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Abstract
The paper describes the philosophy to design, and a procedure to construct polyrotaxane-type
gene carriers, together with the proof of their ability to conjunctively cooperate in order to
generate cargo-complexes with dsDNA, able to efficiently transfect cultured cells. The main
feature of these entities is their functionality as a cargo-complex that chemomimic the
histones, and morphomimic the nucleosome. The polyrotaxane contains a PEG axle endcapped with silatrane cages, allowing the threading of nine cyclodextrin units, functionalized
with polyethylenimines (PEI, 2 kDa). The obtained ROT-PEI multivalent architecture is
similar to a giant PEI polycation, but devoided of the toxicity of large PEIs. To increase the
cargo-complexes versatility and to reduce their cytotoxicity, the study has been
complemented with two other types of carriers: (i) including a mixture of PEI and short PEG
molecules (ROT-PEI-PEG750), and (ii) with PEI branches post-decorated with guanidine or
arginine (ROT-PEI-G; ROT-PEI-Arg). The molecular geometry and the overall interactions
of the synthesized carriers were investigated in silico. The experimental DNA binding
capacity of these carriers in relationship with size, morphology and electrical charge was
evaluated. The in vitro tests, showing the cytotoxicity and transfection efficiency of the
investigated carriers, provided new information on gene vectors design.
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Introduction
According to the most recent global review,1,2 until June 2012 FDA approved 1843
clinical trials implying DNA and RNA vectorization for gene therapy purposes. Two-thirds of
them have used viral vectors, despite their deficiencies like immunogenicity and low carrying

The need to increase the number of transferred nucleotides promoted the non-viral
vectors as reliable competitors. Their main advantage consists in the theoretical possibility to
fully design them, and to accurately assembly them through chemical and physical-chemical
approaches and techniques. However, the reduced transfer efficacy remains their significant
drawback.
Cargo-complexes represent promising “tools” to deliver large amounts of
sophisticated and/or sensitive pharmaco- and bio-active species.3-5 In chemical terms, they are
dynamic supramolecular bio-carrier conjugates. As functional aggregates, they exploit the
particular reciprocal supramolecular affinity and dynamical steric complementarity between
the carrier(s) and the active counterparts, to optimally transfer the genes, in “stealth” or at
least in protected conditions, through biologic media and barriers. Due to the fact that, usually,
the molecules to be transported are functional entities per se, and it is mandatory to not alter
them, the key components of the cargo-complexes are the carrier molecules. They must be
chemically designed to be selectively affine toward the “cargo” molecules, and to be endowed
with molecular segments active against both the biological targets and the biochemical
“assailants and hindrances”. In the particular case of gene therapy (which makes use of DNA
segments or plasmids, of integral RNA macromolecules, of ribozymes or of oligonucleotides
to cure or to prevent the expression of maladies of genetic origin or with a genetic “echo”),6-9
cargo-complexes play the major role of non-viral delivery systems, due to their ability to
target specific cells (or cells passaging the cell-division cycle) and to inject their
(macro)molecular “cargo” into them.
To transport large functional nucleic acids, the cooperation10 of a variable but high
number of polycationic carrier molecules is a must. Mainly as a consequence of the
conformational flexibility of the carriers’ edifice, the resulted supramolecular aggregates gain
the advantage of tight complexation between the oppositely charged partners, which
significantly reduces the volume of cargo-complexes and increases their transport and/or
transfer efficacy.11 To function in a reproducible manner, carriers must be themselves
2
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reproducibly produced. In this regard, the essential requirements consist in their detailed
molecular design, and in their accurate (even if complex) synthesis.
Research efforts are currently made to maintain the carriers as simple as possible, by
“encumbering” them with the minimal amount of necessary molecular segments that confer

(ii) the external and/or nuclear membranes of the target cells to be penetrated, and (iii) the
biologic/biochemical environment to accommodate oneself harmlessly (biomolecular and cell
species, biochemical and biophysical mechanisms of living matter). Therefore, based on the
chemical reasoning pathways, apparently “exotic” components were tested to build
efficacious carriers. Particular and multi-functional cargo-complexes were developed to use
them as platforms for vectorization.12-15 The mechanisms they use to transport the nucleic
acids are complex and conditionally reproducible (being usually limited to a restrained set of
experimental parameters), this preventing carriers “typification” and compelling to the
development of a broad variety of carrier architectures. A potential solution to unify the
nucleic acids vectorization could be the addition of free branched polycationic molecules
(non- or low-cytotoxic) which seems to increase the efficacy of barriers penetration,16,17 via a
fluctuant extra positive charge compensation, resulted from local loose or bad packaging
during DNA binding. This was the rationale behind the development of dynamically
organized supramolecular carriers based on unimers assembling under the topo-chemical
requests issued by sterically complex “cargoes”. Recently, our group demonstrated the
performances of carriers organized around fullerene and cyclic methylsiloxane as cores,
equipped with shells that include a controllable number of cationic “arms” consisting of low
molecular weight branched poly(ethylene imine) (PEI 2 kDa).10,18 We have also investigated
the transfection ability of non-viral vectors produced by the techniques of constitutional
dynamic chemistry (by dynamic constitutional framework chemistry).19,20 Incentive results
were obtained in both cases, but the versatility remained conditional.
In this work we report the philosophy to design, and a procedure to construct
carriers of cyclodextrin-based polyrotaxane-type, and we prove their ability to conjunctively
cooperate to generate cargo-complexes with plasmid DNA, able to efficiently transfect cells
in culture. Polyrotaxanes are a variety of topological polymers which include “mechanicallylinked” constituents in their structure. From the chemical point of view, they are
supramolecular assemblies generated by the physical insertion of several macrocycles onto a
linear (macro)molecule (generically named axle); since the resulted construct does not involve
3
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covalent links, to prevent the macrocycles slipping-off that would result in assembly
unraveling, bulky molecules (named stoppers) are attached at both ends of the axle.21 We
obtained polyrotaxane carriers having an axle of precise length (consisting in a 1 kDa
polyethylene glycol molecule, PEG1000), which allows the threading of nine functionalized

Published on 07 September 2017. Downloaded by Gazi Universitesi on 08/09/2017 03:09:06.

