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Abstract
Efficient tools are still being searched for to substitute the viral vectors in nucleic acid delivery
applications. One of the most severe constraints in producing them is related to the strict
reproducibility of their molecular characteristics, which is ensured through the synthesis. In this
work, we report an original route to obtain polycationic nanoentities with low variability, which are
able to act as cooperating carriers for dsDNA complexation and transport. The carriers are
synthesized by rigorous conjugation of β-cyclodextrin (β-CD) with precise ratios of 2 kDa branched
poly(ethyleneimine) (b-PEI) and 0.75 kDa poly(ethylene glycol) (PEG). Low cytotoxicity was the
key parameter of the carrier design, besides the highest possible transfection ability, and both of
these features were proven by HeLa cell culture assays. A reporter gene which induces the
expression of green fluorescent protein (GFP), inserted in a plasmid, was used to perform the
necessary quantitative measurements. In silico molecular modelling guided the carrier design and
confirmed the functional mimicry of histones in the tight and compact nucleosome-like spiral
packaging of dsDNA. The carrier molecules, synthesized with high reproducibility, are expected to
be feasible for application in gene transfection.
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Introduction
Polymeric non-viral vectors are intensely studied in order to develop efficient tools for
controlled nucleic acids delivery [1,2]. 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 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 reversibly load and to stably carry large-enough, genetic-relevant segments
of nucleic acids).
Polycationic species represent “the natural choice” in producing macromolecular non-viral
vectors, but some issues must be solved in the attempt to construct nucleic acids delivering
tools [3]. 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). In order to minimally disturb tissue and cell metabolic mechanisms,
oligomeric polycations or their amphiphilic derivatives in the form of unwind/uncoiled segments or
branches are the most efficient and low-toxic building-blocks [4]. 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, and its ability to mimic the ordered packing
capacity [5] and the dynamic spatial remodeling potential of nucleosomes [6,7].

3

The present work reports a new pathway to synthesize a polycationic construct which
includes PEGylated β-cyclodextrin (β-CD) molecules as local multi-branching sites (“articulation
points”) and linking entities, placed between the chain segments of branched poly(ethyleneimine)
(bPEI), thus generating a spatial positively charged network. 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 bPEI), its reactivity can be fitted to
any imposed association strength between them and the carried nucleic acids (by the ratio between
bPEI, 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 PEI branches). The construct has the characteristics of a charged nanoparticle, being able to
emulate the functionality of the histones assembly by cooperatively packing large nucleic acids
chains, generating confined and dense cargo-complexes, in which several particulate carriers
cooperate in order to aggregate the nucleic acids macromolecules.
Due to their intrinsic reactivity and complexing affinity, cyclodextrins (CDs) are versatile
entities for organic [8,9] and macromolecular synthesis [10], and for building functional
supramolecular edifices [11]. They are also valuable chain links or cross-linking elements in
producing polycationic carriers, able to transfect cells[12] or to deliver drugs [13]. PEGylation of
the CDs 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 of the immune system [14,15].
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, main chain. By virtue of their primary, secondary and tertiary amino groups, PEIs
ionically interact with virtually all (poly)anions and ampholytes which possess deprotonated groups
at neutral or mildly alkaline values of pH, to generate colloidally stable nanoparticles characterized
by a total charge (measured as zeta potential) that depends on the predominant partner, and by a size
4

suitable for cell uptake [16]. 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 trafficking [17,18]. An
advantage of using PEIs to condense polyelectrolytes of biological interest is the fact that they does
not alter the native state of biomacromolecules [19]. The cytotoxicity threshold of PEIs is still under
debate [20] (because it is strictly dependent on the considered cell types, and on the nature and
extent of PEIs derivatization and/or conjugation), but the practice proved that their molecular
architecture (linear or (hyper)branched) and weight are the factors that can be manipulated in order
to minimize adverse effects on cells [21,22] PEIs derivatization, including by PEGylation [23], lipid
conjugation [24], and copolymerization [25], 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 [26], which provides the ability to further involve
modified CDs in Michael nucleophilic addition reactions with, for example, polymers bearing
pendant primary amino groups (like PEIs are) [27-29]. To obtain unsaturated CDs derivatives in a
reproducible manner, the reaction must be rigorously conducted in anhydrous and non-oxidative
conditions, with slow kinetics, in order to control the grafting position and the number of engrafted
monomers. According our experience, CDs derivatization through the reaction with acryloyl
chloride meets these constraints. It occurs selectively at the most mucleophilic hydroxyl groups,
those in the 6-position (the primary ones), placed on the CDs smaller rim, as illustrated in Figure 1.
Despite its simplicity (as compared with, for example, the route of tosyl leaving group [30,31]), the
direct CDs acrylation is reproducible and can be conducted stoichiometrically.

5

Figure 1: The general synthesis pathway of acrylate β-cyclodextrin.

Results and Discussion
The synthesis and characterization of β-CD acrylate. Acrylated β-CD was obtained by
the esterification of C-6 hydroxyl groups of glucose units [32,33] with acryloyl chloride (Figure 1).
By adjusting the molar ratio of the two reaction partners, different substitution degree of β-CD can
be obtained. The purpose of the esterification (acrylation) reaction is to introduce as many reactive
acryloyl groups as necessary to attain the most favourable N/P ratios of the final polyplexes that
enssure the highest transfection capacity.
The completion of acrylation reaction was confirmed by 1H-NMR,
FTIR spectroscopy. Acrylated β-CD has very distinctive 1H and
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C-NMR, XPS and

