
the 1H,13C-HSQC spectrum (Figure S4) distinctively indicate that the
signals for CH-2 and CH-3 protons do not suffer significant
modifications, confirming the linking of the acrylic groups to
hydroxyl groups of C-6. The signals caused by the two protons of
the acrylic CH2= groups were identified at chemical shifts of 5.79 6.00 and 6.23 - 6.39 ppm, while the signals at 6.06 - 6.30 ppm were
associated to the –CH= vinyl groups.
13

The C-NMR spectrum (Figure S5) of the acrylated β-CD is also
different from that of the native β-CD. Besides the presence of the
particular signals for the acrylic groups, all the signals characteristic
to glucose units are now splitted in groups of signals, suggesting
that the seven glucose units are no longer identical. Based on the
1 13
H, C-HSQC spectrum (Figure S4), the signal corresponding to
acrylated CH2-6 groups was assigned at 63.6 - 64.0 ppm. The
acryloyl groups show their characteristic signals at 127.8 ppm (–
CH=), 131.6-131.9 ppm (CH2=) and 165.4-165.5 ppm (C=O).
The NMR studies provide a better characterization of the
39
acrylated β-CD, in comparison with earlier studies where only the
1
H-NMR spectrum was presented and briefly described.
Bidimensional NMR experiments performed by us allowed a better
assignment of individual signals in the 1H-NMR and, in addition, full
13
assignments of the C-NMR signals.
The deconvoluted XPS high-resolution spectra of C 1s and O 1s
atomic states of acrylated β-CD (Figure S6) clearly indicate new
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hybridization states of the mentioned atomic species, due to the
presence of the O–C=O fragment (into both carbon and oxygen
peaks), as a result of the esterification reaction.
Because of the severe broadening and overlapping of the
1
signals in H-NMR spectrum, and due to the fact that the
13
measurements made by C-NMR are “semi-quantitative”, the value
of the substitution degree was determined by mass spectrometry.
The ESI-MS spectrum of the β-CD dissolved in a solution of 9:1 v/v
methanol:water is shown in Figure S7. The base peak at m/z
1156.96 corresponds to the [β-CD + Na]+ single charge sodium
adduct of β-CD, while the peak at m/z 1172.94 belongs to [β-CD +
+
K] single charge potassium adduct. The full scan MS spectrum of
the acrylated β-CD (Figure S8) shows an abundant ion at m/z
+
1513.24 which corresponds to the [M + H] protonated form of
acrylated β-CD containing 7 acryloyl groups (where M is the molar
mass of β-CD with 7 acrylic groups). In addition, ions corresponding
to single charge sodium and potassium adduct were also observed
at m/z 1535.21 and 1551.19. Furthermore, some peaks were
observed at m/z 1405.22 and 1459.23 respectively, which can occur
through the loss of one or more acrylic groups. Based on these
considerations, the average degree of substitution (DS) can be
inferred from the calculation by using the formula: DS = ∑Ii ni / ∑Ii,
where Ii represents the relative intensity of a specific peak, and ni is
the number of acrylic groups associated with that peak. Thus,
according to the direct ESI-MS measurement, the value of the
average degree of substitution was calculated to be 6.5. As a
consequence, the value of the substitution degree is considered to
be 7, for all the experiments.
The synthesis and characterization of β-CD-PEG-PEI polycationic
carrier

The tridimensional edifice of the carrier was built through the
Michael addition reactions of the primary amino groups of
methoxypolyethylene glycol amine (PEG-amine) and of branched
41
PEI, to the double-bond of acrylated β-CD. The monofunctional
PEG have been introduced in the carrier structure in order to
42,43
enhance the biocompatibility of the system,
while branched PEI
44-47
was used due to its polycationic character.
The postulated structure of the resulting polycationic carriers is
depicted in Figure 1. To prove it, NMR, ESI-MS, XPS and FTIR
analyses were performed. The FTIR spectrum qualitatively
confirmed the grafting of PEI and PEG onto acrylated β-CD (Figure
-1
S2), and reveals new peaks at 3473 and 3415 cm which are
assigned to the N-H asymmetrical and symmetrical stretching
vibration bands of primary and secondary amines. Also, the band
-1
from 1744 cm is attributed to the C=O bond, and the band from
-1
1659 cm is assigned to the -NH2 bending vibration, while the peaks
-1
at 1618, 1573 and 775 cm are attributed to the deformation
48
vibrations and rocking vibration of the iminic N-H bond of PEI. The
-1
characteristic bands at 1154 cm due to the existence of the -C-O-1
C- in glycosidic bridges, and the bands at 1280, 1110 and 1035 cm
due to C-N tertiary, secondary and primary amine groups are also
observed.
1