heterocycles with a silicon heteroatom). The functional moiety is based on 2 kDa branched
polyethyleneimine (PEI) molecules and thus the resulted highly flexible PEI-brush
architecture could be seen as the equivalent of a giant PEI polycation with a molecular mass
of 54 kDa, but devoided of the toxicity of large PEI molecules.
The key element of the functionality of a carrier consists in its ability to adapt to the
molecular peculiarities of nucleic acids, particularly to their flexibility in confined spaces,
based on which they can be packed in incredibly small volumes and regularly organized by
means of histone proteins to generate the compact nucleic chromatin.22 According to a
biomimetic philosophy, we chemically designed the polyrotaxane-type carrier to acquire the
functional characteristics of histone octameric complexes, but a quasi-linear structure which,
together with the combined mobility of the CD units on the axle and of the engrafted PEI
chains, allow the carrier to outwardly encompass nucleic acid molecules to form a wrapping/
folding support and even to act as bridging entities between different segments of the
polyanionic cargoes. Compact cargo-complexes of nanoparticulate shape result as a
consequence.
Figure 1 summarizes the structural and functional peculiarities of the polyrotaxane
carriers we developed, and of the cargo-complexes they are able to construct with plasmid- or
dsDNA.
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Figure 1. Synthesis of ROT-PEI, ROT-PEI-PEG750, ROT-PEI-G, ROT-PEI-Arg polyrotaxane
carriers, and the structure of the postulated nucleosome-like cargo-complexes they generate by
complexation with dsDNA. The histone/dsDNA coordinates were taken from the literature.23

To reduce the carriers cytotoxicity and to increase their physical-chemical versatility
in loading nucleic acids, two supplemental ways to functionalize the CD units were
investigated: (i) with a mixture of PEI and short linear poly(ethylene-glycol) molecules (PEG),
and (ii) by post-decorating PEI branches with ionisable small molecules: guanidine and
arginine. Both alternatives numerically diminish the positive charges supported by the carrier¸
the first of them to a greater extent, and thus both reduce the packaging capacity of the
carriers. However, the subsequent advantage consists in the increase of spatial adaptability to
the nucleic acids to be loaded and transported. The synthetic pathways for the intermediate
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compounds, together with their characteristics, are described in the Electronic Supporting
Information file (ESI).
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On the rationale of the design of polyrotaxane carrier
Because of their reproducible and controllable reactivity, cyclodextrins were
frequently used as cores or as connectors for building carrier molecules.24-29 Their propensity
to thread on linear molecular segments30 recommends cyclodextrins for the building of
mechanically interlocked supramolecular structures of (poly)rotaxane type31-34 which
potentially act as nucleic acids carriers.35-40
The chemical design of polyrotaxanes is approached considering their final
applications,41 and the synthesis is performed according to sophisticated strategies42 which
usually make use of enthalpic driving forces to induce the precursors self-assembling.43 As an
example, hydrophilic-hydrophobic interactions (solvophilicity) are first exploited to generate
a pseudo-polyrotaxane,44 then the stoppers are covalently attached to “lock” the structure.
Functionalized-cyclodextrin-based polyrotaxane are largely tested as carriers.45-48
They valorize the flexibility of the axle, the diversity of the lateral chains grafted on
cyclodextrin units, and the ability to control the number of threaded macrocycles. The last
mentioned parameter (also known as “the linear density of threaded cyclodextrin molecules”,
or “the treading ratio”) is the most important when the complexation capacity of carriers (and
therefore the vectorization efficacy of cargocomplexes) must be large. In theory, if the axle
consists in a chain of poly(ethylene glycol), cyclodextrins (having a “thickness” of 0.79 nm)
could be along inserted at a maximum density of one molecule for each two and a half
repeating units (–CH2–CH2–O–, of 0.34 nm length),49-52 but the threading ratio can be
controlled if more complex axle macromolecules are used.53,54
Usually, cyclodextrin-based polyrotaxane are synthesized by solvophobically driven
templation,55 a method of statistical threading. If rigorous molecular edifices must be obtained,
a technique of step-growth polymerization of pseudorotaxanes (complexes that lack stoppers)
may be applied.56,57
Polyrotaxanes that include cationic derivatized cyclodextrin molecules are particularly
used as carriers for nucleic acids.45,58-61 Their complexation efficacy and their intracellular
fate are parameters which can be decided by chemical design.62,63 The first one mainly
6
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depends on cationic charge density, length, flexibility, branching amplitude and the number of
the molecules grafted on the macrocycles, and on the number of derivatized cyclodextrin
molecules inserted onto the axle. The second one can be controlled by preferentially selecting
biocleavable polyrotaxanes as carriers.64 Biocleavability (and particularly, cytocleavability) is
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involves the indiscriminatory biochemical breaking of some molecular segments of the carrier
(for example by the reducing ambient of the cytosol or of nuclei),65 or the rigorous enzymemediated selective disjunction of the carrier components. The second mentioned mechanism
of biocleavage allows a precise intracellular targeting, and implicitly the treatment of
particular diseases.66 The biocleavability could be induced by selecting the molecular type of
the rotaxanes axle and/or stoppers, or by the insertion of particular chemical bonds as
connection locks between the polyrotaxane components (especially between the axle and
stopper molecules). Disulfide covalent linkage and terminal-peptide groups are frequently
used.67-69
We selected a silatrane molecule to end-capp the polyrotaxane. Silatranes are
organosilicon tricyclic compounds, relatively rigid and bulky.70,71 Due to the pentacoordinated silicon atom, silatranes are hydrolytically labile compounds that decompose
according to a first-order kinetics in acidic milieus, but are fairly stable in reductive
conditions at neutral pH.72,73

Chemical syntheses and characterization of polyrotaxane carriers
Generically, the synthesis of polyrotaxane carriers supposes four steps: (i) CD
activation by the esterification of some of the OH-6 primary hydroxyl groups with acryloyl
chloride, concluded with the insertion of unsaturated molecule segments which can be
involved in further addition reactions, (ii) the synthesis of a poly(pseudorotaxane) by inserting
activated CD molecules onto the axle consisting in activated 1 kDa PEG molecules [α,ω-bis(propargyloxy)-PEG1000], (iii) the capping of poly(pseudorotaxane) by the reaction with
activated silatrane molecules, to obtain the “raw” polyrotaxane, and (iv) the functionalization
of the polyrotaxane pertaining activated CDs by the addition of primary amine-containing
molecules (branched PEI, and, possibly, methoxypolyethylene glycol amine). A fifth
supplemental step might be completed in order to post-functionalize the cationic PEI branches,
by decorating them with guanidine or arginine moieties.

7
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The

synthesis

of

α,ω-bis-{1-[3-(silatranyl)prop-1-yl]-1H-1,2,3-triazol-5-yl}-

PEG1000/acrylated β-CD polyrotaxane (ROT), corresponding to step (iii) of the abovementioned series, took place according to the scheme presented in Figure 2. The precursors of
β-CD poly(pseudorotaxan) and 1-(3-azidopropyl)silatrane have been synthesized and fully
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spectroscopy, the β-CD poly(pseudorotaxane) contains 9 acrylated β-cyclodextrin units on the
PEG axle.