C-NMR spectra, as compared

with the native β-CD. In the 1H-NMR spectrum (Figure S1, in Supporting Information), the main
differences are the severe broadening of all the signals, caused by the lack of symmetry of the
modified β-CD, and the appearance of new signals corresponding to the protons from modified
glucose units and acrylic groups. The signals for all the CH, CH2-6 and OH-6 groups, from
acrylated and unmodified glucose units, appear in the interval 3.00-5.20 ppm. The acrylic, OH-2
and OH-3 groups have the corresponding signals in the interval 5.5-6.5 ppm. Because of both
broadening and overlap of the signals, it is difficult to differentiate all the peaks for acrylated
glucose units from those for unmodified units. A downfield shift was observed for the signals
6

assigned to CH2-6 and CH-5, as compared with the native β-CD. Additionally, based on the
correlations obtained in the 1H,13C-HSQC spectrum (Figure S2, in Supporting Information), we
were able to assign the distinctive set of signals at δ = 4.09 – 4.40 and δ = 4.40 – 4.65 ppm, to the
CH2-6 group from the modified glucose units. The signals for CH-2 and CH-3 do not suffer
significant modifications, confirming the introduction of the acrylic groups only in position 6. The
signals for the two protons of the acrylic CH2= groups were assigned at chemical shifts of 5.79 6.00 and 6.23 - 6.39 ppm, while the signal for the –CH= groups was assigned 6.06-6.30 ppm.
The 13C-NMR spectrum 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 splited in groups of signals, suggesting that all the seven glucose units are
different (see Figure S3, in Supporting Information). The most relevant difference between
acrylated and unmodified glucose units was observed to be a 20 ppm downfield shift of the signals
corresponding to CH2-6 groups. Based on the 1H,13C-HSQC spectrum, the signals for CH2-6 groups
in unmodified glucose units were assigned at δ values of 44.8 - 44.9 ppm, while those in acrylated
glucose units were assigned at 63.6 - 64.0 ppm. The rest of the signals are not influenced in a
significant manner, appearing at the chemical shifts specific to β-CD. The acrylic groups show their
characteristic signals at 127.8 ppm (–CH=), 131.6-131.9 ppm (CH2=) and 165.4-165.5 ppm (C=O).
Also, because of the severe broadening and overlap of the signals in 1H-NMR spectrum, we tried to
approximate the degree of substitution of the OH-6 groups of β-CD from the
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C-NMR data. It

should be mentioned that the quantitative 13C-NMR spectroscopy requires long relaxation delays, of
tens of seconds, especially if quaternary carbons, such as carbonyl groups, are investigated. This
fact usually leads to very long acquisition times in order to obtain a sufficient signal-to-noise ratio.
For this reasons, the
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C-NMR spectroscopy is not the preferred method for obtaining quantitative

data. In our case, because of the signals’ broadening in the 13C-NMR spectrum, caused by the lack
of symmetry of the acrylated β-CD, 14,000 scans were necessary in order to obtain a

13

C-NMR

spectrum with an acceptable signal-to-noise ratio. This limited the value of relaxation delay to 10
7

seconds (leading to almost 48 hours acquisition time), which was not enough to have real
quantitative result. In these conditions we were able to only determine a “semi-quantitative value”
of 5.1 acrylic groups per 1 β-CD molecule. This value resulted from the integrals ratio of the signals
C-1 to CO, 7 : 5.1, as shown in Figure S3 (in Supporting Information).
Due to the fact that the degree of substitution detremined by
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C-NMR is a “semi-

quantitative value”, ESI-MS analysis was performed. The ESI-MS spectrum of the β-CD dissolved
in a solution of 9:1 v/v methanol: water is shown in Figure 2. The prominent peak at m/z 1156.96
corresponds to the [-CD + Na]+ single charge sodium adduct of β-CD, while the peak at m/z
1172.94 belongs to [-CD + K]+ single charge potassium adduct of -CD. Figure 3 presents the full
scan MS spectrum of the acrylated β-CD, which revealed the presence of acrylated β-CD with
different degrees of substitutions. The most abundant ion observed at m/z 1513.24 corresponds to
the protonated form of acrylated β-CD containing 7 acrylic groups. In addition, ions corresponding
to acrylated β-CD with 5 and 6 acrylic groups were also observed in protonated form at m/z 1405.22
and 1459.23 respectively. Based on these considerations, the average degree of substitution (DS)
can be inferred from the calculation 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 6.8.

Figure 2: The mass spectrum of β-CD in methanol-water solution (9:1 v/v).
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Figure 3: The mass spectrum of acrylated β-CD in methanol-water solution (9:1 v/v).
The chemical composition of acrylated product was investigated by X-ray photoelectron
spectrometry (XPS). The carbon and oxygen atomic contents of the acrylated β-CD synthesized
according the procedure described in the Materials and Methods section (using a molar ratio of 7 : 1
acryloyl chloride : β-CD, and an 1.5 times excess) are given in Table 1, together with the theoretical
elemental content of the seven-substituted acrylated β-CD (having the composition formula
C63H91O42). Experimental data were provided by the wide-scan XPS analysis of the sample surface
(Figure S4-a, in Supporting Information). By comparing the values of the experimental and
theoretical atomic concentrations, a degree of substitution of 6.8 was calculated, which adequately
confirms the results of ESI-MS analyses. Considering that the
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C-NMR results are only “semi-

quantitative”, the value of the substitution degree is considered to be 6.8, for all the experiments.

Table 1: Atomic composition of the acrylated β-CD determined by XPS analysis, and calculated for
the elemental formula C63H91O42, of β-CD substituted with 7 acryloyl groups.
Element

Atomic composition

C

O

XPS determined values
Atomic concentration (%)
58.77
41.23
Mass concentration (%)
51.93
46.40
Calculated values for the elemental formula C63H91O42 of heptasubstituted β-CD
Atomic concentration (%)
60
40
Mass concentration (%)
49.77
44.20
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Structural conformation of the acrylated β-CD in solid state was also investigated by the
XPS technique, in order to put in evidence the presence of acryloyl groups attached to β-CD. As
expected, the esterification reaction led to the modification of the composition of the reaction
product, since new hybridization states of the atomic species occurred. The deconvoluted XPS highresolution spectra of C 1s and O 1s atomic states of acrylated β-CD (Figure 4a-b) clearly indicate
the existence of the new formed acrylic group, linked to cyclodextrins, by the presence of the O–
C=O fragment (into both carbon and oxygen peaks), as a result of the esterification reaction.

Figure 4: XPS high-resolution spectra of C 1s and O 1s in the acrylated β-CD (A, B), and of C 1s
and N 1s in β-CD-PEG-PEI (C, D). Samples were examined in dried-powder state.
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Figure S5 in Supporting Information displays the FTIR spectra of the unmodified β-CD and
of the acrylated β-CD. A decrease in the intensity of OH vibration at 3370 cm-1 was observed in the
spectrum of acrylated β-CD, due to the decrease of hydroxyl groups as a consequence of the
esterification reaction. The absorption band at 1728 cm-1 is assigned to the vibration of ν C=O
bonds in ester groups possesing α-β unsaturated carbon. The bands at 1620 cm-1 (ν C=C), 1412 cm-1
(ν -HC=CH2-) can be attributed to the vinyl groups in acrylated β-CD. Characteristic bands at 1154
cm-1 due to ν -C-O-C- in glycosidic bridges, and at 1023 cm-1 (coupled ν C-C and ν C-O) and 1080
cm-1 due to ν C-O vicinal to the primary hydroxyl groups, were also observed.