The H-NMR spectra of β-CD-PEG-PEI conjugate shows very
broad and overlaped signals, as shown in Figure S9. The success of
the addition reaction is certified by the total disappearance of the
signals of acrylic groups, located in 5.79-6.40 ppm range. The PEI
component has a characteristic “fingerprint”, with all the signals
1 13
overlapping between 2.3-3.1 ppm. Considering the H, C-HMBC
spectra (Figure S10), the broad signals in the region 3.1-3.5 ppm
were assigned to the methylene protons of the newly formed –NH–

CH2–CH2–CO– groups. The PEG component generates two
characteristic signals: the sharp singlet at 3.33 ppm, assigned to the
protons from –OCH3 end group, and the broad singlet at 3.65 ppm,
assigned to the methylene protons of the main chain. Some of the
signals corresponding to the protons of the glucose units and are
overlapped by the main peaks of PEG (at 3.65 ppm), and could not
be identified. The broad signal at 3.75-4.00 ppm was assigned to
the CH-3, CH-5 and CH2-6 protons, while the broad signal at 4.875.20 ppm corresponds to the CH-1 protons. Due to the fact that the
1
H-NMR of β-CD-PEG-PEI was performed in D2O, protons of
hydroxyl groups of C-2, C-3 and C-4 no longer appear in the
spectrum, being exchanged with deuterium.

Figure 1. The hypothetical tridimensional structure of the
synthesized PEG-ylated polycationic conjugate (β-CD-PEG-PEI).
13

The C-NMR spectrum (Figure S11) revealed the signals
corresponding to the esteric carboxyl groups, in the 160-170 ppm
domain. PEI component has the signals distributed in the range 3555 ppm, depending on the methylene position in the molecule
structure. PEG component has the characteristic signal, assigned to
the methylene groups from the main chain, at 69.6 ppm. For β-CD
component, part of the signals can be assigned at 60.3 (CH2-6), 81.4
(CH-4) and 101.9 ppm (CH-1). The signals for the remaining carbons
are overlapped by the signals of PEG component.
Additionally, the XPS spectrum in Figure S6 presents the
deconvolution of the C 1s and N 1s peaks, in high resolution scan of
β-CD-PEG-PEI conjugate, which put in evidence the types of the
bonds between the atoms. The deconvolutions of the peaks
indicate the consumption of all the vinyl groups (C=C).
The ESI-MS spectrum of the β-CD-PEG-PEI conjugate (Figure
S12) shows a narrow mass dispersity, due to the inherent variability
of the weight of PEG and PEI macromolecules chains. In this case,
two or more cations (Na+, K+) are attached to the molecular
fragments, generating multiply-charged ions which extend the
range of the individual characteristic peaks. The observed main ion
series appeared at m/z 2051.60 with 44 Δm/z (C2H4O monomer
unit), and was assigned to the β-CD-PEG derivative. Minor series
+
containing multiply-charged ions (up to 7 ) were also observed in
the ESI mass spectra, around m/z values of 2000, 1100 and 700.
One of them is due to the presence of PEI component with a mass
difference of 43 Da, which corresponds to the m/z of the
ethylenimine monomeric unit (C2H5N). Furthermore, the β-CD-PEIPEG spectrum indicates that acrylated β-CD is no longer present in
the sample, by the disappearance of the specific peak at m/z
1513.24. This data suggest the successful conjugation of acrylated
β-CD with PEI and PEG.
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The XPS wide scan spectrum of the β-CD-PEG-PEI conjugate
(Figure S13) provides the percent atomic composition, without
hydrogen atom contribution. Based on the theoretical atomic
contribution of C, O, and N species in β-CD-PEG-PEI conjugate with
six PEI molecules and one PEG molecule (when not considering H
atoms), and by comparison with the corresponding percent values
determined by XPS (see the table inserted Figure S13), the molar
ratios of the grafted PEI and PEG-amine compounds to the
acrylated β-CD were determined to be approximately the following:
β-CD : PEG : PEI = 1 : 0.96 : 5.94.
Obtaining and characterization of β-CD-PEG-PEI/dsDNA polyplexes

Polyplexes with precise nitrogen to phosphorus ratios were
subjected to the physical-chemical characterization, performed
prior to beginning biological experiments of transfection efficiency,
or cell viability.
The ionic complexation of plasmidic DNA (pLuc) with the β-CDPEG-PEI conjugate, at N/P ratios of 1, 3, 5, 10, 15, and 20, was
tested by gel retardation assay. Naked pLuc was used as negative
control (zero N/P ratio). As presented in Figure S14.A, starting with
an N/P ratio of 20, the electrophoretic migration of nucleic acids
molecules was completely inhibited, implying that no pLuc remains
unincluded in the resulted polyplexes. Figure S14.B illustrates the
electrophoretic migration profile of PEI (2 kDa)/pLuc polyplexes at
the same N/P ratios as above. According to the results of this
assays, there are minor differences between β-CD-PEG-PEI and
PEI(2 kDa) concerning packaging capacity of Luc plasmid.
Zeta potential of the β-CD-PEG-PEI/pLuc polyplexes

Zeta potential is a direct measure of the colloidal stability of
charged particles in polar solutions, and represents an average
value of the charge magnitude associated to the particulate
entities. As revealed by Figure S15, for N/P ratios higher than 20,
zeta potential values of the β-CD-PEG-PEI/pLuc polyplexes remain
statistically constant, being slightly lower when polyplexes are
dispersed in neutral solution. This fact confirms once again that the
composition threshold of the internal saturation of pLuc negative
charges by the positive β-CD-PEG-PEI conjugates is located at an
N/P ratio of about 20.

