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Abstract: The introduction of aminoal-
kylamino and guanidinoalkylamino
substituents on the primary side of f3-
and y-cyclodextrin (CDs) resulted in a
series of novel compounds that were
extensively characterized by NMR
spectroscopy and mass spectrometry.
Bromination of the primary side of (-
and y-CD, and reaction with neat alky-
lene diamines at a pressure of 7 atm af-
forded aminoalkylamino derivatives
that were then guanylated at the pri-
mary amino group to give the corre-
sponding  guanidinoalkylamino-CDs.
These compounds are water soluble
and display pK, values that allow them
to be mostly protonated at neutral pH;
for example, pK, ~6.4 and pK,~9.5
for the aminoethylamino-B-CD and
pK, ~7.8 and pK, ~11.0 for the guani-

dinoethylamino-B-CD. The title CDs
are rigid, cyclic a-p-glucopyranose olig-
omers (heptamers or octamers) with
branches that resemble lysine and argi-
nine side chains that enable multiple
interactions with suitable substrates.
Thus, they bear similarities to known
cell-penetrating peptides. Indeed, the
compounds were found to cross the
membranes of HeLa cells and pene-
trate inside the cytoplasm quickly, the
guadinylated ones within 15 min, as
shown by fluorescence microscopy
using fluorescein-labeled derivatives.
The toxicity of the compounds, mea-
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sured by performing MTT tests, ranged
from 50 to 300 pm. Furthermore, some
of the aminated CDs could facilitate
the transfection of DNA expressing the
green fluorescent protein (GFP) in
HEK 293T cells, with effectiveness
comparable to the commercial agent
Lipofectamine 2000. Circular dichro-
ism, atomic force microscopy and elec-
trophoresis experiments confirmed the
strong interaction of the compounds
with DNA. Because of their carbohy-
drate, non-peptide nature the title com-
pounds are not anticipated to be enzy-
matically labile or immunogenic, and
thus they fulfill many of the criteria for
non-hazardous transport vectors in bio-
logical and pharmaceutical applica-
tions.

Introduction
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Cyclodextrins (CDs) are cyclic oligomers of a-D-glucose
that possess a set of primary hydroxyl groups on the narrow
side and a set of secondary hydroxyl groups on the wider
side (Scheme 1a). The uniform and position-selective intro-
duction of substituents onto the macrocycles has been pur-
sued for many years!!! because the derivatives obtained can
act as functional host molecules. Reliable procedures afford-
ing per-substituted cyclodextrins bearing charged groups
have received particular attention,*" given that a geometri-
cally defined charged region on one side of the macrocycle
may present, in addition to the cavity, another significant re-
ceptor able to bind suitable substrates through multiple elec-
trostatic interactions. Per(6-amino-6-deoxy)-cyclodextrins,
known for some time, are compounds that provide both free
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amine and ammonium groups at neutral pH (pK,~8) and
behave as biomimetic catalysts.”! Recently, the efficient syn-
thesis, characterization and properties of per(6-guanidino-6-
deoxy)CDs, ag, pg, or yg (Scheme 1b), was published by
us.”) Tt was shown that these products bound preferentially
onto phosphorylated substrates. DNA was such a substrate,
which upon incubation with either ag, g, or yg underwent
structural change that eventually led to its packing into
nanoparticles, a very desirable feature for direct delivery of
DNA through cell membranes.™!

There is an exceedingly large amount of recent research
directed toward the interactions of positively charged mac-
romolecules, mainly polymers, but also liposomes and den-
drimers with DNA, that result in DNA transfection.”! Some

Abstract in Greek:

H oUvOeon VEWV, HOANPWC  UHDOKATECTNUEVOV
xukAodeltpivav (CDs) o©tnv mpwrtotayn Toug
nAeupd emeteUx6n oe ouvOnkeg uynAng mlieong
HE XPHON QAELQATLKOV SLOULVOV ¢ OLOAUTECQ
onéte mapnxOnoov oL mEPL (6-CQULVOXAKUAQU L VO-
6-0c0éu)CDs. EnaxkoAoubn youavuAlwon TWV
OPWTOTAYOV aULVOUdSwY E€3wOe TLG AVTIOTOLXEG
nept (6-youavidivoaAkuAauivo-6-6co0éu)CDs. Ot
véego evooeig  xapaktnolobnkoav  OANPwG  UE
paoupatookonia NMR koL @oaouxtouetplio upaloc.
Metpribnkav ta pKa; ~ 6.4 kot pKa, ~ 9.5 via
uia autvo-B-CD xat pKa; ~7.8 kat pKa, ~11.0
via pia yovavidivo-R-CD, ouvendg og ouvbn-
KEQ OouUdéTeEpOU pPH Ol AELTOUPYLKEC OUGdEC
ToUg  gupavi{ovial HOAAAIADNG QOPTLOUEVEC,
opotradouv Sg ue gKeIVEQ TV HOAEUPLKAV
aAucidwv TwVv auivoléwv Avoivn Kol apyltvivnp
EVQ eLong nopouc L &louv uynAn XWE LKL
OUYKEVTOWON BeTIKOV popTiwv. AUTS 10 SOULKO
XOPQAKTNPLOTLKS TOUQ HPoodidetl TNV LKAVOTNTA
Vo 0AAnAemiSpoUvV g apvNTLKOG  QOPT LOUEVA
CUCTHUQTA, OOWG KUTTHPLKEGQ UeuBplves KAl
DNA. ZStnv npotn #eplontwon evidooeTal n
Taxela €Loaywynl TV OOPAYAY@V EILONUACUEVOV
ue 100B¢€ LOKUAV LK) pAovopegokeivn oTo
KUT TAPOIAXCUN KQPKLVIKOV KUTTApwV HeLa oOnwg
mioronolnénke ue uiLkpookomia @BoptouoU. H
aAAnAem{dpaocn upue 10 DNA el{voL LOXupnh KOl
eniBeBaidbnke Ue nNAEKTPOEOPNON, QACUATOOKO—
i KUKALKOU OSLxpwlouoU Kol HLIKpooKomia
aTou LKAV  Suvauewv. H aAAnAemidpacn auth
anoteAe( Bacixkl) mpoUmndBeon yia 1n UETAPOPA
YVEVETLKOU UALKOU €VIOC TOU KUTTHPOU KOL TNV
Exppaon n¢ KO LKOoHmoLoUuevng mOpwtelvng.
Ovtwg, Otav KUTtapa HEK 2937 scnodocbBnxav
napovcia tou mAacutdiou 1n¢ mpwiteivne GFP
Kot oplouévev ouivo CDs, noapatnpnénke &xk-
ppaon 1n¢ GFP og enimeda ouykploipoa ue
exeliva nou EMLTUYXAVE L n EUTOP L KAOC
StaBéoiun Lipofectamine 2000. H KUTTOopO-
108 1KOTNTH TWV VEWLY evoocewv Hnpocdioplobnke
ue tn pébodo MITT (50 éwg 300 uM). Adyw 1n¢

UdaTAVOPUK L KNG puonc Toug, ot véeg
xUukAoSeétpiveg avauévetal va mapouoidlouv
XQunAn avoocoyovikoétnta Kol va £lvoal ora-

Bepéc EVaVTI HPWTEOAUTLKOV £VvIUUV.
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Scheme 1. a) Representation of the a-, f-, y-cyclodextrin macrocycles cor-
responding to n=6, 7, 8, respectively, and b) per(6-guanidino-6-deoxy)-
cyclodextrins.

of the most successful polymeric agents® bear cyclodex-
trin rings linked together by cationic spacer chains. In con-
trast to polymers, cationic oligomers have been shown to act
as molecular transporters, namely to cross readily cell mem-
branes carrying a covalently linked molecular cargo, such as
a drug, that itself is unable to cross the cellular barrier. A
prominent place among such oligomers is occupied by pep-
tides comprising entirely or partially arginine or lysine resi-
dues.[! These amino acids are known to be the primary con-
stituents of peptide sequences found in proteins that are
characterized by cell-membrane permeation properties (cell-
penetrating peptides, CPPs).”" Some literature systems bear-
ing guanidino groups on linear backbones indicated that
structural rigidity and spatial organization of the positive
charges to achieve stable helical arrangement were impor-
tant for cell entry.* Therefore, the introduction of seven or
eight lysine- and arginine-like side groups on one side of a
CD, combined with its rigid cyclic structure and its suitable
size (diameter ~1 nm), was envisaged as a promising way to
construct cell-penetrating CDs (CPCDs). The present work
describes the successful preparation of such derivatives, that
is, novel per(6-aminoalkylamino-6-deoxy)- and per(6-guani-
dinoalkylamino-6-deoxy)-CDs (Scheme 2) that were spec-
troscopically characterized in detail, including pK, measure-
ments. Interestingly, the title products displayed the dual
properties of cell-penetrating and DNA-transfection agents.