Figure 2. Schematic representation of α,ω-bis-{1-[3-(silatranyl)prop-1-yl]-1H-1,2,3-triazol-5-yl}PEG1000/acrylated β-CD polyrotaxane synthesis procedure.
The formation of silatrane-triazole-propyl units is indicated in the 1H-NMR spectrum
(Figure S22) by the appearance of the following characteristic signals: 0.16 ppm, a broad
signal assigned to the propyl CH2 groups linked directly to the silicon atoms; 1.67-1.96 ppm,
a multiplet assigned to the CH2-CH2-Si groups from the propyl chain; 2.80 ppm, a triplet
8
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assigned to the silatrane CH2 groups linked to the nitrogen atoms; 3.61 ppm, triplet assigned
to the silatrane CH2 groups linked to the oxygen atoms, and 8.37 ppm a broad signal assigned
to the CH groups from the triazole unit. The disappearance of the two signals characteristic to
the propargyl units, the triplet from 3.43 ppm (CH groups) and the doublet from 4.15 ppm
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other indications for the formation of the desired silatrane-triazole-propyl end groups.
The FT-IR spectrum (Figure S23) of α,ω-bis-{1-[3-(silatranyl)prop-1-yl]-1H-1,2,3triazol-5-yl}-PEG1000/acrylated

β-CD

polyrotaxane

is

similar

to

that

of

the

poly(pseudorotaxane) revealing the absorption bands specific to hydroxyl groups at 3477 cm-1,
methylene groups at 2927 cm-1 and carbonyl groups C=O at 1733 cm-1. The absence of the
absorption band at 2100 cm-1 indicated the conversion of the azide group to a triazole cycle.
The XRD results are depicted in Figure 3 and are in agreement with previously
reported data.74,75 Simultaneously large peaks at 2θ angles of 10.5° (typical for the modified
β-CD/polymer crystallites), 18.5° and 23.3° (typical for PEO crystallites) confirm the
formation of the rotaxanic structure. In addition, the X-ray diffractogram of ROT presents a
small wide peak at less than 2θ = 10° (typical for modified β-CD), attributed to the
supramolecular aggregation which occurred.

Figure 3. XRD results of ROT, α,ω-bis(propargyloxy)-PEG1000 and acrylated β-CD.

The synthesis of the vector based on the polyrotaxane decorated with PEI (ROT-PEI)
was performed according to the reaction scheme presented in Figure S24.
The 1H-NMR spectrum of the polyrotaxane-type carrier is dominated by the signals
from PEI and PEG components, almost all of them appearing in the 2.5-4 ppm interval, as
9
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presented in Figure S25. The success of the coupling reactions is indicated by the
disappearance of the acryloyl group signals from the 5.79-6.40 ppm region. The PEI
component has a characteristic “fingerprint”, with all the signals overlapping in the 2.1-3.5
ppm interval. The PEG component has a characteristic sharp singlet at 3.71 ppm, assigned to

Published on 07 September 2017. Downloaded by Gazi Universitesi on 08/09/2017 03:09:06.

overlapped by the PEG signals (3.55-4.00 ppm) and could not be identified. The broad signal
at 5.08 ppm corresponds to the β-CD protons in position 1. Other characteristic signals which
could be identified in the 1H-NMR spectrum are the broad signal at 0.64 ppm, assigned to the
propyl CH2 groups directly linked to the silicon atoms, and the broad signal at 8.07 ppm
assigned to the CH groups from the triazole unit. The solvent for the NMR analysis being
D2O, the protons from hydroxyl and amine groups no longer appear in the spectrum, being
exchanged with deuterium.
Figure S26 depicts the results of the gel permeation chromatography assay applied to
the synthesized ROT-PEI product. The Mn value, of 64438 g/mol, confirms the expected
value of molecular weight.
The synthesis of the vector based on the polyrotaxane decorated with PEI and short
linear poly(ethylene glycol) (PEG750) (ROT-PEI-PEG750) was conducted as described in
Experimental section and summarized in Figure S27.
The 1H-NMR spectrum of ROT-PEI-PEG750 is almost identical to that of the ROT-PEI
derivative, as given in Figure S28. From the 1H-NMR point of view, no significant difference
between the two types of PEG moieties attached to ROT structure is observed. However, in
the 1H-NMR spectrum of ROT-PEI-PEG750 rotaxane, one can observe an intensity increase of
the singlet at 3.71 ppm, previously assigned to the PEG’s methylene protons from rotaxane
axle. This indicates an increase in methylene protons concentration, caused by the addition of
PEG750 moieties to the acrylic groups. The appearance in the 1H-NMR spectrum of ROT-PEIPEG750 rotaxane of the singlet from 3.37 ppm, assigned to the PEG750’s methoxy end groups
(see Figure S28-B), is another indication for the addition of the PEG750 moieties.
The vibration band of the valence vinyl -CH=CH2 group (acryloil residues) at 1413
-1

cm

in the FT-IR spectra of the branched polyethyleneimine decorated polyrotaxane

disappeared as a direct consequence of the addition of amino groups in the PEI segments to
the double bonds, while a new absorption band appeared at 1471 cm-1 due to their conversion
to ethylene groups (Figure S29).

10
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The synthesis of ROT-PEI-Arg has been achieved by attaching arginine residues on
the superficial amino groups of the branched polyethyleneimine in the ROT-PEI (Figure S30).
The reaction has been conducted using a previously reported protocol.76,77
The 1H-NMR spectrum of ROT-PEI-Arg (Figure S31) is very similar to that of the

moieties have characteristic signals in the following spectral regions: 1.60-1.80 ppm – two
multiplet type signals from the methylene groups in positions 3 and 4, a triplet centered at
3.22 ppm from the methylene group in position 5 and another triplet centered at 3.52 ppm
from the methylene group in position 2. These last two signals are partially overlapped by the
signals characteristic to PEI moieties.
ROT-PEI-G has been obtained by grafting guanidine on the superficial primary
amino groups of ROT-PEI. The molar ratio between the two reaction components was 1:27
ROT-PEI : 1H-pyrazole-1-carboxamidine hydrochloride, in order to attach a guanidine
addend to a single amino group in each branched PEI in the polyrotaxane structure.
To investigate the chemical structure of ROT-PEI-G the bidimensional 1H,13C-HMBC
spectrum (Figure S32) was necessary since the 1H-NMR spectrum of ROT-PEI-G is almost
identical with that of ROT-PEI, as the guanidine moiety has no protonated carbon atoms.
Since the sample was analyzed in D2O, all signals corresponding to protonated nitrogen or
oxygen atoms no longer appear in the spectrum due to the exchange of these labile protons
with deuterium atoms. In the 1H,13C-HMBC spectrum, the appearance of cross peaks between
carbons from 158-160 ppm and protons from 3.0-3.5 ppm was observed, indicating the
couplings over 3 bonds of the carbon atom from guanidine with the methylene protons from
PEI moiety. Moreover, they and cannot be confused with the correlation peaks between
esteric carboxyl groups of acrylated β-cyclodextrin units and methylene protons resulted from
the addition of PEI to acrylic groups of β-CD at 165-173 ppm in 13C-NMR spectrum. These
correlation peaks were not present in the 1H,13C-HMBC spectrum recorded for ROT-PEI
(spectrum not shown).
The mass percent concentrations of the elements which have been found in the four
studied carriers are given in Table S1. The percentage values of nitrogen content were used to
calculate the mixing ratio between carriers and nucleic acids, further expressed as N/P ratios.