Figure 2. The results of the MTS cytotoxicity assays performed
on β-CD-PEG-PEI/pLuc and PEI (2 kDa)/pLuc polyplexes, for
N/P ratios ranging from 20 to 80. Data is represented as
means ± SD.
The in vitro transfection efficiency

Based on the contents of nitrogen and phosphorus of the β-CDPEG-PEI and DNA plasmid (in our case, pLuc of 5991 bp, or pEGFP of
4821 bp), the plasmid was ionically complexed / immobilized using
β-CD-PEG-PEI conjugate molecules, at precisely calculated N/P
ratios. The transfection ability was evaluated on HeLa cells cultured
in the presence of β-CD-PEG-PEI or PEI (2 kDa) polyplexes loaded
with plasmids bearing a reporter gene. The quantitative (using
pLuc) and qualitative (using pEGFP) results were obtained after 48 h
of incubation with polyplexes at N/P ratios of 20, 30, 50, 60, 70 and
80 by using luciferase assay and fluorescence microscopy,
respectively. Figure 3 resumes the results, showing a transfection
efficiency of about ten times higher in the case of β-CD-PEG-PEI
conjugates in comparison with PEI (2 kDa), for all tested N/P ratios.
The maximum transfection efficiency of β-CD-PEG-PEI gene carriers
was established for a N/P value of 80, the transfection ability being
about eight times higher than at N/P 20, for the same conjugate.

The in vitro cytotoxicity of the β-CD-PEG-PEI/pLuc polyplexes

Figure 2 resumes the results of cytotoxicity evaluation
performed for corresponding polyplexes having N/P ratios from 20
to 80, on HeLa cells, using the MTS technique. Polyplexes of β-CDPEG-PEI with Luc plasmid are well tolerated by the cells,
demonstrating not provable cytotoxicity up to 60 N/P, and a
viability in excess of 90 % up to 70 N/P. Furthermore, for N/P ratios
lower than 50, it can be noticed that β-CD-PEG-PEI/pLuc polyplexes
slightly stimulated the cell proliferation (a cell viability over 100%),
as compared with the PEI (2 kDa)/pLuc polyplexes, which did not
display the same behaviour. Accordingly, the cell viability of
conjugate-based polyplexes was proved to be clearly superior to
that corresponding to PEI polyplexes, for all tested N/P ratios.
It should be mentioned that the cytotoxicity of the individual βCD-PEG-PEI carrier molecules is practically embedded in that of the
polyplexes they generate, and this is why it was not particularly
included in Figure 2.

Figure 3. Transfection efficiency of β-CD-PEG-PEI/pLuc and PEI/pLuc
polyplexes. HeLa cells were grown on 96 well white opaque plates
and treated with polyplexes for 48 hours. Luciferase activity is
expressed as relative light units (RLUs). Data is represented as
means ± SD.

According to both luciferase assay (Figure 3) and fluorescence
microscopy (Figure 4), polyplexes of β-CD-PEG-PEI demonstrate
significant better transfection efficiency than their PEI counterpart.
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As compared with 2 kDa PEI, β-CD-PEG-PEI carrier-based conjugates
are significantly less toxic and manifest better transfection
efficiency (p=0.0313). Therefore, the involvement of β-CD
macrocycle in the design of the new gene vehicle is of significant
importance when the biological processes at cellular or molecular
level are of interest. This fact is not entirely unexpected, because of
the large number of drug delivery systems based on β-CD molecule
49
which were studied until now. Exploited as a component of
transfection agents, it was concluded that its main role is related
with the ability to complex the cholesterol molecule, thus
50
increasing the cell membrane permeability.

are given in Section 1 of Supplementary Computational Methods,
included in the ESI file associated to this paper. According to the
3
results, a volume (VC) of 125811 nm was demonstrated for the βCD-PEG-PEI/pLuc polyplex with an N/P ratio of 80, meaning a
sphere with a mean diameter (dC) of 62 nm, which is in good
correlation with the TEM measured diameters, of 73 nm (Figure 5).
It has to be stated however that the estimated carrier dimension is
a minimum approximation, as molecular chains were supposed to
occupy the entire space inside the particle.