Results and Discussion

Synthesis and characterization: The synthesis of heptakis-
and octakis(6-aminoalkylamino-6-deoxy-)-f- and -y-cyclo-
dextrins, and of heptakis- and octakis(6-guanidinoalkylami-
no-6-deoxy)-p3- and -y-cyclodextrins, is shown in Scheme 2.
The natural B- and y-cyclodextrins were converted to the
corresponding per(6-bromo-6-deoxy) derivatives (fBr and
vBr),l'™8 which reacted with the appropriate alkylene dia-
mine as the solvent in an autoclave under a 7-atm nitrogen
atmosphere at 75 to 80°C to afford within 3-4 d the per-
(6-aminoalkylamino-6-deoxy)-cyclodextrins fe, fp, ph, vye,
and yp.
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Scheme 2. i) Ph;P/DMF/Br,, 75-80°C, 18 h; ii) H,N(CH,),NH,, x=2, 3, 6, 80°C, 7 atm N,, 3—4 d; iii) 1H-pyra-

zole-1-carboxamidine-HCl, DMF, DIPEA (N,N-diisopropylethylamine).

The '"H NMR and especially the ?C NMR spectra of the
products in D,O corresponded to per-substituted cyclodex-
trins having C7 and C8 symmetry, respectively, as they dis-
played one peak for each type of proton (or carbon) in the
repeating glucopyranose unit. The change in chemical shifts
of carbon atoms C6 of the primary side from ~62 ppm in
the natural CDs to ~34 ppm in Br and yBr, and to ~47-
51 ppm in the aminoalkylamino products fe, fp, ph, ye, yp
was proof that all products were aminated fully, as no resid-
ual peaks of the brominated precursors were detected. Com-
plete NMR assignment was carried out by recording 2D
COSY and HSQC spectra. In addition, the attachment of
only one nitrogen of each H,N(CH,),NH, to the C6 of the
cyclodextrin (Scheme 2) was confirmed by 2D HMBC (Sup-
porting Information Figure S1). The MALDI-TOF mass
spectra displayed strong molecular ions, [M+H]" (~100%)
(Supporting Information Figures S2, S3, S4), as well as two
or three fragments of appreciable intensity corresponding to
sequential loss of H,N(CH,),NH, groups. This kind of frag-
mentation seems to take place in the spectrometer rather
than arise from the presence of incompletely substituted
oligomers, contrary to what was reported for the MALDI-
TOF spectra of imperfect carbosilane dendrimers:® there
are no mass peaks corresponding to brominated- or hy-
droxylated-oligoaminoalkylated CDs (a sign of incomplete
substitution), confirming the previously described *C NMR
data for the C6 peaks (absence of C6—Br at ~34 ppm and
C6—OH at ~62 ppm). Further, in the MALDI-TOF spectra
of the corresponding guanidines (Supporting Information)
there are no low-molecular-weight peaks that would arise
from partially guadinylated CDs that could arise from in-
completely aminoalkylated precursors. No peaks corre-
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sponding to dimers (i.e., bridg-
ing of two CD macrocycles) or
higher oligomers were detected
either, only very small peaks
(<5 % intensity) of mass higher
than M™, attributable to the
adduct [M+H,N(CH,),NH,]*,
31 g: were visible. On the other
6: Bh hand, the ESI mass spectra
g;: showed multicharged frag-
ments, [M+7H*] or [M+8H™],
for B-or y-CD derivatives, re-
spectively, corresponding to the
expected molecular ions. The
derivative f§h was obtained as a
30-40% mixture with the start-
ing hexylene diamine, probably
¢ held strongly in the cavity or
among the aminohexylamino
sustituents that branch out. The
latter supramolecular entity was
not found in the MALDI-TOF
spectrum, maybe due to the
acidic matrix used. Dialysis or
extensive chloroform washing,
or even reverse-phase column chromatography, were unsuc-
cessful in removing the free diamine, therefore, fh was not
used for the biological tests that follow.

Attempts to react fBr or yBr or the per-iodinated ana-
logue, BI, with the alkylene diamines (10-40 equivalents) in
DMF at 80°C for four days following a previously repor-
ted™ procedure afforded partially substituted products dis-
playing multiple or broad 'H and C peaks in the NMR
spectra. An alternative approach using either mono-protect-
ed N-Ac- or N-Boc-ethylene (Boc=tert-butoxycarbonyl) di-
amine in reaction with §Br in DMF, as described above, did
not result in uniform substitution. Further, attempts to
obtain the desired products by preparation of the known!'!]
per[6-(2-hydroxyethylamino)-6-deoxy]-3-CD, followed by
conversion of the terminal hydroxy to amino groups using
Gabriel amination conditions” also gave poor results.
Therefore, the best methodology was to use the reacting
amine as the solvent at 80°C under elevated pressure. The
reverse approach, involving reaction of per(6-amino-6-
deoxy)-p-cyclodextrin with 2-bromoethylamine hydrobro-
mide, was also ineffective.

The per(6-guanidinoalkylamino-6-deoxy)-cyclodextrins
Beg, Ppg, Phg, veg, ypg were obtained after treatment of the
corresponding amines with 1H-pyrazole-1-carboxamidine
hydrochloride as the guanylating reagent and were charac-
terized spectroscopically. The 'H and “CNMR spectra
showed single peaks although broadened, not an unusual
observation for per-substituted cyclodextrins.'"'l The assign-
ment was performed by obtaining 2D NMR spectra, and the
connectivity of the tertiary guanidino group carbon with the
protons of the w-carbon atom of the alkylene chain was es-
tablished (Supporting Information Figure S5). The MALDI-

33333
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MS spectra showed the molecular ions, but also many addi-
tional peaks due to loss and even gain of a guanidino group,
its protonated ion, or its radical (m/e 59, 60, 58), and of
NH," (m/e 16), typically observed in the EI-MS of guani-
dines.'?

The present methodology provides the title amino deriva-
tives in two steps from the parent CDs. Compound fe, was
obtained previously after heating fBr with ethylene diamine
in DMF solution, but the degree of substitution, x, calculat-
ed from the NMR spectra was 5.°1 Analogous aminoalkyl
(and consequently guanidinoalkyl) derivatives connected to
the CD macrocycle through a sulfide moiety have been re-
ported, obtained in four steps.'¥ Finally treatment of the
compounds with a chloride-anion exchange resin ensured
the presence of a constant number of anions. In fact, the
guanidinylated derivatives showed that they can hold up to
two chloride ions per guanidino group.

Both 'H and *C NMR signals in all new compounds were
very much pH dependent, as reported previously for the
per(6-amino-6-deoxy)cyclodextrins.’! The pH did not only
affect the chemical shifts, as expected,™ but also the
number of peaks as well as their line width. In the "C NMR
spectra of a pure compound, for example, p, the sharp sig-
nals of C1 and C4 at pH 1.2 (Supporting Information Fig-
ure S7) changed to broad and shifted signals at pH 11.5, and
new peaks appeared, evidently due to varying degrees of
protonation, possibly associated also with macrocyclic defor-
mation. Titration of a solution of ye with dilute DCI and re-
cording of the ®C chemical shifts of the carbon atoms Ca
and Cw neighboring -NH- and -NH, groups, in the presence
of benzene as the external reference, yielded a plot of O

FULL PAPER

as a function of pH (Figure 1a) with two plateaus. This was
then plotted according to the Henderson—-Hasselbach Equa-
tion [Eq. (1)] (Figure 1b),

pH = pK, + {log[wmdic—6ob5>/<aob5—abm>l} (1)

The monitored atom Ca is at position  to the primary
amino group, whereas Cw is f to the secondary amino
group in ye. It is well known that protonation of amines
causes considerable shielding of neighboring carbon atoms,
predominantly those at the f position (up to ~5 ppm), an
effect attributed to the electric field E of the charged group
and its gradient dE/Or on the observed atom.!™

The titration plot of Ca (Figure 1a) shows a small increase
of shielding around pH 6 and a large increase of shielding
around pH9, whereas Cw displays the reverse behavior.
Linear fit of the points at the pH change yields the pK,
values 6.4 and 9.5, corresponding to the secondary and pri-
mary amino groups, respectively. In fact, these values paral-
lel the ones of ethylene diamine, that is, 7.6 and 10.7,1'% but
are smaller by one pK, unit.