On the rationale of in silico chemical modeling
11
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Building atomistic models for the polyrotaxane aggregate has a particular importance
as it can provide information on the dimensions of the aggregate at atomic scale, as well as on
the PEI layer structuring and its interaction with ions in solution. A model of the polyrotaxane
was constructed based on the experimental ratios between different components, and further
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aggregate was built by using separately constructed PEI and β-CD, which were then
combined in an interlocked architecture on the PEG/stopper axle (Figure 4). However, the
generated model has an artificial conformation which does not reflect the true conformation
adopted by the aggregate in solution. Thus, the model was subjected to molecular dynamics
simulations to relax it towards a more characteristic shape in solution. Special attention was
required for structure equilibration, using gradually relaxing atom positional restraints, as it
was observed that cyclodextrin molecules were removed from the PEG/stopper if only energy
minimization was employed prior to production run initiation.

Figure 4. The initial conformation taken into consideration for the polyrotaxane-type carrier,
in vacuo (A), and in water/ion cage (B).

To monitor the conformational relaxation and system equilibration during the
production simulation (10 ns), the moments of inertia (MOI) around the principal axes were
used as a measure of the structural deviation and plotted against the simulation time (Figure
12
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S33-A). MOIs were preferred over the more traditional root mean squared deviation (RMSD)
of atomic positions due to the fact that PEI substituted cyclodextrins may rotate around the
central PEG axis, giving thus falsely high RMSD values for a globally conserved
polyrotaxane shape. It can be seen that the curve for the Iz moment, corresponding to the

Published on 07 September 2017. Downloaded by Gazi Universitesi on 08/09/2017 03:09:06.

flattened after around 2.5 ns of simulation time. Thus, during the first 2.5 ns PEI layer
progressively relaxed from a more radially extended to a more collapsed conformation with
respect to the central axis (PEG backbone) of the aggregate. The Ix and Iy moments, which
correspond to rotation around the two principal axes perpendicular to the PEG backbone,
remained largely constant as the PEI expansion along this direction was not so large.
The equilibrated structure after 10 ns of MD simulation displayed a rod-like shape
with the PEI layer covering the PEG axle threaded through the β-CD macrocycles (Figure
S33-B). This shape was stable throughout the last 7.5 ns and no detachment of β-CD from the
PEG axle was observed. In longitudinal direction the aggregate had a dimension of 12.61 nm,
measured as the average distance between the most distant tertiary nitrogen atoms of PEI on
the ends of the rotaxane axle. In the transversal plane the mean diameter was 5.36 nm (the
average distance between the most distant tertiary nitrogen atoms of PEI belonging to the
same β-CD). The distances were averaged over the last 7.5 ns of the production simulation,
during which the aggregate could be considered fully equilibrated. Interestingly, the mean
external transversal diameter of the positively charged PEI layer correlates very well with the
diameter of the histone core of the nucleosome (~ 6.5 nm), the natural DNA packaging unit of
chromatin in eukaryotic cells.
The molecular geometry and the overall reactivity of the ROT-PEI polyrotaxane-type
carrier were investigated in silico by molecular dynamics simulation (described in Supporting
Information file). Figure 5 presents the results obtained using the Avogadro software
application.
As revealed by the in silico study, in aqueous solution the synthesized ROT-PEIPEG750 carrier should behave as a flexible nano-rod (see Figure 5-(A)), about 12.6 nm long
and 6.4 nm across, which sterically expose positive charged branches (according to Figure 5(B), these ones efficiently exclude Na+ cations). Interestingly, the mean external transversal
diameter of the positively charged PEI layer correlates very well with the diameter of the
histone core of the nucleosome (~ 6.5 nm).23
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Figure 5. The molecular geometry and the
interaction of ROT-PEI-PEG750 carrier
with small chemical species.
(A) The calculated dimensions of the
nano-rod-like carrier molecule.
(B) Bi-dimensional distribution charts
(number of particles per volume) for the
four most important components of the
polyrotaxane carrier. The color scale of the
plots is not identical due to the large
differences in the concentration of the
distinctive components.

To get insights on the distribution of water and ions around the polyrotaxane structure,
bi-dimensional number density charts were computed in the plane perpendicular to the long
axis of the aggregate, for different components. The averaged charts over the simulation time
and over the longitudinal positions are depicted in Figure 5-(B) for PEI, water, Cl- and Na+
ions respectively. The initially randomly distributed negative Cl- ions became readily
absorbed into the positively charged PEI layer, while Na+ ions were largely excluded from the
interior of the aggregate. Distribution of both negative and positive ions inside and at the
surface of the PEI layer may play an important role in DNA complexation due to the
competition arising between these ions on one hand and the negatively charged DNA
14
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phosphate groups/positive PEI on the other hand. Water density is also lowered in the PEI
region due to excluded volume interactions, which may give rise to osmotic induced
longitudinal stress on the PEI “brush” layer and thus on the stability of the aggregate.