The synthesis and characterization of β-CD-PEI-PEG polycationic carrier. The
tridimensional edifice of the carrier was build through the Michael addition reaction [34] between
the nucleophilic amino groups of PEG-amine and of branched PEI, and the double-bond of
acrylated β-CD. For reproducibility reasons but also in order to benefit from the enhanced
biocompatibility of PEG free chains [35,36], only the PEI was allowed to induce the bridging
between the β-CD units (PEI is multi-amino functional, whereas methoxi-poly(ethylene glycol)amine is monofunctional in addition reactions). The molar ratios in the initial reaction mixture
consisting in acrylated β-CD, PEG-amine, and PEI were 1 : 1 : 6, and the addition was conducted in
anhydrous conditions. The postulated structure of the resulting polycationic carriers is depicted in
Figure 5. To prove it, NMR, ESI-MS, XPS and FTIR analyses were performed.
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Figure 5: The hypothetical structure of the synthesized polycationic conjugate.
The 1H-NMR spectra of β-CD-PEI-PEG conjugate shows very broad and overlapping
signals, as shown in Figure S6 (in Supporting Information). The specific peaks of the three
components are present, almost all of them appearing in the interval 2-4 ppm. The success of the
addition reaction is certified by the fading of the signals of acrylic groups, located at 5.79-6.40 ppm.
The PEI component has a characteristic “fingerprint”, with all the signals overlapping in the interval
2.3-3.1 ppm. From 1H,13C-HMBC spectra (Figure S7, in Supporting Information), 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 reveals 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 β-CD component are
12

overlapped by the PEG main peak (at 3.65 ppm) and could not be identified. The broad signal at
3.75-4.00 ppm was assigned to the cyclodextrin protons in positions 3, 5, and 6, while the broad
signal at 4.87-5.20 ppm corresponds to the protons in position 1. Because the solvent for the NMR
analysis was D2O, the protons from hydroxyl groups no longer appear in the 1H-NMR spectrum,
being exchanged with deuterium.
The
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C-NMR spectrum (Figure S8, in Supporting Information) revealed the signals

corresponding to the esteric carboxyl groups, in the 160-170 ppm domain. PEI component has the
signals distributed in the range 35-55 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.
The mass spectrum of the β-CD-PEI-PEG conjugate is presented in Figure 6. Due to the
inherent variability of the weight of PEG and PEI macromolecules chains, the ESI-MS spectrum
reflects their narrow mass dispersity. 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 1969.60 with 44 Δm/z (C2H4O
monomer unit) and was assigned to the β-CD-PEG derivative. Minor series containing multiplycharged ions (up to 7+) were also observed in the ESI mass spectra around m/z 2200, 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 CD-PEIPEG spectrum indicates that acrylated β-CD is no longer present in the sample, by disappearance of
the specific peaks at m/z 1405.22, 1459.23 and 1513.24. This data suggest the successful
conjugation of acrylated β-CD with PEI and PEG.
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Figure 6. The mass spectrum of -CD-PEI-PEG in methanol-water solutions 9:1 (v/v).

The XPS spectrum of the β-CD-PEI-PEG conjugate is presented in Figure S4 (the wide
scan), which provides the elemental ratios between the carbon, oxigen and nitrogen atoms, and
Figure 4 (the deconvolution of the C 1s and N 1s peaks in high resolution scan), which put in
evidence the types of the bonds between atoms that are involved in conjugation. Deconvolutions in
Figure 4 indicate the consumption of the vinyl group (C=C), and the appearance of the C-N group
in different states, confirming the addition of amino groups of PEI to the double bonds of the
acrylated β-CD.
Based on the theoretical calculation of C, O, and N atoms, mass concentration in the
molecule of β-CD-PEI-PEG conjugate, and, by comparison with the XPS determined values
(62.81% C, 27.17% O, 10.02% N; Figure S4 in Supporting Information), the ratios of the
additioned PEI and amino-PEG compounds to the acrylated β-CD were determined to be the
following: β-CD : PEI : PEG = 1 : 4 : 2. In other words, if the mass contribution of H atoms is not
taken into account, the structural unit of the synthesized conjugate is a mixture of tri-PEI-monoPEG-β-CD (predominant) and tetra-PEI-di-PEG-β-CD (minoritary). According the mass balance
between the hydrogen neglecting molecular weights of the synthesized conjugate (62.81 x 12.0107
+ 27.17 x 15.9994 + 10.02 x 14.0067 = 1428.649 Da) and of the theoretical composition (the
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calculated weighted molecular mass of the mixture of PEI-PEG-β-CD is 10104.113 Da), the
average numbers of structural units (β-CD-PEI-PEG) in each conjugate macromolecule is 7.07
(10104.113/1428.649), which means that, in average, each conjugate molecule contains 7 molecules
of β-CD.
The FTIR spectrum on the bottom of Figure S5 (in Supporting Information) recorded for the
β-CD-PEI-PEG conjugate reveals the decrease of the vibration frequency of the C=O bond specific
to the α,β-unsatured esters from 1728 to 1640 cm-1, due to the involvement of the double bond in
the addition reaction, and to the presence of the N atom in its proximity. The absorption bands at
1573 and 1618 cm-1 are due to the deformation vibrations of the iminic N-H bond, while the
absorption band at 1110 cm-1 is attributed to the valence vibration of the C-N bond in the ethylenic
segments of the imine. The stretching vibration bands at 1035 and 1059 cm-1 are due to the
proximity of the C-C and C-O-C bonds existing in the acrylated starting product.