These apparent pK, values show that the amino groups at
neutral pH are partly protonated, contrary to normal
amines that are fully protonated at neutral pH. As a conse-
quence, ye is less basic than the lysine side chain (pK,~
10.5). Low pK, values have been observed for lysine active
sites of natural enzymes, a fact that allows their partial pro-
tonation at pH 7 and thus gives them the ability to operate
as nucleophiles or general base catalysts.'”! In the present
CDs the grouping of the eight aminoalkylamino groups

b)
1 y=-24567x + 7.9868
R?=0.9664
y=-1.3344x + 6.365 e
R2=0.9806 5;\
3 25 -2 15 -1 -05 0 05 1 15
ye 109[(8acidic = Bobs)/(Sobs = Spasic)]
a)
] "
53 . 1 ca
511 . \ y=-1.2234x + 9.5284
49 \ R?=0.0936
47- .
] . oo '..Q.. 4
45 1 i
Sobs 5~ e @
43-
4
41 _
1 o y=_1.705x + 7.7849
R s 2 4
39 K R%=0.9511
35 2 15 -1 -05 0 05 1 15 2 25 3 35

0 2 4 6 8 10 12 14
pH

109[(8zcidic = Sobs)/(Bobs — é"baslc)]

Figure 1. a) 0,y =f(pH) and b) pH =f{10g[(9ucidic=Oons)/(Oors—Onasic)]} for carbons Ca (#/0), Coo (a/2) of ye.
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within 1 nm? on the primary CD side sets up a favorable en-
vironment for the persistent protonation of the amino
groups. Analogously, pH titration of the corresponding gua-
nylated compound yeg afforded pK, values of 7.8 and 11.0,
corresponding to the secondary amino and guanidino
groups, respectively. Again, the basicity of the present gua-
nidino group is lower than that of the arginine side chain
(pK,=12.5). These values are in accord with the reported
pK, values of per(6-amino-2,3-di-O-methyl)-a-, -B-, and -y-
CDs, which range from 7.9 to 8.2.

Synthesis and characterization of fluorescein-labeled amino-
alkylamino and guanidinoalkylamino cyclodextrins: The
new aminoalkylamino derivatives were labeled with fluores-
cein isothiocyanate (FITC) to give the corresponding deriva-
tives (Scheme 3), whose fluorescein content ranged from 2
to 10%, as seen from the '"H NMR spectra. The labeled de-
rivatives, even with this low percentage of fluorescein, ap-
peared typical of mono-substituted cyclodextrins. They
showed several signals arising from diverse anomeric pro-
tons H1, evidently due to the breaking of molecular symme-
try by attachment of fluorescein, in addition to the signals
arising from unlabeled molecules. Mono(6-amino-6-deoxy)-
B-CD!"™ was also labeled (fluorescein content ~20%). The
labeled compounds were further guanylated to obtain the
corresponding guanidinoalkylamino derivatives (Supporting
Information Figures S8-S10). The final products showed, in
addition to the fluorescein-NMR peaks, the characteristic
signal of guanidine at ~160 ppm in their *C NMR spectra.

Cell-penetration experiments: HelLa cells were incubated
with the fluorescein-labeled title compounds and the results
were examined under a fluorescent and a confocal micro-
scope. All compounds were found to enter the cytoplasm, as
revealed by intense fluorescent spots inside the cells, form-
ing possibly aggregates at high concentrations. The intensity
of the fluorescence increased with time (15 min, 1h, and
24 h) and concentration (50—100 um). In addition, the gua-
nidino derivatives entered cells faster than the amino deriv-
atives (Figure 2). Control experiments, carried out with
either fluorescein alone or fluorescein/fCD complex or
even with fluorescein-labeled mono(6-amino-6-deoxy)-B-cy-
clodextrin, showed absolutely no fluorescence under identi-
cal concentrations and incubation periods (Supporting Infor-
mation Figure S11).

Cells were also examined under a confocal microscope
(Figure 3). Images of different slices from the surface
showed strong cytoplasmic fluorescence. The observed nu-
cleolus staining could be due to the fixative procedure, as
reported previously.”"’

The above results clearly demonstrate the ability of the
prepared compounds to cross the cell membranes of HelLa
cells. The CDs form clusters inside the cells (Figure 2), espe-
cially at high concentrations, giving rise to strong, spotted
autofluorescence. A careful inspection of the images of the
HEK?293 cells in the transfection experiments below also re-
vealed autofluorescence, indicating that the compounds en-
tered those cells, too. This latter behavior was observed
during the transfection experiments in live (unfixed) cells
and thus, combined with results of the cell-penetration ex-
periments visualized after cell fixation (Figures2 and 3),
shows the true penetration
effect.'”

The new compounds share
characteristic ~ structural fea-
tures: i) they bear substituents
on the primary cyclodextrin
side that are similar to the side
chains of lysine and arginine
amino acids; ii) they are hep-
tamers and octamers, consid-
ered ideal for carrying covalent-
ly bound molecules into cells;®

Scheme 3. Fluorescein labeling of the title compounds (x=2, 3, n=7, 8, m<0.1): i) DMF, DIPEA, FITC;

ii) 1H-pyrazole-1-carboxamidine/DIPEA.
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iii) they have structural rigidity
and spatial organization of the
positive charges to achieve a
stable arrangement, considered
important for cell entry.[%7
Therefore, the title compounds
can act as cell-penetrating CDs
(CPCDs). One of the most effi-
cient cell-penetrating peptides
(CPPs) is the well-known TAT
peptide and related hepta-argi-
nine oligopeptides, which enter
cells by a passive transfer mech-
anism through the lipid bi-
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15 min

24h

B-FI

Figure 2. Fluorescent microscopy images of HeLa cells incubated in the presence of the indicated compounds

(100 um) for different incubation times.

layer.™ It is possible that the present compounds use the
same penetration pathway, as their functional elements are
similar to those of TAT. However, because it is well known
that CDs are able to relax membranes due to encapsulation
of the lipophilic components inside their cavity,”” a related
additional mechanism cannot be excluded in the present
process.

MTT assays: The toxicity of the compounds was evaluated
by performing MTT assays on HeLa cells. The experimental
ICs, values vary between 50 and 300 pm. There was no ap-
parent relation between the ICs, values and structures of the
compounds. These results are not directly comparable with
those of previously reported MTT tests!! in which pyridyl-
and imidazolyl-substituted CDs were used, because the
latter tests were conducted using the CDs as complexes with
DNA. On the other hand, other toxicity tests carried out on

ve-Fl peg:-FI
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natural CDs and pharmacologi-
cally approved derivatives (hy-
droxypropyl-, sulfobutyl-CDs)
employed methods quite differ-
ent from the present one.

DNA -binding experiments

Circular dichroism: The CD
spectra of circular plasmid
DNA (Figure 4, curve a) in the
presence of an increasing con-
centration of fle (curves b, c, d)
showed that up to a ratio fe/
DNA ~1:5 (curve b) there is no
change in the spectrum of
DNA, that is, in the positive
band around 270 nm and the
negative band around 240 nm,
arising from the stacking inter-
actions of the bases in the helix.
A sudden change, seen as shift
and reduction of the positive
band at 260-280 nm, is ob-
served at a ratio 1:3 (curve c)
and remains the same thereafter, up to the ratio fe/DNA
1:1 (curve d), showing a permanent restructuring of the
macromolecule. The structural change is visible in the pres-
ence of a less-than-equimolar quantity of fe, and this is also
shown in the description of the electrophoresis experiments
below.

veg-Fl

Electrophoresis: A decrease of DNA migration up to com-
plete inhibition was observed during agarose gel electropho-
resis in the presence of various quantities of the new amino-
alkylamino and guanidinoalkylamino cyclodextrins. Previous
experiments® with the per(guanidino)CDs showed that the
compounds inhibited migration of DNA in the agarose gel
at a mass/charge ratio DNA/CD of 1:1 or better, whereas
the parent CDs, as well as guanidine hydrochloride, had no
effect. Inhibition of DNA was also observed with the pres-
ent compounds. Figure5 displays the migration of calf

Figure 3. Confocal microscopy slices at three different levels from the surface (from left to right: deeper to superficial) of immobilized HeLa cells incu-

bated for 1 h with peg-FI (50 pm).
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Figure 4. CD spectra of pcDNA (5.3 kbp) 100 pum in the presence of fe:
a) 0 um, b) 19.6 pm, ¢) 38.5 pum and d) 107 um.

a)

Figure 5. Agarose gel electrophoresis of the mixtures listed in Table 1 (gel a) and Table 2 (gel b).

thymus DNA in the various
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b)
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d)

CDs (pK,~8).”Y Similar results were obtained upon electro-
phoresis of DNA in the presence of the guanidino deriva-
tives feg, veg, ppg, ypg (Table 2, gel b). Qualitatively, com-
paring the same mass/charge ratios among the compounds
in several gels, the DNA inhibition effect increases in the
order fNH, < fe < fip, YNH,<ye <yp. Of all the prepared
compounds tested, those with more functional groups were
the most active, that is, yCD derivatives more than CD de-
rivatives and guanidino more than amino derivatives. This
behavior is expected because the guanidine—phosphate inter-
action is widely acknowledged to be a specific and strong in-
teraction. The high local concentration of positively charged
groups on the CDs defines an area for strong, cooperative,
multivalent interactions,* presumably with the phosphate
groups of DNA, a feature frequently observed in biological
systems. As mentioned previously,” an example of biologi-
cal molecules that bear some
similarity to the present com-
pounds are protamines. These
small proteins found in sperm
heads have sequences of five,
six or seven consecutive argi-
nine residues®’ and form core
a-helices™®¢!  that interact
strongly with the major groove
of DNA, thus resulting in its
very efficient packing. The
present compounds feature 14—
16  amino/guanidino  groups
clustered in a fixed area of
~1 nm diameter, therefore, it is
reasonable to propose a mode
of interaction with DNA similar
to that of protamines.