In the particular case of ROT-PEI carrier, the molecular volume, VRot, was calculated as
being enclosed by the molecular surface constructed using the YASARA, giving a result of
68.35 nm3. Figure S40-A depicts the in silico results. To estimate the plasmid volume, a
double length Dickerson-Drew DNA dodecamer 2 x d[CGCGAATTCGCG]2 double helix
chain was constructed and its volume computed as above. Starting from this value, the
volume of a single base pair was deducted as being 0.4703 nm3. By multiplying with the
plasmid base pairs content (5991 bp), the total plasmid volume VP was theoretically
calculated, giving (0.4703 x 5991 =) 2817.57 nm3 (see Figure S40-B for the 3D
conformation). Further, from the N/P ratio one could calculate the number of individual
carriers complexing a single plasmid, which allows estimating the volume of the unit ROTPEI-based cargocomplex. Two preliminary calculations must be done. First, considering the
molecular mass of ROT-PEI carrier (64390 Da) and its nitrogen content (28.35%), the
resulting number of nitrogen moles per carrier is calculated as being 1303. Secondly, each
nucleobase includes one mole of phosphorous, thus the 5991 bp pCS2+MT-Luc plasmid will
contain 11982 moles of phosphorous.
Therefore, at the best complexing N/P ratio of 20, the number of nitrogen moles
involved in building one cargocomplex entity is (11982 x 20) 234640. As a consequence, the
number of carrier molecules contained in a cargocomplex is, in average, 180 (234640 / 1303).
Accepting that the volume of the cargocomplex entity represents the sum of its components
volume (one plasmid and 180 carrier molecules), the theoretical volume of an entity will be
(VP + 180VRot = 2817.57 + 180 x 68.35) 15120.27 nm3. Accordingly, considering cargocomplexes as being spherical, their equivalent diameter should be about 31 nm. Due to the
fact that the TEM measured diameter of ROT-PEI-plasmid particles is of about 110 nm, it
results that each of them accommodate at least three and maximum 21 full compacted
individual ROT-PEI cargo-complexes (values calculated according Gensane, Th. (2003) 78).
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Binding affinity of carrier molecules and transfection ability of cargo-complexes
The experimental evaluation of the real binding affinity/capacity of an individual
carrier molecule in relation to nucleic acids is difficult and doubtful. This is why a global
efficacy is determined and expressed as the value of carrier to dsDNA ratio starting with

weighed amount of carrier. The ratio is calculated considering the precise content of nitrogen
in the carrier and of phosphorous in the nucleic acid, the so-called N/P value, that completely
neutralizes (and thus prevents the electrophoretic migration of) the nucleic acid from its
mixture with the carrier. The gel retardation assay (Figure S34) summarizes the packing
ability of the four synthesized polyrotaxane carriers. The binding capacity of the investigated
carriers decreases in the series ROT-PEI (N/P > 15), ROT-PEI-G (N/P > 20), and ROT-PEIPEG750 (N/P > 30) and ROT-PEI-Arg (N/P > 40).
The zeta potential starts in all cases with negative values, corresponding to N/P of 1,
and arises to the field of positive values increasing the N/P ratio (Figure S37). The minimum
zeta potential of about –29 mV has been encountered in ROT-PEI-PEG750/pDNA polyplex
solution, at N/P 1. At the same N/P ratio, the other carriers displayed zeta potential values
around –11 mV. The curves traced according to the evolution of zeta potential as a function of
the N/P ratio show an ascending trend, becoming almost constant at large N/P ratios. The
highest zeta potential values have been met for ROT-PEI (from –10.93 to 16.63 mV),
followed by ROT-PEI-G (from –11.31 to 14.22 mV) and ROT-PEI-Arg (from –11.47 to
11.32 mV). An unexpected behavior has been observed for ROT-PEI-PEG750, with a
maximum zeta potential of 4.55 mV obtained at N/P 50. This very low value can be explained
by the presence of PEG chains surrounding the conjugate macromolecule, which have in this
case a masking effect of the positive charge normally existent in polycations. This deviation
has not been shown to prevent the DNA binding ability (see gel retardation assay results) and
even transfection efficiency.
We measured the transfection efficiency of the synthesized polyplexes by assaying the
uptake of pLuc or pGFP plasmids by HeLa cells, after its complexation with the four carriers,
and with 2 and 25 kDa PEI. The results are given in Figure 7 as relative light units (RLUs) per
10,000 seeded cells. The ROT-PEI polyplexes exhibit the highest transfection efficiency, with
a maximum yield at N/P 20, very similar to 25 kDa PEI whose drawbacks are well known.
ROT-PEI-G also offers a very good transfection efficacy, with a maximum yield at N/P 30.
ROT-PEI-Arg and ROT-PEI-PEG750, having a maximum yield at N/P ratios of 60 and 70,
16
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respectively, exhibit lower transfection ability, which is however two or three times higher
when compared with 2 kDa PEI. It is obvious that ROT-PEI-PEG750 and ROT-PEI-Arg have
the ability to transfect in a wide range of N/P ratio, from 30 to 80, unlike ROT-PEI and ROTPEI-G which can transfect for N/P ratios from 5 to 30, and from 15 to 50, respectively.

cells were also subjected to a qualitative analysis by fluorescence microscopy (Figure 6 and
Figure S36). Similar predictable transfection efficiency was indicated by the maximum zeta
potential values of polyplexes for different N/P ratio (ROT-PEI: 16.63 mV; ROT-PEI-G:
14.22 mV; ROT-PEI-Arg: 11.32 mV; ROT-PEI-PEG750: 4.55 mV; Figure S37).

Figure 6. Fluorescence microscopy images of transfected HeLa cells, using ROT-PEI/pGFP, ROTPEI-PEG750/pGFP, ROT-PEI-G/pGFP, ROT-PEI-Arg/pGFP and PEI (2 and 25 kDa)/pGFP cargocomplexes, at their particular optimal N/P ratios.

Figure 7. The transfection efficiency results given by ROT-PEI, ROT-PEI-PEG750, ROT-PEIG, ROT-PEI-Arg, PEI 2 kDa, and PEI 25 kDa, with pCS2+MT-Luc plasmid on HeLa cells, at
all tested N/P ratios (from 5 to 80).
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Figure 7 presents the transfection ability of cargo-complexes generated between the
pCS2+MT-Luc plasmid and the four types of rotaxane carriers at different N/P ratios, using
HeLa cells.
The collaborative packaging ability of the four types of carriers was experimentally

pCS2+MT-Luc reporter plasmid (5991 bp). Figure 8 includes the TEM images of the cargocomplexes obtained using the four types of polyrotaxane carrires, when the optimal N/P ratios
were applied in order to attain the maximum transfection efficacy (which slightly differs from
the ratios of maximal binding capacity). It should be pointed out that the dimensions of cargocomplexes generated between the pCS2+MT-Luc plasmid and the four types of rotaxane
carriers (ROT-PEI, ROT-PEI-PEG750, ROT-PEI-G and ROT-PEI-Arg), at N/P ratios of
maximun transfection, obtained by the dynamic light scattering (DLS) analysis (Table S2) are
slightly larger in comparison with those observed by TEM. The explanation resides in the fact
that, during the preparation of TEM samples, the slow evaporation of the solvent concludes
with a supplemental contraction of the initially swollen particles.74,75
Based on the TEM measured dimensions of the roughly spherical cargo-complexes
particles, one can calculate the approximate number of individual comprised plasmids and of
carrier molecules which collaboratively bind a plasmid. As an example, in the case of ROTPEI carrier, the molecular volume, VRot, was calculated as being enclosed by the molecular
surface constructed using the YASARA software, giving a result of 68.35 nm3. Similar
calculations indicate that the volume of pCS2+MT-Luc plasmid is 2817.57 nm3. At the
optimal N/P ratio, the minimal theoretical number of carrier molecules required to neutralize
the negative charges of an intact plasmid is, in average, 180. As a consequence, the minimal
volume of a cargo-complex containing one plasmid molecule will be 15120.27 nm3.
Considering cargo-complexes as being spherical, their equivalent diameter should be about 31
nm. If the mean measured diameter of a particle comprising ROT-PEI-plasmid is 110 nm
(equivalent to a volume of 696,910 nm3), each of them should accommodate at least 3 lax
assembled, but maximum 21 full compacted, individual cargo-complexes.
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Figure 8. TEM images of the cargo-complexes generated between the pCS2+MT-Luc
plasmid and the four types of rotaxane carriers.