Obtaining and characterization of β-CD-PEG-PEI/DNA polyplexes. Polyplexes having
precise ratios between the nitrogen (originating in the β-CD-PEI-PEG conjugate) and phosphorous
content (only present in the dsDNA, in this case) were prepared considering the nitrogen percentage
amount determined by the XPS analysis (10.02%), and the fact that each microgram of dsDNA
contains 3 nmols of phosphorus. Solutions of precise content of the plasmidic DNA and β-CD-PEIPEG conjugate were prepared and then used to prepare mixtures of calculated nitrogen to
phosphorous (N/P) ratios; the resulted polyplexes were subjected to the physical-chemical
characterization, and were further used to perform cell transfection.
The ionic complexation of plasmidic DNA with the β-CD-PEI-PEG conjugate, at N/P ratios
of 1, 3, 5, 10, 15, and 20, was tested by the gel retardation assay. Naked plasmidic DNA was used
as negative control (zero N/P ratio). As presented in Figure 7, the threshold value of the N/P ratio
that inhibits the electrophoretic migration of the dsDNA is 15 (nucleic acid molecules no longer
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escape from the complexation product). Starting with an N/P ratio of 20, no dsDNA remains
unincluded in the resulted polyplex.
Based on the contents of nitrogen and phosphorus in the molecules of the two components
(tetra-PEI-di-PEG-β-CD conjugate, as determined by XPS, and dsDNA, respectively), the mass
ratio of a polyplex having an N/P ratio of 1 is 0.379 : 1. Therefore, roughly, 7.58 μg (20 x 0.379) of
β-CD-PEI-PEG conjugate will ionically immobilize 1 μg of pEYFP. Considering that the average
molecular weight of a base pair (bp) is 325 Da, and that pEYFP comprises 4,7 kbp (having,
accordingly, a molecular weight of about 1527.5 kDa), by back calculation, the molar loading
capacity of the synthesized carrier is of

1.06·10-3 mol plasmidic dsDNA. Reciprocally, one

molecule of pEYFP is collaboratively complexed, in average, by a number of 943.39
macromolecules of

β-CD-PEI-PEG conjugate, which include more than 8100 β-CD units.

Therefore, in abstracto, each macromolecule of β-CD-PEI-PEG conjugate (of 12.28 kDa) is capable
to load about 4.98 base pairs of plasmidic DNA. Comparatively, a single tetrameric histone
complex (of 54.37 kDa) load 147 bp. This performance is due to the high ordered rigid structure of
the histone complex, which is able to tightly and reproducibly wind the dsDNA. The synthesized βCD-PEI-PEG conjugate lacks the organized and reproducible structure of histone complexes, which
penalizes its loading performances.

Figure 7: The result of gel retardation test performed for polyplexes having N/P ratios of
0, 1, 3, 5, 10, 15, and 20. Empty wells were maintained between the loaded ones to prevent artifacts.
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The morphological and dimensional characteristics of the β-CD-PEI-PEG/pEYFP
polyplexes were investigated by transmission electron microscopy (TEM). In order to put in
evidence significant dimensional differences, two polyplexes having distinct N/P ratios (10 and 60)
were investigated. Figure S9 (in Supporting Information) presents the corresponding TEM images
and the histograms of the dimensional distribution of the resulted nanoparticles. The obvious
difference of compactness (reflected by the median of the particles diameter, which are of 1.98 nm
and 1.5 nm, respectively) suggests that when the positively charged carrier is in a large excess, the
packaging effect due to the ionic complexation induces a tighter association between the two
partners of the polyplex. The tendency to bimodality (with second local maxima at 4.1 nm and 2.5
nm, respectively) may reflect the existence of two morphological states of association, imposed,
most probably, by the plasmid which can adopt distinctive coiling topologies.
The particles size of the β-CD-PEI-PEG/pEYFP polyplexes was also studied by the dynamic
light scattering (DLS) technique, considering, in this case, the influence of the pH values of the
aqueous milieu. Two pH values were taken into account, that of the blood (which is mormally 7.4),
and that of the tumoral microenvironment (which most frequently is 5.5, or below). Figure S10 (in
Supporting Information) presents the results. As compared with the size measurements performed
by TEM (when the particles are dried, and their dimensions reflect the reciprocal positioning of the
macromolecules segments into the particles internal structure), the values determined by DLS
describe the effects of the supramolecular aggregation which occurs between either the same or the
different entities type. As the histograms in Figure S9 reflect, the supramolecular aggregation
strongly depends on the ratio amount of the two partners of the polyplex. Aggregates are denser and
smaller in direct relation with the predominance of the dsDNA, which argues the collaborative-type
ionic precipitation of the plasmid by a multitude of β-CD-PEI-PEG carrier macromolecules. No
statistically relevant differences between the aggregation at physiological and acidic pH were
recorded (mainly because the pKa of the phosphate groups in the phosphodiester linkages of nucleic
acids is about 1.0, and, at any pH larger than 1.2, they are completelly dissociated and fully able to
17

coprecipitate with basic partners), but the corresponding mean values seems to be closer when the
positive charged conjugates tend to saturate the negativelly charged plasmid, in the range 10 to 20
of the N/P ratio of polyplex. Larger excess of the positive carrier tend to enlarge the dimensions of
polyplexes aggregates in acidic milieu, which is equivalent with a more disordered association, and,
probably, with an increased ability to disintegrate and to release the components. This fact is
common during the endosomal/lysosomal processing of polyplexes at local intracellular acidic pH,
concluded with the nucleic acids release.
The evolution of the measured zeta potential of the supramolecular aggregates of β-CD-PEIPEG/pEYFP polyplexes is presented in Figure S11 (in Supporting Information). 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
S11, at N/P ratios higher than 20 the zeta potential of the β-CD-PEI-PEG/pEYFP polyplexes
remains 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
pEYFP negative charges by the positive β-CD-PEI-PEG conjugates is situated at an N/P ratio of
about 20.
Molecular dynamics simulations of β-CD-PEG-PEI/DNA polyplex formation. We
performed an all-atom molecular dynamics (MD) simulation to study the insights of polyplex
formation between the non-viral vector (β-CD-PEG-PEI) and a target oligonucleotide (dsDNA). To
this end, both macromolecules (dsDNA and β-CD-PEG-PEI) were modeled as oligomeric structures
that were constructed by means of the YASARA program [37].
The modeled non-viral vector (β-CD-PEG-PEI) comprises a β-CD ring to which there were
attached different functional groups, i.e. five branched PEI chains, one linear PEG chain and one
short moiety (CH2=CH-CO-). Each modeled PEI-tail contained a total number of 13 nitrogen atoms
(i.e. 8 nitrogen atoms in the backbone, and 5 nitrogen atoms in the branched segments) summing up
5 primary (-NH2), 4 secondary (=N-H) and 4 tertiary (N) amine groups. The PEG-tail was built as
18