Table 1. Compounds and the corresponding ratios of DNA/compound used for electrophoresis. !

lanes, visualized by the fluores-

cence of the intercalated ethid- Lane Compd V [uL] Mass/Charge Lane Compd V [uL] Mass/Charge
ium bromide, using solutions of ! AHindIIT - - 9 AHindITl - -
C g . 2 fCD 15 - 10 Be 10 2
compounds as indicated in 4 BCD 10 B 1 Be s 3
Tables 1 and 2 were incubated 4 pCD 5 _ 12 pe 1 15
with DNA solution in order to 5 fpNH, 15 1 13 pp 15 1
achieve the DNA/compound © gPNHz 10 2 14 EP 10 2
s 23] s 7 pNH, 5 3 15 p 5 3
mass/charge ratio'™ indicated. g Be 15 1 16 b 1 s

In gel a it is shown that BCD

has no effect on DNA migra-
tion, whereas per(6-amino-6-
deoxy)-p-CD (BpNH,) results

refers to DNA/compound.

[a] Concentrations: [BCD]=[ppNH,]=0.0844 mm, [fe]=0.0778 mm, [Pp]=0.0955 mm. Mass/Charge ratio

Table 2. Compounds and the corresponding ratios of DNA/compound used for electrophoresis. !

in partial reduction of the ob- p[ape Compd V [uL] Mass/Charge Lane Compd V [uL] Mass/Charge
served  fluorescence. = Com- 1 T HindIIl — — 9 — — —
pounds fe and Pp completely 2 DNA _ _ 10 DNA _ _
inhibit migration of DNA, and 3 feg 0.1 100 11 Bpg 0.1 100
only at DNA/fe or fp mass/ 4 feg 1 10 12 Bpe 1 10
charge =15 is DNA migratin > pes 10 L 13 Pre 10 !
g grating. 6 veg 0.1 100 14 Ypg 0.1 100
Th'ese 'results show that at 7 veg 1 10 15 Ype 1 10
physiological pH the newly pre- 8 veg 10 1 16 Ypg 10 1

pared e and ye bear more pos-

itive charges than the amino ratio refers to DNA/compound.
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[a] Concentrations: [Beg]=0.0886 mm, [pfpg]=0.0844 mm, [yeg]=0.0886 mm, [ypg]=0.0844 mm. Mass/Charge
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Atomic force microscopy (AFM): Double-stranded linear
DNA (5 kbp) buffered with HEPES/NaOH at pH 7.4 was
immobilized on freshly cleaved mica substrates. The images
obtained (Figure 6a) for DNA alone showed fibre-like for-
mations producing a “network” on the surface. Incubation
of the same DNA in the presence of fe for 1 h followed by
AFM imaging revealed the formation of globular nanoparti-
cles (Figure 6b) of sizes ranging from ~40-140 nm, in com-
plete contrast to the previous image. Scanning in several dif-
ferent areas of the surface did not show presence of the pre-
viously observed fibres. Clearly, the presence of the title
compounds results in packing of the DNA in particles of
size suitable for cell entry.!
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Figure 6. AFM images of a)double-stranded linear DNA 5kbp and
b) the DNA/Be complex at 1:1000 ratio.

Transfection experiments: The compounds prepared were
tested as potential DNA-transfection agents on human em-
bryonic kidney (HEK) 293 and 293T cells, by using pAd-
Track (adenoviral plasmid expressing green fluorescent pro-
tein, eGFP). In an initial screen on HEK 293 cells, no trans-
fection was observed at several low concentrations of CD
derivatives (1 nm to 10 um), in the presence or absence of
serum. However, in all concentrations tested, varying de-
grees of spotted autofluorescence was observed, which was
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particularly evident upon using the guanidino compounds.
The use of higher concentrations of CD reagents (0.4 to
2.2 mm) resulted in cell transfection with compounds fe, ye,
and Pp only, in which one or two cells per field were ob-
served. Given that fe, ye, and fp were evidently non-toxic
to recipient cells at concentrations up to 2.2 mm, the concen-
tration of these compounds in the CD/DNA mixture was in-
creased. This led to an increase in the transfection efficiency,
although to only a small extent (images not shown). Conse-
quently, HEK 293T cells were chosen as the target cell line,
given that their efficiency of transfection, achievable using
standard commercial reagents, is known to be higher than
that of parental HEK 293 cells. The optimal concentration
of each CD reagent required to mediate transfection was
first determined by dose response experiments. Concentra-
tions ranging from 4 to 40 mgmL™"' of the CD derivative
were complexed to pAdTrack and the mixture then added
to HEK 293T cells. Expression of GFP was determined by
fluorescence microscopy 48 h later (Figure 7a).

Smg/ml 4mg/ml

T

a) 40mg/mi

20mg/ml

10mg/mi 7.5mg/mil

G

',Fr- ;

Lipo2000

Figure 7. a) Optical and fluorescence microscopy images showing expres-
sion of eGFP protein in HEK 293T cells in the presence of selected CD
derivatives and b) magnification and comparison with commercially
available Lipofectamine 2000 as control.

The three reagents, yp, pp, and fe, mediated much higher
transfection under these conditions, giving optimal expres-
sion of GFP at concentrations of 4mgmL™"' (2.4 mm),
7.5 mgmL™" (4.2 mm) and 40 mgmL " (20.8 mm), respective-
ly. Compound Bp mediated the most efficient transfection in
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HEK 293T cells, as well as in the HEK 293 cell line.
Indeed, evaluation of transfection efficiency by fluorescence
microscopy at a range of magnifications revealed that fp
mediated the transfection of HEK 293T cells to an extent
similar to that obtained by using Lipofectamine 2000 (Fig-
ure 7b). In a previous report, heptakis(6-amino-6-deoxy)-3-
cyclodextrin and several pyridylamino- and imidazoyl-f3-
CDs were shown” to complex with plasmid DNA and be
effective in DNA transfection, however, direct comparison
of the present compounds with these literature compounds
cannot be made as the latter were tested on different cells.

Conclusion

The present novel compounds, which were shown to pene-
trate cell membranes and mediate satisfactory DNA trans-
fection, combine several desirable features:

1) structurally, they possess invariant spatial arrangement of
positively charged groups and a cross-section of ~1 nm?;

2) they are oligomers prepared in two and three steps from
inexpensive parent CDs in moderate to good yields,
using processes that could be easily scaled up;

3) they are not peptidic in nature, therefore, they are not
expected to be immunogenic and simultaneously unlikely
to be enzymatically cleaved by, for example, trypsin, as
opposed to CPPs that are enzymatically labile under
physiological conditions;""

4) they possess aqueous solubility within the mm range;

5) they allow cell survival and viability combined with fast
cell entry;

6) they possess amino groups that can be readily attached
to a cargo molecule (e.g., a suitable drug), or even deco-
rated with a targeting functionality, providing many pos-
sibilities for future applications.

Moderate efficiency of DNA transfection was reported
previously for otherwise excellent heptarginine molecular
transporters,”® therefore, observation of appreciable trans-
fection levels for some of the present compounds is an inter-
esting result. Cell-penetrating CDs fulfill most criteria for
efficient, non-hazardous transport vectors, and may provide
a significant tool in pharmaceutical research.

Experimental Section

CDs were products of Cyclolab or Sigma—Aldrich and were used as re-
ceived. DMF was dried and distilled over molecular sieves. Benzoylated
cellulose dialysis tubing, 32 mm, cut-off MW 1100, was obtained from Al-
drich. Reactions requiring pressure were carried out in a stainless steel
Parr pressure reactor equipped with mechanical stirring and temperature
controller. The starting materials, per(6-bromo-6-deoxy)-derivatives fBr
and yBr, were prepared as described previously.'**! All moisture-sensi-
tive reactions were carried out under a nitrogen atmosphere. 1D and 2D
NMR spectra were acquired either at 250 or at 500 MHz with Bruker
spectrometers. '"H NMR spectra recorded in D,O were referenced to
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HOD at 6=4.79, unless otherwise stated. MALDI-TOF spectra were ob-
tained with an Autoflex (Bruker Daltonics) instrument using 2,5-dihy-
droxybenzoic acid in ethanol (80 %), at the Istituto di Ricerche Chimiche
e Biochimiche “G. Ronzoni”, Milano, and ESI-MS spectra with an AQA
Navigator, Finnigan, at “Demokritos”.