Figure 4. Fluorescence microscopy images for HeLa cells transfected
with β-CD-PEG-PEI/pEGFP (A), and PEI/pEGFP (B) polyplexes, at
different N/P ratios. HeLa cells were grown on 96 well plates,
treated with polyplexes and imaged after 48 hours. Images acquired
with Leica DMI 3000B with GFP filter cube, objective 5x. Scale bar:
500 nm.
The morphological and dimensional characteristics of the β-CDPEG-PEI/pLuc polyplexes

In order to put in evidence significant dimensional differences,
two types of polyplexes prepared for the maximum and the lowest
transfection efficiency (N/P ratios of 80 and 30, respectively), were
investigated by transmission electron microscopy (TEM) (Figure 5).
The obvious difference of compactness (expressed by the median of
the particles diameter, of around 90 nm and 70 nm, respectively)
suggests that when are used in a large excess, the positively
charged carrier molecules induce a tighter association/packaging
between the two partners of the polyplexes, due to an enhanced
ionic complexation.
To demonstrate that each aggregate visualized by TEM, which was
prepared for the maximum transfection efficiency (at an N/P ratio
of 80), completely includes at least one plasmid molecule together
with adjacent carrier entities, molecular simulations were
performed to calculate and compare the volume of an individual βCD-PEG-PEI conjugate and the volume of a plasmid (pLuc, 5991 bp).
Details on the estimation of β-CD-PEG-PEI/pLuc polyplex volume

Figure 5. The spheroidal morphology and the nanoparticulate
dimensions of β-CD-PEG-PEI/pLuc polyplexes having N/P ratios
of 30 (left column), and of 80 (right column). The size
distribution histogram of the particles has been plotted for
both N/P ratios, showing a decrease in mean diameter of
polyplexes from 88 to 73 nm, when N/P ratio increases from 30
to 80.
Simulation of β-CD-PEG-PEI conjugate structure and its dsDNA
complexation

The compactness and stability of the nanoparticulate
aggregates formed by the condensation of DNA by PEI are
51,52
important elements of delivery efficacy.
In order to obtain
detailed molecular information about the structure of β-CD-PEG-PEI
carrier, but also on its complexation with dsDNA, atomistic models
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To evaluate the conformational changes of dsDNA during its
complexation/compaction by β-CD-PEG-PEI conjugate, several
simulations were performed (Table S1). In the 1C/DNA simulation,
one β-CD-PEG-PEI carrier molecule was placed near a rectilinear
dsDNA of 60 bp, in an “edge-on” orientation (i.e. the edge of the βCD-PEG-PEI disk tangent to dsDNA) (Figure S17). By letting the
system to freely evolve for 10 ns (after hydration and equilibration),
a clearly visible dsDNA bending around the external edge of the βCD-PEG-PEI vector was observed. A close visual inspection of the
trajectories reveals that the conformational changes, in both dsDNA
and β-CD-PEG-PEI carrier, progressed towards maximization of
contacts between the positive amino groups and negatively charged
dsDNA phosphate moieties. Due to the particular orientation of the
carrier relative to dsDNA used in 1C/DNA simulation questions may
arise whether dsDNA bending occurs only in this particular
configuration. Therefore, a second simulation was performed
(4C/DNA) by placing four molecules of β-CD-PEG-PEI conjugate in
the vicinity of a 96 bp dsDNA, in a “face-on” orientation as starting
configuration (Figure S18). After only 3 ns of MD simulation, the
dsDNA fragment started bending and β-CD-PEG-PEI carriers
displaying marked conformational “adaptation” to dsDNA surface,
in order to maximize the number of anionic-cationic contacts. Due
to the limited accessible simulation times, imposed by the current
computational power, further compaction due to higher curvature
of DNA could not be observed. However, they could not be
excluded, if the discoidal shape of β-CD-PEG-PEI macromolecule is
taken into consideration.
To test for the hypothesis of extended dsDNA bending
accompanied by spiralling around the β-CD-PEG-PEI molecule, two
more simulations were planned.
In the first of them, 2C/DNAS (Table S1), the double-spiral of
nucleosomal dsDNA (146 bp) from the crystallographic structure of
53
Luger (PDB access code:1AOI) (Figure 6) was used as a starting
conformation for dsDNA. One β-CD-PEG-PEI molecule was manually
inserted in the centre of each spiral, followed by an equilibration
stage, and then the system was allowed to freely evolve. This
approach was inspired by the quantitative similarity between the
diameter of the histone core of the nucleosome (approx. 6.5 nm)
and the diameter of β-CD-PEG-PEI vehicle (approx. 6.2 nm,
measured as the average distance between diametrically opposed
nitrogen atoms at the extremities of PEI).

Figure 6. Snapshots of the initial and final configurations for the
simulations of the “free” DNA spiral fragment (A) and of the same
DNA fragment in presence of β-CD-PEG-PEI carriers (B). The last
sequence of events in (B) depict the DNA spire viewed along the
spiral axis.