an oligomeric linear-chain containing 7 monomeric units. Thus, the molecular weight of the
modeled vector (β-CD-PEG-PEI) was equal to 4.68 kDa. Prior to MD simulations, the structure of
β-CD-PEG-PEI was optimized by minimizing its potential energy at the level of molecular
mechanics (using YASARA force field).
The simulated dsDNA helix was built by YASARA-Structure program as an oligonucleotide
with the following sequences: the sense strand 5’-CAAGCCCTTAACGAACTTCAACGTA-3' and
the antisense strand 5'-TACGTTGAAGTTCGTTAAGGGCTTG-3'. Hence, the modeled dsDNA
contained 50 nucleotides summing up a molecular weight of 15.43 kDa. The constructed dsDNA
oligomeric structure was also subjected to the energy minimization before molecular dynamics
simulations.
Figure 8 illustrates some selected snapshots from MD trajectories showing the interaction
between the vector (β-CD-PEG-PEI) and the target oligonucleotide (dsDNA) at different simulation
time intervals. For clarity, water molecules were omitted.
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Figure 8: Simulation snapshots depicting the formation of the polyplex between dsDNA and
β-CD-PEG-PEI at different times: a) t=0 ns; b) t=1 ns; c) t=2 ns; d) t=5 ns; e) t=7 ns; e) t=9 ns.

As given in Figure 8a, at the time zero (t=0), the target (dsDNA) and polycationic vector are
separated by a distance of about 40 Å between their centers of geometries (COG distance). After
1 ns simulation time (t=1 ns), first contacts between macromolecules can be observed (Figure 8b).
As simulation time elapsed (t > 1 ns), the target and vector get gradually closer increasing the
number of intermolecular contacts and revealing the formation of the β-CD-PEG-PEI / dsDNA
polyplex (see Figure 8c-f). After 9 ns simulation time (Figure 8f), the well-defined polyplex
structure can be distinguished. This condensed structure involves the aligning of PEI-tails of the βCD-PEG-PEI vector with dsDNA phosphate groups of both strands. Simulation results revealed that
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the PEG linear chain remained in touch (condensed) with the adjacent PEI-tail by non-bonding van
der Waals interactions. Therefore, it turns out that the PEG tail interacts weekly and indirectly with
dsDNA.
The history of the intermolecular distance between dsDNA and β-CD-PEG-PEI versus the
simulation time is shown in Figure 9a. The intermolecular distance is given in terms of centers of
geometry (COG-distance). As Figure shows, the COG-distance between the target and vector has a
decrease tendency (with some fluctuations). Overall, the intermolecular distance decreased
gradually form 40 Å to 18 Å in about 9.5 ns (see Figure 9a). As the COG-distance diminished, the
number of atoms in intermolecular contact (for a cutoff radius 4 Å) increased significantly (Figure
9b). Thus, at the simulation time of t = 0.6 ns the number of atoms in intermolecular contact is still
nil. Afterwards, the contacts increase gradually (with some fluctuations) up to 500-700 that can be
distinguished for t > 6 ns (see Figure 9b).

Figure 9: MD trajectory analyses results: (a) the distance between the centers of geometry of
β-CD-PEG-PEI and dsDNA, and (b) the number of atoms into intermolecular contacts with a
cuttoff radius of 4Å.
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The increase of the number of atoms in intermolecular contact conducted to the formation of
hydrogen bonds (H-bonds) between amine groups of PEI-tails of the vector (β-CD-PEG-PEI) and
the backbone oxygen atoms of the target (dsDNA).
The number of hydrogen bonds formed during simulation is given in Figure 10a. As one can
see, the first hydrogen bonds were formed at a simulation time around 0.8 ns, when a branched
segment of a PEI-tail (from the vector) was in close contact with the target (dsDNA). As simulation
time elapses, the molecular objects (vector and target) get closer and the number of H-bonds
alternates (increases and decreases), generally following an upward trend. Consequently, the total
energy of the H-bonds was calculated as reported in Figure 10b. According to this figure, the total
energy of H-bonds increased during the course of MD simulation, from 0 to 68 kcal/mol. Thus, it
turns out that the polyplex structure is more stable with the increasing of the number of hydrogen
bonding between β-CD-PEG-PEI and dsDNA.

Figure 10: History of hydrogen bonds formation: a) the number of hidrogen bonds that occur
between dsDNA and β-CD-PEG-PEI and b) the total energy of these bonds.

The radius of gyration (Rg) and root-mean-suqred-deviation (RMSD) are two parameters usefull to
make the comparison between molecular conformers resulted from the simulation and a reference
structure (typically, an initial conformer). In our study, the RMSD values for β-CD-PEG-PEI vector
and dsDNA target were computed with respect to their equilibrated structures (i.e. initial
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geometries). Figure 11 depicts the changes in radii of gyration (Rg) and RMSD versus the
simulation time, for both macromolecular objects. According to Figure 11a, the Rg value for
dsDNA drops down from its initial value (27.0 Å) and then fluctuates around an average value of
23.4 Å (Figure 11a). This simulation outcome suggests the dsDNA helix get slightly compacted
comparing with its initial equilibrated structure. In the case of vector (β-CD-PEG-PEI), its radius of
gyration fluctuates and decreases gradually from 17.48 Å to 13.4 Å (Figure 11a). As one can see
from Figure 11b, the RMSD values of both target and vector macromolecules exceed the limit of 3
Å. Hence, the conformers generated in the course of MD simulation are dissimilar to their initial
equilibrated structures, indicated that both target and vector are flexible macromolecules. Because
of greater RMSD values for the vector (see Figure 11b), it turns out that β-CD-PEG-PEI is a more
flexible molecular object than the target (dsDNA).

Figure 11: MD results showing the evolution in time of conformational parameters for dsDNA and
β-CD-PEG-PEI: a) radius of giration (Rg) and b) root-mean-square deviation (RMSD).

In addition to the single-target system (i.e. dsDNA / β-CD-PEG-PEI), we also performed
molecular dynamics simulations for the two-targets system (i.e. 2dsDNA / β-CD-PEG-PEI). The
latter system implyes two molecular targets (dsDNA) and one vector (β-CD-PEG-PEI). For this
case, we considered the nonviral vector (β-CD-PEG-PEI) surrounded by two dsDNA
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macromolecules as shown in Figure 12a. Note that, the intermolecular distance (COG) between
each target macromolecule and the vector was about 40 Å. Afterwards, the same molecular
dynamics simulation protocol was applied, as presented above. Figure 12(a-f) illustrates trajectory
snapshots depicting the formation of the polyplex between β-CD-PEG-PEI and two dsDNA
oligonucleotides, at different simulation times. As this figure shows, the PEI-tails of the vector (βCD-PEG-PEI) interacted in both directions with target macromolecules (dsDNA-1 and dsDNA-2).