Syntheses:

Heptakis[6-(2-aminoethylamino)-6-deoxy]-fCD (fle): Heptakis(6-bromo-
6-deoxy)-fCD (pBr) (0.316 g, 0.2 mmol) was added to 1,2-diaminoethane
(3.7 mL, 56 mmol) and the mixture was placed inside an autoclave and
stirred under N, atmosphere (7 atm) at 80°C for 72 h. The excess 1,2-dia-
minoethane was removed by evaporation under reduced pressure and the
oily residue was dissolved in doubly distilled water (5 mL). The resulting
solution was dialysed using cellulose tubing for 72 h to remove the low-
molecular-weight, water-soluble impurities. Subsequent removal of the
solvent by lyophilization afforded a pale-yellow solid (0.267 g, 93%).
'H NMR (500 MHz, D,0, 25°C): 6=5.06 (brs, 7H; H1), 3.90 (brm, 14H;
H3, HS), 3.58 (brm, 14H; H2, H4), 3.04 (brs, 14H; -CH,NH,), 2.90—
2.84 ppm (br, 28 H; H6, -NHCH,-); *C NMR (63 MHz, D,0, 25°C): 6=
100.6 (C1), 81.2 (C4), 72.0 (C3), 71.1 (C2), 69.6 (C5), 47.7 (C6), 46.7
(-NHCH,-), 38.0ppm (-CH,NH,); ESI-MS: m/z (%): 205.3 (100)
[M+7H]'*, 716.0 (20) [M+2H]**; MALDI-TOF MS: m/z (%): 1429.9
(100) [M+H]*, 14519 (88) [M+Na]*, 13918 (42) ([M+Na]*
—H,NCH,CH,NH, =60), 1369.8 (73) [M*—60], 1309.7 ([M+H]*—2 x 60).
Heptakis[6-(3-aminopropylamino)-6-deoxy]-fCD (Pr):  Heptakis(6-
bromo-6-deoxy)-fCD (BBr) (0.316 g, 0.2 mmol) was added to 1,3-diami-
nopropane (4.7 mL, 56 mmol) and the mixture was reacted and treated
as above. Lyophilization afforded a pale-yellow solid (0.123 g, 40%).
'HNMR (500 MHz, D,0, 25°C): 6=5.08 (br, 7H; H1), 3.89 (br, 14H;
H3, HY), 3.58 (br, 7H; H2), 3.51 (br, 7H; H4), 3.00 (br, 14H; -NHCH,-),
2.92 (br, 14H; H6), 2.72 (br, 14H; -CH,NH,), 1.84 ppm (br, 14H;
-NHCH,CH,); "CNMR (63 MHz, D,0, 25°C): 6=104.1 (Cl), 84.4
(C4), 75.4 (C3), 74.7 (C2), 72.8 (C5), 51.7 (-NHCH,-), 49.5 (C6), 40.7
(-CH,NH,), 29.2ppm (-NHCH,CH,-); ESI-MS: m/z (%): 219.3 (28)
[M+7H]'*, 510.4 (12) [M+3H]’*, 765.0 (11) [M+2H]**; MALDI-TOF
MS: miz (%): 1549.9 (15) [M+Na]*, 1528.0 (100) [M+H]*, 1453.9 (95)
([M+H]*-H,NCH,CH,CH,NH,="74), 1379.8 (19) ([M+H]*-2x74).
Heptakis[6-(6-aminohexylamino)-6-deoxy]-SCD (ph): Heptakis(6-bromo-
6-deoxy)-fCD (fBr) (0.316 g, 0.2 mmol) was added to 1,6-diaminohexane
(6.51 g, 56 mmol) and the mixture was treated as above. Lyophilization
afforded a white solid containing approximately 35 % free diamine that
persisted despite extensive washings with chloroform and dialysis
(0.250 g, 35%). '"H NMR (500 MHz, D,0, 25°C): 6=5.03 (brs, 7H; H1),
3.82 (brs, 14H; H3, H5), 3.57 (br, 7H; H2), 3.45-3.31 (brm, 7H; H4),
2.83 (br, 28H; H6, -CH,NH,), 2.54 (br, 14H; -NHCH,-), 1.55 (br, 14H;
-NHCH,CH,-), 1.46 (br, 14H; -CH,CH,NH,), 1.30ppm (br, 28H;
-CH,CH,CH,CH,NH,); "CNMR (126 MHz, D,O, 25°C): §=102.8-
101.0 (C1), 83.7-82.4 (C4), 73.3 (C2), 72.2 (C3), 70.7-70.2 (C5), 49.8-49.6
(C6, -NHCH,-), 40.0 (-CH,NH,), 302 (-NHCH,CH,-), 29.0
(-CH,CH,NH,), 28.6-27.7 (-NHCH,CH,CH,-), 26.9-26.4 ppm
(-CH,CH,CH,NH,); ESI-MS: m/z (%): 261.4 (35) [M+7H]'*, 912.3 (14)
[M+2H]**; MALDI-TOF MS: m/z (%): 1860.0 (7) [M+K]*, 1844.2 (60)
[M+Na]*, 18223 (58) [M+H]*, 17062 (100) [([M+H]*—H,N-
(CH,){NH,=116)=M1], 1590.3 (21) [M1-116], 1612 (2) [M1—-116+Na]*.
Octakis[6-(2-aminoethylamino)-6-deoxy]-yCD (ye): Octakis(6-bromo-6-
deoxy)-yCD (yBr) (0.360 g, 0.2 mmol) was added to 1,2-diaminoethane
(3.85 mL, 64 mmol) and the mixture was reacted and treated as above.
Lyophilization afforded a pale-yellow solid (0.320 g, 98%). 'H NMR
(500 MHz, D,0, 25°C): 6=5.12 (brm, 8H; H1), 3.88 (br, 16 H; H3, HS),
3.58 (br, 16H; H2, H4), 3.02 (br, 16H; -CH,NH,), 2.88 ppm (br, 32H;
H6, -NHCH,-); *CNMR (63 MHz, D,0, 25°C): 6=103.7-103.1 (C1),
83.6-83.0 (C4), 75.1 (C3), 74.7 (C2), 73.0 (C5), 51.1 (C6), 49.0 (-(NHCH),-),
412 ppm (-CH,NH,); ESI-MS: m/z (%): 205.3 (100) [M+8H]**, 818.0
(12) [M+2H]**; MALDI-TOF MS: m/z (%): 1633.8 (100) [M-+H]*,
1655.8 (92) [M+Na]*, 1573.8 (58) [([M+H]*—H,NCH,CH,NH,=60)=
M1], 1513.7 (18) [M1-60]*, 1453.6 (3) [M1-2x60].
Octakis[6-(3-aminopropylamino)-6-deoxy]-yCD (yp): Octakis(6-bromo-6-
deoxy)-yCD (yBr) (0.450 g, 0.25 mmol) was added to 1,3-diaminopropane
(6.6 mL, 80 mmol) and the mixture was reacted and treated as above.
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Lyophilization afforded a pale-yellow solid (0.421 g, 79%). '"H NMR
(500 MHz, D,0, 25°C): 6=5.21 —5.11 (brs, 8H; H1), 3.90 (brt, 16 H; H3,
HS), 3.58 (brd, 8H; H2), 3.52 (brt, 8H; H4), 3.01 (brt, 16H; -CH,NH,),
2.95 (br, 16H; H6), 2.76 (br, 16H; -NHCH,-), 1.87 ppm (brt, 16H;
-NHCH,CH,-); "CNMR (63 MHz, D,0, 25°C): 6=101.0-99.6 (C1),
81.4-80.1 (C4), 72.5 (C3), 71.9 (C2), 69.8 (CS5), 49.1 (C6), 46.6 (-NHCH,),
37.9 (-CH,NH,), 26.2 ppm (-NHCH,CH,-); ESI-MS: m/z (%): 219.3 (28)
[M+8H]**; MALDI-TOF MS: m/z (%): 1768.0 (50) [M+Na]*, 1746.0
(100) [M+H]*, 16719 (77) [([M+H]*-H,NCH,CH,CH,NH,=74)=
M1],1597.9 (24) [((M1+H*—74)=M2], 1523.8 (5) [M2+H*-74].
Heptakis[6-(2-guanidinoethylamino)-6-deoxy]-fCD  (Peg):  Heptakis-
[6-(2-aminoethylamino)-6-deoxy]-BCD (Pe) (0.208 g, 0.12 mmol) was dis-
persed in dry dimethylformamide (10 mL) and to the mixture 1H-pyrazo-
lecarboxamidine hydrochloride (1.23 g, 8.4 mmol) and N,N-diisopropyl-
ethylamine (DIPEA) (1.65 mL, 9.7 mmol) were added in three equal por-
tions over a period of 72 h. During this period the mixture was stirred
continuously at 70°C under a N, atmosphere. After cooling, diethyl ether
(150 mL) was added drop-wise and the suspension formed was stirred for
2h at RT. The solvent was decanted and the collected sticky solid was
dissolved in water (2 mL). Addition of ethanol (200 mL) resulted in the
precipitation of a white substance that was filtered off, washed with etha-
nol (50 mL) and dried under vacuum. This precipitate was dissolved in
doubly distilled water (3 mL), the pH was adjusted to 7 with hydrochloric
acid (1N) and the solution was treated with Dowex Type I resin (Cl™ ex-
changer) for 1h. The resin was removed by filtration and the solution
was kept inside dialysis tubing for 72 h to remove the low-molecular-
weight impurities. Subsequent lyophilization afforded a pale-yellow solid
(0.070 g, 27%). '"H NMR (500 MHz, D,0, 25°C): 6=>5.04 (brs, 7H; H1),
3.89 (brs, 14H; H3, H5), 3.58-3.41 (brm, 21 H; H2, H4, H6), 3.27 (brs,
14H; -CH,NH-C=NH), 2.81 ppm (brt, 21H; H6', -NHCH,-); "C NMR
(126 MHz, D,0, 25°C): 6=159.9 (NH=C-NH,), 104.3 (C1), 85.0 (C4),
75.5 (C3), 74.7 (C2), 73.3 (CS), 51.5 (C6), 50.7 (-NHCH,-), 43.6 ppm
(-CH,NH-C=NH); ESI-MS: m/z (%): 247.3 (37) [M+7H]'"; MALDI-
TOF MS m/z (%): 1781 (78) ([M+H]* +2x[CNH, =28])*, 1752.1 (100)
[([M+H]* +CNH, =28)=M1], 1736.0 (52) (M1-NH,)*, 1724.1 (34)
[M+H]*, 1665 (33) ([M—H,NCH(NH)NH)]* =58).
Heptakis[6-(3-guanidinopropylamino)-6-deoxy]-fCD (Ppg): Heptakis[6-
(3-aminopropylamino)-6-deoxy]-3CD (pp) (0.200 g, 0.11 mmol) was dis-
persed in dry dimethylformamide (5 mL) and to the mixture 1H-pyrazo-
lecarboxamidine hydrochloride (0.678 g, 4.6 mmol) and DIPEA
(0.93 mL, 5.5 mmol) were added in three equal portions over a period of
72 h. The reaction mixture was then reacted and treated as above. Lyo-
philization afforded a pale-yellow solid (0.027 g, 13%). 'HNMR
(500 MHz, D,0, 25°C): 6=5.34-4.90 (br, 7H; H1), 3.84 (br, 14H; H3,
H5), 3.50 (br, 7H; H2), 3.36 (br, 7H; H4), 3.16 (br, 14H; -CH,NH-C=
NH), 2.94-2.73 (br, 14H; H6), 2.61 (br, 14H; -NHCH,-), 1.72 ppm (br,
14H; -NHCH,CH,); “C NMR (126 MHz, D,0, 25°C): §=157.9 (NH=C-
NH,), 101.6 (C1), 83.6 (C4), 73.1 (C3), 72.7 (C5), 72.3 (C2), 49.2 (C6),
45.7 (-NHCH,-), 38.7 (-CH,NH-C=NH), 27.8 ppm (-NHCH,CH,-); ESI-
MS: m/z (%): 261.3 (97) [M+7H]"*, 304.3 (22) [M+6H]*"; MALDI-TOF
MS miz (%): 1851.0 (70) [M+CNH,=28]*, 1823.1 (100) [M+H]*, 1806.1
(46) [M—NH,*, 1790 (35) [M—-2xNH,)*, 1764 (23) [M+H*—guani-
dine =59], 1734, 1692.
Heptakis[6-(6-guanidinohexylamino)-6-deoxy]-fCD (phg): Heptakis[6-(6-
aminohexylamino)-6-deoxy]-3CD (ph) (0.091 g, 0.05 mmol) was dis-
persed in dry dimethylformamide (3 mL) and to the mixture 1H-pyrazo-
lecarboxamidine hydrochloride (0.205 g, 1.4 mmol) and DIPEA (300 uL,
1.75 mmol) were added in four equal portions over a period of 96 h. The
reaction mixture was then reacted and treated as above. Lyophilization
afforded a white solid that includes approximately 50% of free diamine
(0.075 g, 30%). 'H NMR (500 MHz, D,0, 25°C): 6 = 5.05 (br, 7H; H1),
4.00-3.76 (br, 14H; H3, HS), 3.61 (br, 7H; H2), 3.46 (br, 7H; H4), 3.10
(br, 14H; -CH,NH-C=NH), 2.95 (br, 14H; H6), 2.71 (br, 14H; -NHCH -
), 1.52 (br, 28 H; -NHCH,CH,CH,CH,CH,CH,NH-C=NH), 1.30 ppm (br,
28H; -NHCH,CH,CH,CH,CH,CH,NH-C=NH); "“CNMR (126 MHz,
D,0, 25°C): 6 = 156.6 (NH=C-NH,), 100.8 (C1), 83.6-82.4 (C4), 71.9
(C3), 70.7 (C2), 68.4 (C5), 48.5 ((NHCH,-), 48.1 (C6), 40.3 (-CH,NH-C=
NH), 270 (-NHCH,CH,CH,CH,CH,CH,NH-C=NH),  25.0 ppm
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(-NHCH,CH,CH,CH,CH,CH,NH-C=NH); ESI-MS: m/z (%): 303.5 (50)
[M+7H]'*; MALDI-TOF MS: miz (%): 2159.5 (43) ([M+H]*+
C(NH)NH,=43)*, 2117.5 (29) [M+H]*, 1959.4 (61) ([M+H]*—H,N-
C(NH)HN(CH,){NH,=158=M1), 1917.3 (100) [M1+H*—-C(NH)NH,=
43].