To evaluate in more detail the complexation/compaction
process, several structural parameters were measured during
simulations. Root mean square displacement (RMSD) of the dsDNA
fragment relative to the starting conformation reaches a plateau
after about 12 ns (Figure S20-A), and after 4 to 6 ns for the
individual spires, which demonstrate the convergence of
simulations. Also, the increase in number of hydrogen bonds
between the dsDNA and β-CD-PEG-PEI sustain the maximization of
contacts, as the driving process of complexation (Figure S20-B). To
quantitatively compare the compaction of dsDNA in the presence of
β-CD-PEG-PEI conjugates, with the “free” DNA, the gyration radius
(Rg) and the end-to-end distance of the DNA fragment were plotted
in Figure 7. The dramatic increase of both parameters in the case of
“free” DNA compared to the complexed one, further sustain the
compaction due to spiralling of DNA around β-CD-PEG-PEI.

The second supplementary simulation, DNAS (Table S1),
evaluated the same dsDNA spires in the absence of the β-CD-PEGPEI molecules (Figure 6-A). Snapshots in Figure 6-B show that β-CDPEG-PEI molecules were able to maintain the spiral-like
conformation of DNA double helix, and to induce strong bending in
the chain. Moreover, each spire remained firmly attached to its βCD-PEG-PEI “mate” and, in the time course of the simulations, the
mean diameter of each spire decreased from 9.8 nm (i.e.
nucleosome) to 7.3 nm and 7.8 nm, respectively due to the β-CDPEG-PEI compaction (Figure 6B and Figure S19). In contrast, the Figure 7. Structural parameters of the β-CD-PEG-PEI/dsDNA
non-complexed dsDNA fragment displayed extended unfolding polyplexes during simulations: (A) radius of gyration (Rg) of the
dsDNA fragment in free form (black) and in complexed form with
structure (Figure 6A).
β-CD-PEG-PEI (blue); (B) end-to-end distance of the dsDNA
Experimental
fragment
in free form (black) and in complexed form with β-CDPEG-PEI (blue).
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were constructed and evaluated using molecular dynamics (MD)
simulations. The details of the modelling procedure are presented
in Section 2 of Supplementary Computational Methods (see the ESI
file).
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Materials

β-cyclodextrin 97% (β-CD), acryloyl chloride 97%, 2 and 25 kDa
branched polyethylenimine (PEI), 0.75 kDa methoxypolyethylene
glycol amine (PEG-amine) hydrochloride, N,N’-dimethylformamide
99% (DMF), absolute methanol, acetone and tetrahydrofuran (THF)
were purchased from Sigma Aldrich. The reagents were used
without any further purification, excepting DMF (was distilled over
potassium hydroxide and stored over 4Å molecular sieve, at room
temperature) and β-cyclodextrin (β-CD) was dried for 48 h at 110 °C
and 20 mbar vacuum (drying parameters were optimized based on
successive thermogravimetric analyses, in order to ensure the
complete elimination of hydration water).
The dialysis operations were performed through membranes
having 3.5 kDa MWCO, purchased from Spectrum Laboratories Inc.
The synthesis of acrylated β-CD
39

Using a modified protocol, 5.00 g (4.4 mmol) of dry β-CD (Mw
1134.98 Da) were dissolved in 30 mL of anhydrous DMF, under
nitrogen atmosphere. 3.77 mL (4.2 g, 46.25 mmol) of acryloyl
chloride (Mw 90.81 Da, density 1.114 g/mL at 25 °C) dissolved in 10
mL anhydrous DMF were added drop wise in the flask, under
nitrogen atmosphere (β-CD : acryloyl chloride molar ratio of 1 :
10.5). The reaction was continued for five days at room
temperature. The reaction mixture was precipitated in 250 mL of
buffer solution (pH 7.0), filtered, washed two times with distilled
water and dried under vacuum. The crude solid product was
recrystallized from methanol and dried under vacuum, resulting in
5.07 g white powder (94.15% yield).

(ddW), and subjected to dialysis for 10 days, against large volumes
of sterile ddW. Finally, the dialyzed solution was freeze-dried,
resulting 3.1 g white powder (63% yield).
1

H-NMR (D2O, 400.1 MHz, ppm): δH 2.30-3.10 (all the protons from
the PEI component), 3.10-3.50 (methylene protons from the newly
formed –NH–CH2–CH2–CO– groups), 3.33 (–OCH3 end group from
PEG), 3.65 (all the methylene groups from PEG), 3.75-4.00 (H-3, H-5
and H-6 from β-CD component), 4.87-5.20 (H-1 from β-CD
component).
13