Figure 12: Simulation snapshots depicting the formation of the polyplex between β-CD-PEG-PEI
and two dsDNA oligonucleotides, at different times: a) t=0 ns; b) t=1 ns; c) t=2 ns; d) t=5 ns; e) t=7
ns; f) t=10 ns.
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In turn, the PEG-tail was coiled suggesting a negligible interaction with one of the target. This can
be seen more clearly from the zoom-in snapshot (at t=10 ns) as shown in Figure 13. Details about
MD trajectory analysis for the two-targets system (2dsDNA /β-CD-PEG-PEI) are given in the
Supporting Information section (Figures S12-S14). For this scenario, simulation results indicated
that β-CD-PEG-PEI vector can aggregate both dsDNA oligonucleotides with the formation of a
larger polyplex. This complex was also stabilized by hydrogen bonds between PEI-tails of the
vector and phosphate groups from the both dsDNA macromolecules.

Figure 13: Zoom-in simulation snapshot (at t=10 ns) giving details about the polyplex structure
between β-CD-PEG-PEI and two dsDNA oligonucleotides.

The in vitro cytotoxicity of the β-CD-PEI-PEG carrier and of the β-CD-PEIPEG/pEYFP polyplexes. Figure S15 (in Supporting Information) resume the results of cytotoxicity
evaluation performed for both the nude carrier and its corresponding polyplex having an N/P ratios
of 5, 30, 100, 150, and 300, on HEK 293T cells, using the MTT technique. N/P ratios beyond the
effective complexing threshold of N/P 20 were tested in order to determine if polyplexes with in
excess carrier could potentially destructurate, inducing unfavorable effects on cell metabolism. No
cytotoxic effects were noticed, but actually an increase of cell proliferation in comparison with the
control samples (that does not include the carrier or polyplexes containing it).
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The in vitro transfection efficiency. The transfection ability was evaluated on HEK 293T
cells cultured in the presence of polyplexes loaded with a plasmid bearing a reporter gene (pEYFP),
β-CD-PEI-PEG/pEYFP polyplexes, by fluorescence microscopy and by flow cytometry, after 48 h
of incubation. The tested N/P ratios were 0, 10, 20, 60, 80, 100, 160, and 200. Figures 14 and S16
(in Supporting Information) resume the results.
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Figure 14: The transfection efficiency of the β-CD-PEI-PEG/pEYFP polyplexes at different N/P
ratios, measured by flow citometry. R1 and R2 channels report the number of untransfected and
transfected cells, respectively.Cneg: negative controle (untreated cells) and Cpos: cells transfected
with commercial agent (SuperFect®)

According the flow cytometry data, up to an N/P ratio of 100 the transfection does not occurs in a
significant amount, but efficiency values (the expression of the fluorescent protein by the
transfected cells) of around 8.00, 14 and 13 % were obtained for N/P ratios of 100, 160, and 200,
respectively.

Conclusions
The synthesis of the tridimensional edifice of the carrier was achieved by the addition of the
primary amino group of PEG-amine and branched PEI at acrylic groups of β-CD, based on the
Michael addition reaction, in a β-CD : PEG-amine : bPEI molar ratio of 1 : 1 : 6. The NMR, ESIMS and XPS data suggest the successful conjugation of acrylated β-CD with bPEI and PEG-amine.
Based on the theoretical calculation of C, O and N atoms mass concentration in the molecule of the
β-CD-PEI-PEG conjugate and by comparison with the XPS obtained values the average numbers of
structural units (β-CD-PEI-PEG) in each conjugate macromolecule is 7.07 which means that, in
average, each conjugate molecule contains 7 molecules of β-CD.
Gel retardation assay demonstrated that dsDNA remains included in the resulted polyplex, due to
the ionic interactions between the pEYFP and tridimentional β-CD-PEI-PEG conjugate, starting
with an N/P ratio of 20.
The morphological and dimensional characteristics of the β-CD-PEI-PEG/pEYFP polyplexes were
investigated by TEM and DLS
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The TEM histograms of polyplexes with different N/P ratio suggest that when the positively
charged β-CD-PEI-PEG conjugate is in a large excess, the packaging effect due to the ionic
complexation induces a tighter association between the β-CD-PEI-PEG conjugate and pEYFP and
the tendency to bimodality may reflect the existence of two morphological states of association,
imposed, most probably, by the plasmid which can adopt distinctive coiling topologies. The
particles size of the β-CD-PEI-PEG/pEYFP polyplexes was also studied by DLS at pH of 7.4
(physiological value) and 5.5 (tumoral microenvironment). As the histograms reflect, the
supramolecular aggregation strongly depends on the ratio amount of the two partners of the
polyplex when the aggregates are denser and smaller in direct relation with the predominance of the
dsDNA, which argues the collaborative-type ionic precipitation of the plasmid by a multitude of βCD-PEI-PEG carrier macromolecules. No statistically relevant differences between the aggregation
at physiological and acidic pH were recorded but the corresponding mean values seems to be closer
when the positive charged conjugates tend to saturate the negativelly charged plasmid, in the range
10 to 20 of the N/P ratio of polyplex. Larger excess of the positive carrier tend to enlarge the
dimensions of polyplexes aggregates in acidic milieu, showing the disintegrating and releasing of
the components. This fact is common during the endosomal/lysosomal processing of polyplexes at
local intracellular acidic pH, concluded with the nucleic acids release. The zeta potential
measurements

of

the

supramolecular

aggregates

of

β-CD-PEI-PEG/pEYFP

polyplexes

demonstrated that when N/P ratio is higher than 20 the zeta potential of the β-CD-PEI-PEG/pEYFP
polyplexes remains 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 pEYFP negative charges by the positive β-CD-PEI-PEG conjugates is situated at an
N/P ratio of about 20.
We also performed a series of all-atom molecular dynamics simulations to investigate the formation
of the polyplex between the developed nonviral vector (β-CD-PEG-PEI) and dsDNA
oligonucleotide as target. The polyplex structures (suggested by simulation) were formed by the
28

interactions of PEI-tails of the nonviral vector (β-CD-PEG-PEI) with dsDNA. Theoretical outcomes
unveiled the formation of hydrogen bonds (H-bonds) between amine groups of PEI-tails from the
vector (β-CD-PEG-PEI) and the backbone oxygen atoms of the target (dsDNA). In turn, the PEGtail from β-CD-PEG-PEI had a minor contribution in forming of the polyplex structure. In addition,
simulation results indicated that β-CD-PEG-PEI vector can aggregate two dsDNA macromolecules
with the formation of a larger polyplex. The flow cytometry data showed that for an N/P ratio lower
than 100 the transfection does not occurs in a significant amount, but significant values were
obtained in the case of N/P ratio of 100, 160, and 200.