Octakis[6-(2-guanidinoethylamino)-6-deoxy]-yCD  (yeg): Octakis[6-(2-
aminoethylamino)-6-deoxy]-yCD (ye) (0.163 g, 0.1 mmol) was dispersed
in dry dimethylformamide (5 mL) and to the mixture 1H-pyrazolecarbox-
amidine hydrochloride (0.352 ¢, 2.4 mmol) and DIPEA (547 puL,
3.2 mmol) were added in three equal portions over a period of 72 h. The
reaction mixture was then reacted and treated as above. Lyophilization
afforded a pale-yellow solid (0.120 g, 61%). '"HNMR (500 MHz, D,0,
25°C): 0=5.15 (br, 8H; H1), 3.88 (br, 16 H; H3, HS), 3.58 (br, 16 H; H2,
H4), 3.29 (br, 16H; -CH,NH-C=NH), 3.06 (br, 8H; H6), 2.88 ppm (br,
24H; -NHCH,-, H6'); ®*C NMR (126 MHz, D,0, 25°C): 6=157.1 (NH=
C-NH,), 99.6 (C1), 79.9 (C4), 71.7 (C3), 71.3 (C2), 69.6 (CS5), 47.7 (C6),
46.9 (-NHCH,-), 39.9 ppm (-CH,NH-C=NH); ESI-MS: m/z (%): 247.2
(44) [M+8H]**; MALDI-TOF MS: m/z (%): 19922 (42) [M+Na]*,
1970.2 (100) [M+H]*, 1954.2 (79) ((M+H*-NH,), 1869.1 (73) [M+H*
—[H,N-C(NH)HN(CH,),NH,"] =102 = M1], 1852 (44) [M1-16].
Octakis[6-(3-guanidinopropylamino)-6-deoxy]-yCD (ypg): Octakis[6-(3-
aminopropylamino)-6-deoxy]-fCD (yp) (0.106 g, 0.05 mmol) was dis-
persed in dry dimethylformamide (5 mL) and to the mixture 1H-pyrazo-
lecarboxamidine hydrochloride (0.236 g, 1.6 mmol) and DIPEA (370 pL,
2.1 mmol) were added in three equal portions over a period of 72 h. The
reaction mixture was then reacted and treated as above. Lyophilization
afforded a pale-yellow solid (0.0125 g, 13%). '"H NMR (500 MHz, D,0,
25°C): 6=5.24-5.14 (br, 8H; H1), 3.99 (br, 8H; HS5), 3.90 (br, 8H; H3),
3.59 (br, 8H; H2), 3.55 (br, 8H; H4), 3.23 (br, 16H; -CH,NH-C=NH),
3.03 (br, 16H; H6), 2.87 (br, 16H; -NHCH,-), 1.93-1.88 ppm (br, 16H;
-NHCH,CH,-); "CNMR (126 MHz, D,0, 25°C): 6=156.8 (NH=C-
NH,), 98.5 (C1), 79.3 (C4), 71.1 (C3), 70.7 (C2), 68.0 (CS), 48.1 (C6), 45.3
(-NHCH,-), 37.9 (-CH,NH-C=NH), 25.0 ppm (-NHCH,CH,-); ESI-MS:
mlz (%): 261.3 (5) [M+8H]**; MALDI-TOF MS: m/z (%): 2082.4 (23)
[M+H]*, 1966.0 (36) [M+H*—H,N-C(NH)HN(CH,);NH,=116].
Fluorescein labeling