C-NMR (D2O, 100.6 MHz, ppm): δC 35.2-55.4 (all the methylene
carbons from PEI component and from the newly formed –NH–
CH2–CH2–CO– groups), 58.1 (–OCH3 end group from PEG), 60.3 (C-6
from β-CD component), 62.5, 68.1, 69.6, 71.3, 72.1 (all the
methylene groups from PEG), 72.1 and 73.1 (C-2, C-3 and C-5 from
β-CD component), 81.4 and 101.9 (C-4 and C-1 from β-CD
component), 163.8, 164.6 and 165.7 (COO groups).
Obtaining of β-CD-PEG-PEI/DNA polyplexes

The synthesized β-CD-PEG-PEI carrier was subjected to ionic
complexation with plasmidic DNA carrying a reporter gene
(pCS2+MT-Luc or pEGFP). Polyplexes, having precise ratios between
the nitrogen (originating in the β-CD-PEG-PEI conjugate) and
phosphorous content (only present in the pDNA), were prepared.
The nitrogen amount was established based on elemental analysis
by EDAX analysis (15.3 wt%). The well-defined content of
54
phosphorous in plasmidic DNA (3 nmol phosphate per 1 μg DNA)
has been considered in N/P ratios estimation. Polyplexes were
obtained by mixing a precise amount of pDNA with the calculated
volumes of aqueous solutions of β-CD-PEG-PEI conjugate, buffered
at physiological pH (7.4). The mixtures were then gentle vortexed
and maintained at room temperature for 30 to 60 minutes, before
the physical-chemical characterization, or the biological assays on
cell culture.
Instrumental investigation methods

The synthesis of the β-CD-PEG-PEI polycationic carrier

The NMR spectra have been recorded on a Bruker Avance III
1
13
400 instrument operating at 400.1 and 100.6 MHz, for H and C
1
nuclei respectively. H NMR signals assignments were made based
1 1
on 2D NMR homo- and heteronuclear correlations. H, H-COSY,
1 13
1 13
H, C-HSQC and H, C-HMBC experiments were recorded using
standard pulse sequences in the version with z-gradients, as
delivered by Bruker with TopSpin 2.1 PL6 spectrometer control and
processing software. For the NMR analysis all the compounds were
dissolved in DMSO-d6 or D2O. Chemical shifts are reported in ppm
and referred to residual solvent peak.

The β-CD-PEG-PEI derivative was obtained through the Michael
addition of 2 kDa branched PEI and of 0.75 kDa PEG-amine
hydrochloride to the double bond of the acrylated β-CD, in
methanol. The reaction was conducted in a 50 mL two neck flask
equipped with a magnetic stirrer and a reflux condenser, by
dissolving 1.67 g (1.0 mmol) of acrylated β-CD in 30 mL absolute
methanol, followed by the addition of 0.75 g (1 mmol) PEG-amine
hydrochloride. After 24 h of stirring at 65 °C, 12 g (6 mmol) of 2 kDa
PEI were added. The reaction mixture was refluxed for an additional
48 h. The solvent was removed by distillation under vacuum. The
resulted solid product was dispersed in double distilled water

The ESI-MS analysis was performed on an Agilent 6520 Series
Accurate-Mass Quadrupole Time-of-Flight (Q-TOF) LC/MS
equipment. The solutions were introduced into the electrospray ion
source (ESI) via a syringe pump, at a flow-rate of 0.1 mL/min. After
optimization of the Q/TOF MS parameters, they were set as follows:
electrospray ionization (positive ion mode), drying gas (N2) flow rate
7.0 L/min; drying gas temperature 325 °C; nebulizer pressure 25
psig, capillary voltage 4200 V; fragmentation voltage 200 V. The fullscan mass spectra of the investigated compounds were acquired in
the m/z range of 100–3000. The mass scale was calibrated using the
standard calibration procedure and compounds provided by the

1

H-NMR (DMSO-d6, 400.1 MHz): δH 3.40 (bs, H-2, H-4), 3.65 (bs, H3), 3.90 (bs, H-5, H-6 from unmodified units), 4.09-4.62 (m, H-6
from modified units, OH-6), 4.88-5.00 (m, H-1), 5.79-6.39 (m,
CH2=CH-, OH-2, OH-3).
13