Experimental
Materials and methods
All the reagents (β-cyclodextrin 97% purity, acryloyl chloride 97% purity, 0.6 and 25 kDa branched
polyethylenimine, 5 kDa methoxi-poly(ethylene glycol)-amine 0.17 mmol/g NH2, N,N’dimethylformamide 99% purity, absolute methanol, acetone, tetrahydrofuran) were purchased from
Sigma Aldrich, and were used without any further purification excepting dimethylformamide,
which was distilled over potassium hydroxide and stored over 4Å molecular sieve, at room
temperature.
Immediately prior to be used, β-cyclodextrin was dried using an Abderhalden's drying
pistol, for 48h 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.
Dialysis operations were performed through membranes having 12-14 kDa MWCO,
purchased from Spectrum Laboratories Inc.
The NMR spectra have been recorded on a Bruker Avance III 400 instrument operating at
400.1 and 100.6 MHz for 1H and 13C nuclei respectively. 1H NMR signals assignments were made
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based on 2D NMR homo- and heteronuclear correlations. 1H,1H-COSY, 1H,13C-HSQC and 1H,13CHMBC 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 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 ionisation (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 full-scan 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 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 positive the ions were analysed, because, in
ESI-MS, the formation of the molecular ion occurs in positive mode of operating.
Fourier Transform-Infrared (FTIR) spectra were measured on a FT-IR Bruker Vertex 70
spectrophotometer in transmission mode, by using KBr pellets.
Thermogravimetric analysis (TGA) was carried out under inert atmosphere, by using a TGDSC-FTIR-MS complex system analysis instrument, consisting in the following coupled modules:
TG/DSC instrument, model STA 449F1 Jupiter (Netzsch, Germany); mass spectrometer QMS 403C
Aëolos (Netzsch, Germany); FTIR spectrometer Vertex 70 (Bruker, Germany). Samples of 7-10 mg
were heated from 25 ᵒC to 700 °C with a heating rate of 10 °C/min. Temperatures corresponding to
5% (T5) and 10% (T10) weight loss, and the temperature of maximum decomposition rate,
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corresponding to the peak in DTG curve (Tdec), have been taken as representative criteria when
discussing the thermal stability.
XPS analyses were performed on a KRATOS Axis Nova (Kratos Analytical, Manchester,
United Kingdom), using AlKα radiation, with 20 mA current and 15 kV voltage (300W), and base
pressure of 10-8 to 10-9 Torr in the sample chamber. The incident monochromated X-ray 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.

The synthesis of β-CD acrylate (β-CDacry)
. 5.00 g (4.4 mmol) of completely dried β-CD (Mw 1134.98 Da) were added in a three neck flask
equipped with a thermometer, an ascendant condenser, and a dropping funnel, and dissolved in 30
mL of anhydrous DMF, under nitrogen atmosphere, using a magnetic stirrer. Following the
complete dissolution of the β-CD, the flask was cooled in an ice bath, then 3.76 mL (4.19 g, 46.2
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. The molar ratio
between the two reactants was 1:7 β-CD : acryloyl chloride, and an excess coefficient of 1.5 was
found necessary to ensure a maximal substitution degree, near to seven. The reaction flask was
maintained in the ice bath and stirred for 2 h. The reaction was continued for five days at room
temperature. Further, the reaction mixture was added drop wise in 250 mL of a buffer solution (pH
7.0) in order to precipitate the acrylated product. Following the complete precipitation, the solid
product was filtered, washed two times with distillated water and dried under vacuum. The crude
solid product was recrystallized from methanol and dried under vacuum. The final product (5.07 g;
yield 94.15%) is soluble in methanol, acetone and tetrahydrofuran. According the elemental
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analysis, in the final product, 92.85% of the primary hydroxyl groups (OH-6) of β-CD were
esterified, which is equivalent with a substitution degree of 6.5.
1

H-NMR (DMSO-d6, 400.1 MHz): δH 3.40 (bs, H-2, H-4), 3.65 (bs, H-3), 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).

C-NMR (DMSO-d6, 100.6 MHz, ppm): δC 44.8-4.9 (C-6 in unmodified glucose units), 63.6-64.0

13

(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).

The synthesis of the β-CD-PEI-PEG polycationic carrier
The β-CD-PEI-PEG derivative was obtained through the Michael addition of branched PEI and
methoxy-PEG-amine hydrochloride to the acryloyl double bond of the functionalized 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 0.59 g (1 mmol) methoxy-PEG-amine hydrochloride and 2.84
g (6 mmol) branched PEI. The reaction was continued for 72h, at 65 °C. The solvent was removed
then by evaporation under vacuum, and the resulted solid product was dispersed in double distilled
water (ddW), and subjected to dialysis for 10 days, against large volumes of sterile ddW. Finally,
the dialyzed solution was freeze-dried, resulting in 3.1 g of 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 βCD component), 4.87-5.20 (H-1 from β-CD component).
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C-NMR (D2O, 100.6 MHz, ppm): δC 35.2-55.4 (all the methylene carbons from PEI component

13

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 two types of
nucleic acids: linear segments of salmon sperm dsDNA, and circular plasmidic dsDNA carrying a
reporter gene (pEYFP). The amounts of the two partners to be complexed were established based on
elemental analysis of β-CD-PEG-PEI, which provided the molar content of nitrogen in 1 µg of the
dry carrier product, and on the known fact that 1 µg of dsDNA contains 3 nmol of phosphorus.
Polyplexes having calculated nitrogen/phosphorous (N/P) ratios were prepared by mixing the
carrier and the dsDNA in aqueous solutions, by stirring for 30 min., at room temperature.