Mono(6-amino-6-deoxy)-fCD-Fl (BNH,-Fl): Mono(6-amino-6-deoxy)-
BCD" (0.057 g, 50 umol) was dispersed in dry DMF (5 mL) mixed with
DIPEA (9 pL, 50 pmol), to which a solution of fluorescein isothiocyanate
(isomer I)) (0.001 g, 2.5 umol) in DMF (5 mL) was added drop-wise over
1 h. The mixture was stirred and heated at 70°C under N, for 3 h. Cool-
ing to RT and solvent removal in vacuo gave a solid that was dissolved in
doubly distilled water (5mL) and the pH was adjusted to 11 using 1N
ammonium hydroxide. The solution was extracted with chloroform (3 x
50 mL) to remove DIPEA and the pH was adjusted to 7 with 1N HCI, so
that unreacted fluorescein precipitated and could be removed carefully
after centrifugation. The final solution was concentrated to dryness, dis-
solved in doubly distilled water (5 mL) and dialysed. After water removal
a yellow solid was obtained (0.055g) (fluorescein content ~20%).
'"HNMR (500 MHz, D,0, 25°C): 6=7.85 (brs, Hy), 7.75 (brm, Hy), 7.20
(brs, Hy), 6.83 (brd, Hy), 6.72 (brd, Hy), 4.99 (d, /=3.4Hz, 7H; H1),
3.84 (t, J=9.5Hz, 7H; H3), 3.80-3.75 (brm, 21 H; H5, H6), 3.57 (dd, J=
3.4, 9.5 Hz, 7TH; H2), 3.50 (t, J=9.5Hz, 7H; H4), 3.12 (brs, 14H; HS),
3.04-2.93 ppm (br, 28 H; H6, H7).
Heptakis[6-(2-aminoethylamino)-6-deoxy]-fCD-Fl (Pe-Fl): The amine fe
(0.084 g, 50 umol) was dispersed in dry DMF (5 mL) containing DIPEA
(60 uL, 0.35 mmol), to which a solution of fluorescein isothiocyanate
(0.001 g, 2.5 umol) in DMF (10 mL) was added drop-wise over a period
of 1h. After identical treatment to that described above an orange-red
product was obtained (0.080 g) (fluorescein content ~5%). 'H NMR
(500 MHz, D,0, 25°C): 6=38.28-8.22 (m, Hy), 8.14 (brs, Hy), 7.93 (d, /=
7Hz, Hy), 7.60 (brt, Hy), 7.51 (brt, Hy), 5.15 (brs, 7H; H1), 3.97 (br,
14H; H3, HS), 3.68 (brd, 14H; H2, H4), 3.12 (brs, 14H; HS), 3.04-
2.93 ppm (br, 28H; H6, H7).
Heptakis[6-(3-aminopropylamino)-6-deoxy]-3CD-FI (fp-Fl): The amine
pp (0.036 g, 20 umol) was dispersed in dry DMF (6 mL) containing
DIPEA (24 uL, 0.14 mmol) and to it, fluorescein isothiocyanate was
added (0.0004 g, 1 umol) in DMF (2 mL). After identical treatment to
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that described above, an orange-red solid was obtained (0.030 g) (fluores-
cein content ~5%). "H NMR (500 MHz, D,0, 25°C): =8.00 (brm, Hy),
5.03 (brs, 7H; H1), 3.89 (br, 14H; H3, H5), 3.56-3.32 (brm, 14H; H2,
H4), 2.92 (brm, 28 H; H6, H7), 2.64 (brs, 14H; H9), 1.78 ppm (brs, 14H;
H8).

Oktakis[6-(2-aminoethylamino)-6-deoxy]-yCD-Fl (yp-Fl): The amine yp
(0.065 g, 40 umol) DMF (5 mL), DIPEA (55 pL, 0.32 mmol) and fluores-
cein isothiocyanate (0.0008 g, 2 umol) in DMF (10 mL) were treated as
described above. Finally, 0.058 g of an orange-red solid was obtained (flu-
orescein content ~2%). '"HNMR (500 MHz, D,O, 25°C): 6=8.16-8.12
(brm, Hy), 8.04 (brs, Hy), 7.84 (brd, Hy), 5.13 (brs, 8H; H1), 3.87 (br,
16H; H3, H5), 3.56 (brm, 16 H; H2, H4), 3.02 (brm, 16 H; HS), 2.87 ppm
(brs, 32H; H6, H7).
Heptakis[6-(2-guanidinoethylamino)-6-deoxy]-BCD-FI  (feg-FI):  The
amine fe (0.084 g, 50 pmol) was dispersed in dry DMF (3 mL) containing
DIPEA (120 pL, 0,7 mmol) and to this a solution of fluorescein isothio-
cyanate (0.001 g, 2.5 pmol) in dry DMF (2 mL) was added drop-wise over
a period of 1 h. The mixture was stirred and heated at 70°C under N, for
3h. Then, 1H-pyrazole-1-carboxamidine hydrochloride (0.153 g,
1.05 mmol) and DIPEA (180 uL, 1.05 mmol) were added in three equal
portions over a period of 3 d at 70°C, under N,. The mixture was then
cooled and concentrated to dryness, the solid obtained was dissolved in
doubly distilled water (5 mL) and the pH adjusted to 12 using 1N ammo-
nium hydroxide. Excess DIPEA was removed by extraction with CHCI,
(3x50 mL), the pH was readjusted to 7 using 1~ HCI and centrifugation
removed unreacted fluorescein. The final solution was concentrated
under vacuum, dissolved in doubly distilled H,O (5mL) and dialysed.
Evaporation of water in vacuo afforded an orange-red solid (0.078 g)
(fluorescein content ~5%). 'HNMR (500 MHz, D,0, 25°C): §=8.13-
8.02 (brm, Hy), 5.03 (brs, 7H; H1), 3.88 (br, 14H; H3, HS), 3.57-3.47
(brm, 14H; H2, H4), 3.25 (brs, 14H; HS), 2.87-2.74 ppm (brm, 28H;
Hé6, H7); C NMR (63 MHz, D,0, 25°C): §=159.6 (H,N-C=NH), 104.1
(C1), 84.9 (C4), 75.2 (C3), 745 (C2), 73.1 (C5), 51.3 (C6), 50.4 (C7),
43.3 ppm (C8).

Heptakis[6-(3-guanidinopropylamino)-6-deoxy]-fCD-FI  (fpg-Fl): The
amine (0.036 g, 20 umol) in DMF (2 mL) and DIPEA (24 uL, 0.14 mmol)
was labeled using fluorescein isothiocyanate (0.0004 g, 1 umol) in dry
DMF (4 mL) as described above. The product was then immediately gua-
nylated without isolation by adding 1H-pyrazole-1-carboxamidine hydro-
chloride (0.062 g, 0.42 mmol) and DIPEA (72 pL, 0.42 mmol) in three
equal portions as above. Identical treatment as described previously af-
forded an orange-red solid (0.031 g) (fluorescein content ~5%). '"H NMR
(500 MHz, D,0, 25°C): 6 =8.20-7.80 (brm, Hy), 5.20-5.11 (brs, 7H; H1),
4.11 (br, 7H; H5), 3.91 (br, 7H; H3), 3.60 (brs, 14H; H2, H4), 3.25 (brs,
14H; H9), 3.05 (brs, 28H; H6, H7), 2.04 ppm (brs, 14H; HS); *C NMR
(63 MHz, D,0, 25°C): 6=160.5 (H,N-C=NH), 103.2 (C1), 83.5 (C4), 74.4
(C3), 74.0 (C2), 70. 5 (CS), 51.0 (C6), 48.4 (C7), 39.4 (C9), 26.8 ppm
(C8).

Octakis[6-(2-guanidinoethylamino)-6-deoxy]-yCD-Fl (yeg-Fl): The amine
ve (0.095 g, 58 umol) in DMF (10 mL) with DIPEA (78 pL, 0.46 mmol)
was labeled using fluorescein isothiocyanate (0.0012 g, 3 umol) in dry
DMF (3 mL) as described above. The product was then immediately gua-
nylated without isolation by adding 1H-pyrazole-1-carboxamidine hydro-
chloride (0.204 g, 1.4 mmol) and DIPEA (234 pL, 1.4 mmol) in three
equal portions as described above. Identical treatment as described af-
forded an orange-red solid (0.086 g) (fluorescein content ~5%). '"H NMR
(500 MHz, D,0, 25°C): 6=38.01 (brm, Hy), 5.14 (brs, 8H; H1), 3.88 (br,
16H; H3, HS), 3.58, (brm, 16H; H2, H4), 3.31 (brm, 16H; HS), 3.06-
2.90 ppm (brs, 32H; H6, H7); “C NMR (63 MHz, D,0, 25°C): 6 =159.5
(H,N-C=NH), 103.4 (C1), 83.3 (C4), 74.6 (br, C3, C2), 72.5 (C5), 51.2
(C6), 50.1 (C7), 42.8 ppm (C8).
Octakis[6-(3-guanidinopropylamino)-6-deoxy]-yCD-Fl ~ (ypg-Fl):  The
amine yp (0.051 g, 25 umol) in dry DMF (2 mL) with DIPEA (34 uL,
0.2 mmol) was labeled using fluorescein isothiocyanate (0.0005 g,
1.25 pmol) in dry DMF (4 mL) as described above. The product was then
immediately guanylated without isolation by adding 1H-pyrazole-1-car-
boxamidine hydrochloride (0.088 g, 0.6 mmol) and DIPEA (137 pL,
0.8 mmol) in three equal portions as described above. An orange-red
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solid was finally obtained (0.086 g) (fluorescein content ~5%). '"H NMR
(500 MHz, D,0, 25°C): 6=8.30-7.80 (brm, Hy), 5.31 (brs, 8H; H1), 4.12
(br, 7H; HS), 3.94 (br, 7H; H3), 3.61 (brs, 14H; H2, H4), 3.26 (brs,
14H; H9), 3.06 (brs, 28H; H6, H7), 2.04-1.98 ppm (brm, 14H; HS8);
BC NMR (63 MHz, D,0, 25°C): §=159.2 (H,N-C=NH), 101.2 (C1), 81.9
(C4), 743 (C3), 73.8 (C2), 70.2 (C5), 51.1 (C6), 48.2 (C7), 39.4 (C9),
26.8 ppm (C8).