C-NMR (DMSO-d6, 100.6 MHz, ppm): δC 44.8-4.9 (C-6 in
unmodified glucose units), 63.6-64.0 (C-6 in esterified glucose
units), 69.2-72.9 (C-2, C-3, C-5), 81.1-83.4 (C-4), 101.5-102.5 (C-1),
127.8 (–CH=), 131.6-131.9 (CH2=), 165.4-165.5 (C=O).
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Taken together, these data suggests that the β-CD-PEG-PEI
carriers are able to stabilize the folding and spiralling of large
dsDNA, predicting a compaction mechanism based on polyanion –
polycation interaction and spiralling.
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Fourier Transform-Infrared (FTIR) spectra were measured on a
FTIR Bruker Vertex 70 spectrophotometer, in transmission mode, by
using KBr pellets.
XPS analyses were performed on a KRATOS Axis Nova (Kratos
Analytical, Manchester, United Kingdom), using AlKα radiation, with
-8
20 mA current and 15 kV voltage (300W), and base pressure of 10
-9
to 10 Torr in the sample chamber. The incident monochromatic Xray beam was focused on a 0.7 mm x 0.3 mm area of the surface.
The XPS survey spectra of the samples was collected in the range of
-10 to -1200 eV, with a resolution of 1 eV and a pass energy of 160
eV. The high resolution spectra for all the elements identified from
the survey spectra were collected using a pass energy of 40 eV, and
a step size of 0.1 eV.
Elemental analysis. Determination of elemental compositions
and compositional mapping of β-CD-PEG-PEI carrier have been
performed using a scanning electron microscope Quanta 200,
equipped with Energy-dispersive X-ray (EDAX) detector. Typically,
using standard procedures, detection limits are about 1000 ppm (by
weight), but can be reduced by using long counting times. The
weight percentage (wt%) and atomic percentage (at%)
concentration of elements in the samples were determined.
Particle size and zeta potential measurements. Particle size
was determined by TEM imaging, on a HT7700 Hitachi Transmission
Electron Microscope. The samples were prepared by placing a drop
of polyplexes aqueous suspension on a carbon-coated copper grid,
and by allowing the water to evaporate at room temperature. After
drying, the samples were examined in high resolution mode, under
an operating potential of 100 kV. Zeta potential measurements
were performed using the electrophoretic light scattering (ELS)
technique, on a Beckman CoulterDelsa™Nano Submicron Particle
Size and Zeta Potential Analyzer.

Electrophoresis experiment was carried out at 90 V, for 120 min, in
TAE running buffer (40 mM Tris–HCl, 1%, acetic acid, 1 mM EDTA).
The gel was visualized using a UV transilluminator, after staining
with 1% ethidium bromide.
Cell Culture

HeLa cells (CLS-Cell-Lines-Services-GmbH, Germany) were
incubated at 37 °C, in an atmosphere of 5% CO2, in 96 well cell
culture plates, using alpha-MEM medium (Lonza) supplemented
with 10% fetal bovine serum (FBS, Gibco) and a penicillin–
streptomycin–amphotericin B mixture (Lonza).
In vitro cytotoxicity assay
The cytotoxicity of PEI and β-CD-PEG-PEI polyplexes with
plasmid DNA (pLuc) was evaluated using the CellTiter 96® Aqueous
One Solution Cell Proliferation Assay (MTS assay, Promega), by
measuring the viability of HeLa cells after incubation with media
containing the samples. MTS method is based on the reduction of a
tetrazolium salt [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, MTS) by mitochondria
with the generation of a colored formazan which is water soluble
55,56
The quantity of
and can be quantified by spectrophotometry.
formazan is directly proportional to the number of viable cells. HeLa
4
cells were seeded in 96-well plates at a density of 10 cells per well,
and kept in incubator at 37 °C. After 24 hours, the culture media
was replaced with 100 µL/well fresh medium containing PEI/pLuc or
β-CD-PEG-PEI/pLuc polyplexes (500 ng DNA/well) having precise
N/P ratios. The samples were incubated for 44 hours (37 °C, 5%
CO2), then a solution of 20 µL MTS reagent was added to each well,
and the plates were returned to the incubator for another 4 hours.
Finally the optical absorbance was measured at 490 nm, using a
microplate reader (EnSight, PerkinElmer). The results were
expressed as percentages relative to the results obtained with the
control cells incubated in simple cell culture medium. The
experiments included 7 replicates and 3 repeats.
In vitro transfection efficiency of β-CD-PEG-PEI conjugate

Plasmids pCS2+MT-Luc (pLuc) and pCS2+NLS-eGFP (pEGFP) (gift
from Mr. Adrian Salic, Harvard University, Boston), which encode
for firefly luciferase and enhanced green fluorescent protein
respectively, were grown in E. Coli DH5α (gift from Dr. Anca
Gafencu, “Nicolae Simionescu” Institute of Cellular Biology and
Pathology, Bucharest), and purified with E.Z.N.A. Endo-free Plasmid
Mini II kit (Omega Bio-Tek, Inc.).

Transfection was quantified by the luciferase assay (Bright-Glo™
Luciferase Assay System, Promega), using β-CD-PEG-PEI/pLuc
47
polyplexes. HeLa cells were cultivated and treated the same
manner as in MTS assay, with the only difference that 96 well white
opaque plates have been used. After 48 hours of incubation with
polyplexes, 100 µL Bright-Glo have been added to each well with a
multichannel pipette. The luciferase activity was measured after 4
minutes on a microplate reader (EnSight, PerkinElmer) using
luminescence module. The light emitted by transfected cells was
expressed as relative light units (RLUs), and corresponds to the
number of transfected cells and the intensity of the luciferase gene
expression. The experiments included 8 replicates and 3 repeats.