Conclusions
The paper reports the design, the synthesis and the characteristics of a new class of
polyrotaxane carriers able to collaboratively generate cargocomplexes with nucleic acids. We
have demonstrated the cargo-complexes ability to transfect HeLa cells with a high efficiency.
The individual carrier molecules consist in supramolecular mechanically interlocked
assemblies comprised of a flexible 1 kDa PEG axle, capped with silatrane structures to
withhold nine functionalized mobile cylodextrin units. Due to the precise synthesis pathway,
highly reproducible carriers are obtained. Exactly three units of pendant polycationic branches
were grafted on each cyclodextrin unit in order to endow them with the ability to
19
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electrostatically interact with polyanionic nucleic acids. The efficacy and versatility of carrier
molecules can be tailored through the functionality of the branches. Four types of such
branches were tested to demonstrate that the ROT-PEI vehicle provides optimal transfection

Experimental section
Materials. Acryloyl chloride, 1-(3-bromopropyl)-trimethoxysilane, potassium hydroxide
(KOH), triethanoleamine, sodium hydride (NaH), poly(ethylene glycol) with average
molecular weight of 1 kDa (PEG1000), branched polyethylenimine (PEI) with average
molecular weight of 2 kDa, methoxypoly(ethylene glycol)-amine hydrochloride with average
molecular weight of 750 Da (PEG750), propargyl bromide, sodium azide, anhydrous
magnesium sulphate, cuprous iodide (CuI), silicagel 200-400 mesh 60 Å, molecular sieves
UOP type 3Å, 1H-pyrazole-1-carboxamidine hydrochloride, diisopropylethylamine (DIPEA),
Nα-Fmoc-Nω-(2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl)-L-arginine
Arg(pbf)-OH),

1-hydroxybenzotriazole

benzotriazol-1-yl)uronium

hydrate

hexafluorophosphate

(HOBt),
(HBTU),

(Fmoc-

N,N,N′,N′-tetramethyl-O-(1Htrifluoroacetic

acid

(TFA),

piperidine, triisopropylsilane (TIPS), methanol abs., acetone, tetrahydrofuran (THF), toluene,
dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP), n-hexane, chloroform,
methylene chloride were purchased from Sigma-Aldrich and used as received. SnakeSkin™
Dialysis Tubing, 3.5K MWCO, 22 mm was purchased from ThermoFischer Scientific. βcyclodextrin (β-CD) 97% was purchased from Sigma-Aldrich and dried using an
Abderhalden's drying pistol for 48h at 110 °C and 20 mbar. N,N-dimethylformamide (DMF)
purchased from Sigma-Aldrich was distilled over potassium hydroxide and stored over 3Å
molecular sieves. Plasmids pCS2+MT-Luc (pLUC) and pCS2+NLS-eGFP (pGFP) were gifts
from Dr. Adrian Salic, Harvard University, Boston.

Methods
Chemical syntheses
The synthesis and characterization of intermediate compounds are described in ESI.
Preparation

of

α,ω-bis-{1-[3-(silatranyl)prop-1-yl]-1H-1,2,3-triazol-5-yl}-

PEG1000/acrylated β-CD polyrotaxane (ROT). Initially, a CuACC catalyst solution was
prepared by dissolving CuI (0.02 g, 0.2 mmol) and DIPEA (0.13 g, 1.0 mmol) in anhydrous
20
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degassed THF (3 mL) (Figure S21). Another solution was prepared by dissolving the α,ω-bis(propargyloxy)-PEG1000/acrylated β-CD poly(pseudorotaxane) (2.8 g, 0.2 mmol) and 1-(3azidopropyl)silatrane (0.13 g, 0.5 mmol) in anhydrous THF (40 mL). The later reagent
solution was subjected to repeated cycles of degassing under argon protection. The catalyst
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The reaction mixture was stirred for 24 h at room temperature, followed by complete removal
of the solvent under vacuum. The crude product was purified using flash chromatography on
silicagel using a 7/3 mixture de methylene chloride/n-hexane, resulting in 2.5 g of slight
yellow white powder (85% yield).
1

H NMR (DMSO-d6, 400.13 MHz, δ (ppm)): 0.16 (4H, s, CH2-Si), 1.67-1.96 (4H, m, CH2-

CH2-Si), 2.80 (12H, t, 5.2 Hz, CH2-N), 3.46-3.73 (all -O-CH2-CH2-O- from PEG overlapped
with H-4 from cyclodextrin), 3.61 (12H, bs, CH2-O), 3.74-4.12 (H-3 and H-2 from
cyclodextrin), 4.12-4.64 (H-5, H-6 and unreacted OH-6 from cyclodextrin), 4.80-5.32 (H-1
from cyclodextrin), 5.80-6.50 (OH-2, OH-3 from cyclodextrin and acrylic protons), 8.37 (2H,
bs, CH-triazole).
Preparation of PEI decorated polyrotaxane (ROT-PEI). The synthesis of the vector based
on the polyrotaxane decorated with PEI (Figure S24) was achieved by dissolving the α,ω-bis{1-[3-(silatranyl)prop-1-yl]-1H-1,2,3-triazol-5-yl}-PEG1000/acrylated

β-CD

polyrotaxane

(0.93 g, 0.07 mmol) in a chloroform/methanol (1:1 v/v) mixture (35 mL), followed by the
addition of PEI 2 kDa (5.26 g, 2.8 mmol). The reaction mixture was stirred at room
temperature for 4 days. The solvents were removed and crude product was dispersed in
double-distilled water and subjected to dialysis in a 3500 MWCO cutoff dialysis membrane
for 7 days against double distilled water. The final step consisted in freeze-drying the
resulting product solution.
1