pK, determination: Determination of the pK, values of compounds ye
and yeg was performed by titrating their basic D,0O solutions (0.05 mm in
D,0, pD > 12 by NaOD addition) with 1N or 5N DCI and monitoring the
induced chemical shifts of certain carbon nuclei (Ad,,,) by “CNMR
spectroscopy, using benzene in a sealed tube as internal reference. The
pD of the solution was measured after every DCI addition and just
before the spectrum acquisition. If the peak of interest overlapped with
another peak, a 2D HSQC spectrum was acquired in order to determine
its exact chemical shift. For the ionization equilibrium of a protonated
amine [Eq. (2)],

AH A + HY @)
with

K, = [H'][A]/[AH’] 3)
—logK, = —log[H*]~log[A] + log[AH'] (4)
pH = pK, + log([A]/[AH")) )

The plots d,,,=f(pD) have the shape of a double sigmoidal curve, thus
showing that each of these compounds has two discrete K, constants. The
pK, values were obtained by plotting according to Equation (6),

pD = f{10g[(Jacidic —Oobs) / (Vovs —Ovasic )] } (6)

in which 0,.g. and Oy, are the chemical shifts of the observed signal of
the fully protonated and deprotonated compound, respectively, and
linear fitting in the two rising portions of the curve.

Cell experiments

Cell culture: The human adenocarcinoma HeLa cell line (ATCC) was
maintained in high-glucose DMEM medium with L-glutamine (PAA Lab-
oratories GmbH), supplemented with 10 % foetal calf serum (PAA Labo-
ratories GmbH) and penicillin/streptomycin (PAA Laboratories GmbH)
at 100 UI per 100 pg per mL, in a 5% CO, incubator at 37°C. Cells were
subcultured every two or three days.

For cell-penetration experiments, cells were seeded on coverslips. The
day after seeding, the compounds were added at various concentrations
(50-100 um) and incubated for various time periods (15 min, 1h and
24 h). After incubation and intensive washing with PBS (8 g NaCl, 0.2 g
KCl, 1.44 g Na,HPO, and 0.24 g KH,PO, in 1L distilled water, subse-
quent pH adjustment (7.4) with dilute HCI and sterilization) cells were
fixed in cold methanol and mounted with p-phenylenediamine (PPD)
anti-fade solution (Aldrich). For microscopic observation, a Nikon
Eclipse E400 fluorescence microscope with a triple filter (DAPI-FITC-
Texas Red) was used.

MTT assay: HeLa cells were seeded in 96-well plates at a density of 3000
cells per 100 pL per well and incubated for 24 h for attachment. The day
after seeding, exponentially growing cells were incubated with the pre-
pared compounds in nine different concentrations in quadruplicate over
a period of 24 h. Controls consisted of wells without the compounds. The
medium was removed and the cells were incubated for 4 h in the pres-
ence of 1 mgmL™" MTT ([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide], Sigma) in RPMI (PAA Laboratories GmbH) without
phenol red at 37°C (100 pL per well). The MTT solution was removed
and 100 mL per well of isopropanol was added. After thorough mixing,
absorbance of the wells was read in an ELISA reader at test and refer-
ence wavelengths of 540 and 620 nm, respectively. The mean of the opti-
cal density of different replicates of the same sample and the percentage
of each value was calculated (mean of the OD of various replicates/OD
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of the control). The percentage of the optical density against drug con-
centration was plotted in a semi-log chart and the ICs, from the dose re-
sponse curve was determined.

DNA experiments

Agarose gel electrophoresis: For the electrophoresis experiments, ultra-
pure calf thymus DNA (~8.6 MDa, >13 kb, Sigma) was used. The work-
ing solution was prepared by dissolving 12.5 ug of DNA in 50 pL of
doubly distilled, autoclaved water. For the preparation of each sample,
1 uL of the working solution was mixed with increasing volumes (2, 5 or
10 uL) of a solution of the CD derivative in order to achieve a DNA/de-
rivative mass/charge ratio [(M/Q)pna/(M/Q)y] of >1:1 to 1:1. The con-
centration Cy of the CD-derivative solution was calculated by using the
equation: my/QOn=mpna/Opna for a 1:1 ratio, in which m is the mass and
Q is the absolute total charge of the molecule. Cpyy is 7.6x 107*M, Vpya
is 1 uL and (M/Q)pna is 330 (every base pair has a molecular weight of
~330 gmol ' and charge of —1). Each mixture was diluted with doubly
distilled, autoclaved water to a total volume of 20 uL and incubated for
approximately 45 min at RT. Control samples with guanidine hydrochlo-
ride [10 uL of 0.1706 mm solution, (M/Q)pna/(M/Q)x=1] and BCD and
yCD (10 uL of 0.1045 mm solutions) were prepared in the same way.
After incubation, 2 L of a dye (0.4 % bromophenol blue, 67 % sucrose)
were added to each sample, which was then loaded onto a 1% agarose
gel containing 10 pg ethidium bromide [10 mgmL~' per 100 mL TAE
buffer (40 mm Tris-acetate, 1 mm EDTA)] and electrophoresed, using
AHindIII as the molecular-weight marker.

Atomic force microscopy: Samples were examined by using a Digital In-
struments Multimide AFM with Nanoscope III controller, operating in
Tapping mode. The AFM tips, having a typical radius of curvature of
7 nm, and mounted on cantilevers with a resonant frequency of approxi-
mately 300 kHz, were supplied by NANOSENSORS. The images had a
512x512 pixel resolution with the scan range varying between 1 pumx
1pum and 6 pmx6 um. The tip was operated at a scan rate of 1-3 Hz
(lines/sec). AFM images of the linear DNA (6 kbp) alone and in the
presence of e were collected. The 5 pL. of DNA solution was diluted to
100 uL with HEPES/NaOH buffer (pH 7.4), resulting in a ~3x10™" um
solution. The buffer solution was prepared with ultrapure water
(18.2M€) and filtered through a 0.22 um Millipore filter prior to use. For
the DNA condensation studies, 10 pL. of DNA solution were mixed with
10 uL solution (~10~%m) of Be and left for incubation for 1 h at RT. Then
5 uL of the above mixture were placed on a mica surface and left to dry
under a stream of air for 30 min. For the control experiment, 5 pL of
linear DNA solution were used in the same way.

Circular dichroism: Spectra were obtained with a single-beam JASCO
spectrophotometer at 320-200 nm. Cells of 1 mm were used and the plas-
mid DNA (5.3 kb) solutions were prepared in buffered sodium chloride/
sodium citrate (pH 7.0). The concentration of DNA was determined to
be 10~*m by measuring the UV absorption (maximum at 258 nm). Initial-
ly, the spectra of buffer and DNA solution (150 pL) were obtained and
then the spectra of DNA/Be at different ratios ([fe]=10">m). For each

spectrum eight scans were acquired at 50 nmmin .

Transfection experiments: The title compounds were complexed with
pAdTrack (adenoviral plasmid expressing eGFP, available from Strata-
gene). Target cells were human embryonic kidney (HEK) 293T cells
(modified to express the SV40 large T antigen). To establish the most ef-
ficient transfection, the CD derivatives were used at a range of concen-
trations. Typically, 25 pL (for 24-well plates) or 100 uL (for 12-well
plates) of each CD solution at concentrations ranging from 4 to
40 mgmL ™! in sterile water were aliquoted into separate eppendorfs and
0.8 ug of reporter plasmid was added to each CD and incubated for
20 min at RT. The CD-DNA mix was then added drop-wise to 293 cells
in 12- (or 24-) well plates that had been plated at a density of 5x 10* (or
1x10°) cells per well one day prior to transfection in a volume of 0.5 mL
(or 1.0 mL) growth medium per well. Control transfection experiments
were also conducted by using Lipofectamine-DNA complexes (Invitro-
gen) according to the manufacturer’s instructions. Expression of eGFP
was then monitored after 48 h by fluorescence microscopy.
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