Gel retardation assay

Fluorescence microscopy

Samples were prepared in 1X TAE buffer solution (pH of 7.4), by
mixing calculated quantities of PEI and β-CD-PEG-PEI with 1 µg
dsDNA (pCS2+MT-Luc of 5991 bp). After complexation completion,
10 µL of 25% sucrose solution were added and adjusted to 30 µL of
final volume. 15 µL of each sample were loaded in a 1% agarose gel,
prepared with the same buffer. The control sample consisted in
naked dsDNA, which gave the maximum migration through the gel.

The expression of EGFP plasmid in HeLa cells was measured 48
hours after the transfection with β-CD-PEG-PEI/pEGFP and
PEI/pEGFP polyplexes, by fluorescence microscopy, using an Leica
DMI 3000B microscope equipped for fluorescence with filter cube
for GFP.

Preparation of plasmid DNA (pDNA)
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manufacturer. Data were collected and processed using
MassHunter Workstation Software Data Acquisition for 6200/6500
Series, version B.01.03. The samples were dissolved in methanol
and then diluted with a mixture of water and methanol, up to a
concentration of 100 μg/mL. Only the positive ions were analysed,
because, in ESI-MS, the formation of the molecular ion occurs in
positive mode of operating.
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Statistical analysis

The experiments included seven/eight replicates and three repeats.
GraphPad Prism software version 6.04 for Windows (GraphPad
Software, San Diego, CA) was used for data analysis. Statistical test
used to compare groups was Wilcoxon matched-pairs signed-ranks,
where p<0.05 was considered to represent statistical significance.
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Computational protocol

The molecular dynamics simulations were done using YASARAStructure program that include an automatic parameterization
method
(“AutoSMILES”)
for
the
untested
molecular
57,58,59
structures.
This technique was employed to generate YASARA
force field parameters for the investigated oligomeric structures (βCD-PEG-PEI and dsDNA).
First, the initial conformers were solvated by 32.197 TIP3P
water molecules in a rectangular cell (box) with the size of 100 Å x
100 Å x 100 Å. Hence, the whole molecular system consisted of
99,192 atoms. The periodic boundary conditions were set for the
simulating box. Secondly, the cell neutralization simulation was
+
applied to add monovalent counter ions (Na and Cl ) attaining the
mass fraction of 0.9 %. Thirdly, components from the simulation cell
were equilibrated by using the steepest descent algorithm followed
by the simulated annealing minimization, to diminish the potential
energy of the system. Next, a short molecular dynamics simulation
(2 ps) was done to relax the structures. At the end of cell
equilibration, the configurations of macromolecules (dsDNA and βCD-PEG-PEI) were adopted as starting structures for the molecular
dynamics production run. For modelling purpose, a fully
deprotonated state of dsDNA (charge, -51) and about 50%
protonated state of β-CD-PEG-PEI (charge, +35) were considered for
molecular dynamics at the physiological 7.4 simulated pH. All MD
computations were done using the self-parameterizing knowledgebased YASARA force field. For the production run, the pressure
control has been enabled by setting the solvent probe mode, i.e.
3
water density fixed at 0.997 g/cm , that corresponds to the
conditions of a constant pressure of 1 bar and temperature of 298
K. A time step of 1 fs was used to integrate equations of motion. For
computation of the non-bonding interactions (van der Waals and
electrostatic), a cut-off distance of 12 Å was considered.
Electrostatic interactions were computed by the particle mesh
Ewald method (PME). Finally, the molecular dynamics simulation
was run, and trajectories were recorded periodically as snapshots.
Likewise, YASARA-Structure program was also used for the
visualization and trajectory analysis.

to the simple control of the involved reactions, (ii) the modulable
molecular morphology, which can be entirely designed in silico, (iii)
the ability to adapt to the local three-dimensionality of the nucleic
acid to be vectorized, (iv) the propensity to act as local cores in
nucleic acids packaging, in a mimetic manner with respect to
histone complexes. According our results, plasmid molecules can be
tightly packaged in separate particles by the collaborative action of
a multitude of individual carrier molecules. The biologic
functionality of the vectorized plasmids is preserved, as we
demonstrated by transfection tests.
The molecular edifice of the carrier consists in a β-CD core
which is decorated with a precise number of polymeric chains of
PEG and bPEI type, in a ratio that can be varied according to the
target applications, in order to adapt to the particular nucleic acid
molecules, and to maximize the transfection efficacy. The absence
of cytotoxicity was proved, together with the collaborative
packaging yield of the carrier molecules.
In silico calculations demonstrated the ability of the individual
β-CD-PEG-PEI carrier molecules to stabilize the folding and spiralling
of large dsDNA, predicting a compaction mechanism based on
polyanion – polycation interaction, which was experimentally
proved. By molecular modelling, a histone-like mechanism of
spiralling was demonstrated.
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