H NMR (D2O, 400.13 MHz, δ (ppm)): 0.64 (bs, CH2-Si), 2.5-4.0 (all the protons from PEI

and cyclodextrin moieties), 3.71 (all the -O-CH2-CH2-O- from PEG), 5.08 (bs, H-1 from
cyclodextrin), 8.07 (bs, CH-triazole).
Preparation of PEI and PEG750 decorated polyrotaxane (ROT-PEI-PEG750). The
synthesis of the vector based on the polyrotaxane decorated with PEI and short linear
poly(ethylene glycol) (PEG750) (Figure S27) was conducted in a 50 mL round bottom flask by
dissolving the α,ω-bis-{1-[3-(silatranyl)prop-1-yl]-1H-1,2,3-triazol-5-yl}-PEG1000/acrylated
β-CD polyrotaxane (0.54 g, 0.04 mmol) and methoxypoly(ethylene glycol)-amine
hydrochloride 750 Da (0.12 g, 0.16 mmol) in a chloroform/methanol 1:1 v/v mixture (25 mL).
21
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The solution was stirred for 24 h at room temperature, after which PEI 2 kDa (3.76 g, 2.0
mmol) was added and the reaction mixture was stirred for 4 days. The solvents were removed
by vacuum distillation. The resulted crude product was dispersed in double-distilled water and
subjected to dialysis in a 3500 MWCO cutoff dialysis membrane for 7 days against double
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1

H NMR (D2O, 400.13 MHz, δ (ppm)): 0.60 (bs, CH2-Si), 2.5-4.0 (all the protons from PEI

and cyclodextrin moieties), 3.37 (OCH3 groups from PEG), 3.71 (all the -O-CH2-CH2-Ofrom PEG), 5.05 (bs, H-1 from cyclodextrin), 8.05 (bs, CH-triazole).
Preparation of arginine decorated ROT-PEI (ROT-PEI-Arg). A previously reported
protocol76,77 was used to attach arginine residues on the superficial amino groups of the
branched polyethyleneimine in the ROT-PEI (Figure S30). Briefly, one equivalent of ROTPEI, twelve equivalents of Fmoc-Arg(pbf)-OH, HOBt, HBTU and 24 equivalents of DIPEA
were dissolved in anhydrous DMF and stirred for 48h at room temperature. In the next step,
the reaction mixture was precipitated in a large excess of diethyl ether. The filtered solid
product was dissolved in DMF and mixed with a 15% solution of piperidine in DMF in order
to

remove

the

Fmoc

protecting

groups.

The

removal

of

the

2,2,4,6,7-

pentamethyldihydrobenzofuran-5-sulfonyl protecting group (pbf) was achieved with an acidic
solution composed of TFA:TIPS:H2O 95:2.5:2.5. The final product was subjected to dialysis
against deionized water for 5 days in a 3.5 kDa cutoff Spectra/Por® membrane and subjected
to freeze drying to remove the water.
1

H-NMR (D2O, 400.13 MHz, δ (ppm)): 0.67 (bs, CH2-Si), 1.60-1.80 (2xCH2 groups from

arginine moieties), 2.5-4.0 (all the protons from PEI and cyclodextrin moieties), 3.22 (t, CH2NH from arginine moieties), 3.52 (t, CH groups from arginine moieties), 3.70 (all the -O-CH2CH2-O- from PEG), 5.08 (bs, H-1 from cyclodextrin), 8.08 (bs, CH-triazole).
Preparation of guanidine decorated ROT-PEI (ROT-PEI-G). ROT-PEI-G was obtained
by grafting guanidine on the superficial primary amino groups of ROT-PEI (Figure S30). In a
typical experiment,79 ROT-PEI (0.65 g, 0.0097 mmol) was dissolved in deionized water (20
ml) alongside 1H-pyrazole-1-carboxamidine hydrochloride (0.04 g, 0.27 mmol). The molar
ratio between the two reaction components was 1:27 ROT-PEI : 1H-pyrazole-1carboxamidine hydrochloride, in order to attach a guanidine addend to a single amino group
in each branched PEI in the polyrotaxane structure. Following the complete dissolution of the
two compounds, N,N-diisopropylethylamine (0.16 g, 1.23 mmol) (DIPEA) was added drop
wise to the reaction mixture. The reaction was stirred at room temperature for 72 h. In the
22
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next step, the excess amount of DIPEA was removed under vacuum distillation and the
resulting solution was subjected to dialysis against deionized water for 5 days in a 3.5 kDa
cutoff Spectra/Por® membrane. The solution was then freeze dried to remove the water.
1

H NMR (D2O, 400.13 MHz, δ (ppm)): 0.62-0.66 (m, CH2-Si), 2.30-4.00 (all the protons from

cyclodextrin), 8.03 (bs, CH-triazole).
Fourier Transform Infrared spectroscopy FT-IR. The FT-IR spectra of related compounds
were recorded using a Bruker Vertex 70 FT-IR instrument, in transmission mode, at room
temperature, with a resolution of 2 cm-1 and 32 scans. The samples were incorporated in dry
KBr pellets.
NMR spectroscopy. NMR spectra were recorded on Bruker Avance DRX 400 and Bruker
Avance III spectrometers, operating at 400.13 and 100.61 MHz for 1H and