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
(obtained as described above) 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.

Computational protocol
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The molecular dynamics simulations were done using YASARA-Structure program that include an
automatic parameterization method (“AutoSMILES”) for the untested molecular structures [37-39].
This technique was employed to generate YASARA force field parameters for the investigated
oligomeric structures (β-CD-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  100 Å  100 Å. Hence, the whole molecular system consisted of
99,192 atoms. The periodic boundary conditions were set for the simulating box. Second, the cell
neutralization simulation was applied to add monovalent counterions (Na+ and Cl-) attaining the
mass fraction of 0.9 %. Third, 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 β-CD-PEG-PEI) were adopted as starting structures for the molecular dynamics production run.
For modeling 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
pH=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. water density fixed at 0.997 g/cm3, that corresponds to the
conditions of a constant pressure of P = 1 bar and temperature of T = 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.
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Gel retardation assay. The dsDNA binding capacity of β-CD-PEG-PEI and of PEI was
investigated based on the ability of negatively charged DNA to migrate toward the anode through
agarose gel, under the electric field. The motion velocity of charged particles in constant electric
fields (with appropriate polarity and intensity) is proportional with their charge and inversely
proportional with their mass. Therefore, the polyplexes displacement through the agarose gel will
be retarded (or even blocked) in their movement as a function of their net charge, resulted after the
electrostatic complexation between the positive charged carrier and the negative dsDNA. Moreover,
the displacement will also discriminate between the total mass of the polyplexes. When the positive
carrier dominate in the polyplexes composition, which is equivalent with the total retention of
nucleic acids into the ionic complexes, the displacement is halted (polyplexes do not leave the gel
weels), and the coresponding minimal N/P ratio is considered to express the binding (or loading)
capacity of the dosed polyplexes. Usually, several positive carriers take part to the electrostatic
complexation. The assay was performed as follows. Samples of 30 µL final volume were prepared
in 1X TAE buffer solution (pH of7.4), by mixing calculated quantities of PEI and β-CD-PEG-PEI
with fixed amounts of dsDNA. After complexation completion, 10 µL of 25% sucrose solution
were added, and the samples 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.
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 transluminator, after
staining with 1% ethidium bromide.

Cell Culture
Human Embryonic Kidney 293T (HEK 293T) cells (a kind gift from Professor Dimitris Kardassis,
University of Crete, Greece) were incubated at 37ºC, in an atmosphere of 5% CO2, in cell culture
plates (12 or 96 wells), using Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10
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% fetal calf serum (FCS), penicillin (100 U/ml), streptomycin (100 µg/ml) and neomycin (50
µg/ml).

In vitro cytotoxicity assay
The cytotoxicity of PEI, β-CD-PEG-PEI, and their polyplexes with plasmid DNA (pEYFP) was
evaluated using the MTT assay, by measuring the viability of HEK 293T cells, after incubation with
media containing the samples. MTT method is based on the reduction of a tetrazolium salt (3-[4,5dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium bromide, MTT) by the action of dehydrogenase
enzymes in metabolically active cells, concluded with the intracellularly generation of a purple
formazan derivative that can be solubilized and quantified spectrophotometrically. HEK 293T cells
were seeded in 96-well plates at a density of 5·103 cells per well, and kept in incubator for 24 h, at
37 °C. Then, the culture media was replaced with fresh medium containing PEI/pEYFP or β-CDPEG-PEI/pEYFP polyplexes having different N/P ratios. On the same plates, tests were also
performed on uncomplexed PEI and β-CD-PEG-PEI conjugates, at concentrations corresponding to
those in polyplexes. After 48 hours of incubation (37 °C, 5% CO2), the supernatant liquid was
removed from each well, and a solution of 0.5 mg/mL MTT in culture medium was added. A
second incubation of 3 hours was performed in the same conditions, and then the resulted formazan
crystals were solubilized using a lysis buffer containing 0.1 N HCl in isopropanol, by maintaining
the plates for 4 hours at 37 °C. The optical absorbance was measured at 570 nm, with the reference
wavelength at 720 nm, using a microplate reader (Tecan GENios). The results were expressed as
percentages relative to the results obtained with the control cells incubated in simple cell culture
medium.

In vitro transfection efficiency of β-CD-PEI-PEG conjugate
Transfection was quantified using the pEYFP plasmid, which encode the enhanced yellow-green
variant (EYFP) of Aequorea victoria green fluorescent protein. When excited at 514 nm, EYFP
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emits at 527 nm, with a fluorescence quantum yield4 of 0.61. HEK 293T cells were seeded in 12well plates at an initial cell density of 1.2·105. After 24 hours, the initial culture medium was
replaced by serum-free culture medium containing polyplexes with different well-defined ratios of
N/P, at a final concentration of 1 µg pDNA per well, and incubated for 4 hours. After that, serum
was added in the incubation medium, and, after 48 hours, the expression of EYFP protein was
measured by flow cytometry (using Gallios, Becton Dickinson flow cytometer). As controls, cells
incubated with simple cell culture medium (negative control), and cells transfected with plasmid
DNA using a commercially available transfection reagent (SuperFect® from Qiagen, following the
producer's instructions; positive control) were used.

Flow cytometry analysis Forty eight hours after transfection, HEK 293T cells were harvested
using 1.25‰ trypsin and analyzed by flow cytometry, to determine the percentage of cells
expressing the EYFP, and the corresponding mean fluorescence intensity (MFI) signal. Analysis of
green fluorescence from transfected cells was collected in the FL1 channel (530 nm), after
excitation with the blue laser (488 nm) of Gallios, Becton Dickinson flow cytometer. The cellular
autofluorescence was determined using non-transfected cells as control. Transfection efficiency was
determined as the percent of EYFP-positive cells relative to the total number of cells investigated
by flowcytometry (8000-10000 events counted for each transfection sample). At least 3 independent
experiments were performed in duplicate, for each experiment.

Fluorescence microscopy
The expression of EYFP in HEK 293T cells was measured 48 hours after the transfection with βCD-PEG-PEI/pEYFP and PEI/pEYFP polyplexes, by fluorescence microscopy, using an Olympus
IX81 microscope equipped for fluorescence with filter cube for FITC/GFP.

Statistical analysis
37

Results are presented as means ± standard error of the mean. Statistical analysis was performed by
one-way analysis of variance (ANOVA), and differences were considered significant when p <
0.05.
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