13

C nuclei,

respectively, at room temperature. Due to the structural complexity of the analyzed
compounds, several probes were used for the NMR analysis. Thus, all the 2D homo- and
heteronuclear correlations were recorded using a 5 mm inverse detection, multinuclear, zgradient probe. The 13C-NMR spectra were recorded on either 5 mm QNP (H, C, Si, F) direct
detection, z-gradient probe or on a 10 mm multinuclear, direct detection, z-gradient probe (the
semi-quantitative 13C experiment).
Signals assignments were made based on 2D NMR homo- and heteronuclear
correlations like 1H,1H-COSY (Correlation Spectroscopy), 1H,13C-HSQC (Heteronuclear
Single Quantum Coherence) and 1H,13C-HMBC experiments (Heteronuclear Multiple Bond
Correlation), using standard pulse sequences in the version with z-gradients, as delivered by
Bruker with TopSpin 2.1 PL6 spectrometer control and processing software. Chemical shifts
are reported in ppm and referred to residual solvent peak.
Elemental analysis. Determination of elemental compositions and compositional mapping of
the samples have been performed using a scanning electron microscope Quanta 200 equipped
with Energy-dispersive X-ray (EDAX) detector. X-ray intensities are measured by counting
photons and the precision is limited by statistical error. Usually, for major elements a
precision better than ± 1% (relative) can be obtained.
Gel permeation chromatography. Weight-average molecular weights (Mw) and numberaverage molecular weights (Mn) were determined by means of a Polymer Laboratories gel
permeation chromatograph equipped with a PL-EMD 950 Evaporative Mass Detector. The
23
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system was calibrated with polyethylene oxide standards within 22680 – 298000 Da
molecular weights range. The standards were run through two in line PL Aquagel OH-40
Agilent columns (8 µm particle size) that were effective for separation of molecular weights
from 10000 to 200000 Da. The molecular weights distribution was correlated with the
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2 mg/ml were measured using aqueous NaN3 0.02% as eluent. The flow rate was maintained
at 1 mL/min at t= 40 ˚C in the columns.
X-ray diffractograms (Wide Angle X Ray Diffraction – WAXD) were registered on a D8
ADVANCE Diffractometer (Bruker AXS, Germany), using the Cu-Kα radiation (λ = 0.1541
nm), a parallel beam with Gobel mirror and a Dynamic Scintillation detector. The working
conditions were 36 kV and 30 mA, count time 2s/step, step size 0.02 degree/step. All
diffractograms were investigated in the 2θ range of 4-50°, at room temperature. Bruker
“DIFFRAC-PLUS Evaluation – EVA” and “TOPAZ” softwares were used for data
processing.
Agarose gel electrophoresis. Gel retardation assay was performed to electrophoretically
evaluate the formation of the polyplexes, while unbound DNA molecules move through the
gel separately toward the positive electrode after a specific migration profile, comparable to
the control sample (DNA without vehicle). Both naked pGFP and the polyplexes obtained at
different N/P ratios were mixed with loading buffer (1X TAE buffer, pH 7.4) and then loaded
in a 1% agarose gel. Electrophoresis was carried out at 90 V, for 120 minutes, in TAE running
buffer solution (40 mM Tris-HCl, 1% glacial acetic acid, 1 mM EDTA). The migration of free
and complexed pGFP was visualized under UV light, after staining with ethidium bromide.
Size and Zeta potential measurements of polyplexes. The size and zeta potential
measurements were performed using a DelsaNano C Submicron Particle Size Analyser
(Beckman Coulter), equipped with dual 30 mW laser diodes emitting at 658 nm.
Measurements were performed at 25 °C, at pH 7.4. The samples were prepared in PBS buffer,
in a total volume of 3 mL. Each sample comprises a same amount of dsDNA (100 µg),
varying the quantity of DNA vehicle, in order to reach the desired N/P ratios. After an
incubation time of 30 min, the polyplex solutions were loaded in the measuring cell.
Transmission electron microscopy (TEM). The size and morphology data of the
cargocomplexes were obtained using a Hitachi HT7700 transmission electron microscope
(TEM), operating at 100 kV, in High Resolution mode. The polyplex samples were prepared
as follows. 2 µl of each cargocomplex solution were deposited on carbon TEM grids (400
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mesh) and were left for 24 hours to evaporate the solvent at room temperature, under
atmospheric pressure, before examination.
Computational methods
Model construction. First, a model of randomly branched PEI (Mw = 2 kDa) was manually
manually adjusted to give an overall protonation of 50% on the entire molecule.80 Then, a βcyclodextrin was substituted with 3 PEI molecules at C6 carbon atoms, as obtained from
synthesis. Nine tri-substituted cyclodextrin molecules were inserted on an extended PEG
linear molecule (Mw = 1 kDa), and the silatrane stoppers were added at each ending to build
the polyrotaxane supramolecular aggregate. The complex was then solvated using Maestro
simulation environment [Schrödinger, LLC, New York, NY, 2016] in a parallelepiped box
with 49582 water molecules, 786 Cl- ions, and 138 Na+ ions, to achieve system neutrality and
a 150 mM salt concentration. The system was then energy minimized using a steepest descent
algorithm.
Molecular dynamics (MD) simulations. The polyrotaxane aggregate was described using
the OPLS-AA force field.81 TIP3P model was selected for water molecules. The constructed
model was first subjected to equilibration, following Desmond molecular software standard
relaxation protocol.82 Production simulations were performed in the NPT ensemble at T = 300
K without any restraints applied on system. Nosé - Hover chains method was used for
thermostating (τ = 1.0 ps).83,84 Martyna - Tobias - Klein (MTK) barostat was employed to
isotropically keep the pressure constant at 1 atm (τ = 2.0 ps). Long range electrostatic
interactions were evaluated using Particle-Mesh Ewald (PME) summation. Snapshots of the
system configuration were saved every 1.2 ps for further analysis. Moments of inertia (MOI)
and bi-dimensional particle number density charts were computed using the analysis utilities
from the GROMACS molecular simulation package, after a prior conversion of the
trajectories.85 All simulations were performed using the parallel version of Desmond software
on multiple processor equipped servers.
Evaluation of in vitro transfection efficiency
Preparation of plasmid DNA. Plasmids pCS2+MT-Luc (pLUC) and pCS2+NLS-eGFP
(pGFP) (gift from Dr. 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
25
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constructed using the Avogadro software.23 The protonation states of the amino groups were
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Pathology, Bucharest) and purified with E.Z.N.A. Endo-free Plasmid Mini II kit (Omega BioTek, Inc.).
Preparation of cargocomplexes. The polyrotaxane samples were dissolved in pure water
(Millipore), an appropriate amount of pDNA being then added and mixed by pipetting,

Cell culture. HeLa (human cervix adenocarcinoma) cells from CLS-Cell-Lines-ServicesGmbH (Germany) were maintained in complete medium: alpha-MEM medium (Lonza)
supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin–streptomycin–
amphotericin B mixture (Lonza) in a 37 °C, 5% CO2 humidified environment.
Transfection ability was determined as follows. Twenty four hours prior transfection, HeLa
cells were plated at a density of 104 cells/well in 96-well white opaque microplates
(PerkinElmer) and allowed to adhere overnight. The polyplexes were made by mixing pDNA
with different concentrations of polymers in order to achieve desired N/P ratios for 500 ng
DNA/well and were incubated at room temperature for one hour. After one hour, the
transfection mixture was added to cells without removing the medium. After 48 hours, the
transfection efficiency was evaluated with a Bright-Glo(TM) Luciferase Assay System kit
(Promega) on a plate reader (EnSight, PerkinElmer). Each experiment was performed with 8
replicates.
Cytotoxicity assay. Cytotoxicity was measured using MTS technique (CellTiter 96®
Aqueous One Solution Cell Proliferation Assay, Promega) which measures the mitochondrial
reductase activity.20,86 HeLa cells were seeded at a density of 104 cells per well in 96 well
plates, in 100 µL complete medium. The next day, cells were transfected with polyplexes as
described above, after which the cells were grown for another 44 hours. At least 8 biological
replicates were performed for each polyplex type and N/P ratio, and each experiment was
repeated 3 times. After 44 hours, 20 µL of CellTiter 96® Aqueous One Solution reagent were
added to each well, and the plates were incubated for another 4 hours before reading the result.
Absorbance at 490 nm was recorded with a plate reader (EnSight, PerkinElmer).
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Supporting Information is available online from the Wiley Online Library or from the author.
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followed by incubation at room temperature for 60 minutes before use.
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