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Abstract: Herein, a novel series of multivalent polycationic S-cyclodextrin “click clusters” with discrete
molecular weight have been synthesized, characterized, and examined as therapeutic pDNA carriers. The
materials were creatively designed based on a j-cyclodextrin core to impart a biocompatible multivalent
architecture and oligoethyleneamine arms to facilitate pDNA binding, encapsulation, and cellular uptake.
An acetylated-per-azido-$-cyclodextrin (4) was reacted with series of alkyne dendrons (7a—e) (containing
one to five ethyleneamine units) using copper-catalyzed 1,3-dipolar cycloaddition, to form a series of click
clusters (9a—e) bearing 1,2,3-triazole linkers. Gel electrophoresis experiments, dynamic light scattering,
and transmission electron microscopy revealed that the macromolecules bind and compact pDNA into
spherical nanoparticles in the size range of 80—130 nm. The polycations protect pDNA against nuclease
degradation, where structures 9c, 9d, and 9e did not allow pDNA degradation in the presence of serum for
up to 48 h. The cellular uptake profiles were evaluated in Opti-MEM and demonstrate that all the click
clusters efficiently deliver Cy5-labeled pDNA into HeLa and H9c2 (2—1) cells, and compounds 9d and 9e
yielded efficacy similar to that of the positive controls, Jet-PEI and Superfect. Furthermore, the luciferase
gene delivery experiments revealed that the level of reporter gene expression increased with an increase
in oligoethyleneamine number within the cluster arms. The cytotoxicity profiles of these materials were
evaluated by protein, MTT, and LDH assays, which demonstrate that all the click clusters remain nontoxic
within the expected dosage range while the positive controls, Jet PEI and Superfect, were highly cytotoxic.
In particular, 9d and 9e were the most effective and promising polycationic vehicles to be further optimized
for future systemic delivery experiments.

Introduction challenge is the design and synthesis of effective, efficient, and

Advancements in medical research are transforming and Selective supramolecular drug delivery vehiclés. ,
inspiring the field of supramolecular chemistry Likewise, The area .of nucleic acid delivery ha; recently faced a'rapld
macromolecular drugs such as siRNA, aptamers, and severat/PSurge of interest from researchers in a multitude of fields.
oligonucleotide- and gene-based therapies are initiating anAlthough many creative materials reveal promising biocom-
exciting paradigm shift in pharmaceutical resedrérDevelop- pat|b|l_|ty and dgllvery ef_ﬁmency, the structurgs are often pl_agued
ment of novel, selective, and specific nucleic acid drugs for by being polydlsperse in nature, poorly defined, qnd/or d|ﬁ|cylt
numerous diseases has rapidly increased, and many candidatd® charactgr!zé.unfortunately, many elegant architectures will
have high potential to be approved for medicinal ¢$e.realize not be clinically relevant due to the complex regulatory

the tremendous promise of these therapeutics, the central’®guirements that must be overcome to obtain approval of new
drug candidates for human trigt$? As a result, the development

of discrete and well-characterized macromolecules that bind,
compact, and deliver nucleic acids in a nontoxic and effective
manner remains an immense hurdle in advancing this field
toward the clinict!!

Dendrimers and cluster compounds possess well-defined
architectures, precise molecular weights, and multivalent func-
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tionalization sited213 These unique and useful characteristics complexes with biologically specific guests. For example,
provide tailorable scaffolds that have motivated their develop- S-cyclodextrin is FDA approved as an adjuvant to aid solubi-
ment as nucleic acid carriers. For example, polyamidoamine lization of hydrophobic drugs by forming inclusion complexes
(PAMAM), 81415 poly-L-lysine dendrimerd® dendritic-sper- with the therapeutic molecule, which increases bioavailasity.
mines!’ -polyesters® and -polypeptide’s'® have been widely  Davis et al. and others have shown that polymers containing
studied for nucleic acid delivery. Higher generations of these j-cyclodextrin units can complex adamantane moieties func-
structures yield effective delive).However, chemically func-  tionalized with polyethylene glycol (PEG) chains and cell-type
tionalizing the large number of peripheral groups on these specific targeting moieties to discourage nanoparticle floccula-
macromolecules with ligands such as polyethylene glycol (to tion and encourage tissue-specific nucleic acid delive#yThe
decrease aggregation and nonspecific interactions), and targetingresent target structures were also motivated by previous work
groups in a well-defined and reproducible manner is complex conducted in our grouf%z.We have shown that polymers created
and sometimes not possidfe?! Loss of material definition with alternating saccharide and oligoethyleneamine monomers
increases polydispersity of the final delivery vehicle, generates can effectively complex, condense, and deliver pDNA with
difficulties with structural characterization, and can cause exceptional biocompatibility and efficady3* Unfortunately,
problems in the clinic. Toxicity of these structures has also those polymers suffer from polydispersity. The work herein
become a concern that has further hampered developmenipresents the first example of extending this saccharide-oligoam-
efforts11.14.22 ine design motif into a novel family of polycationjg-cyclo-
Herein, we describe our approach to achieve a family of dextrin click clusters with discrete, monodisperse, and symmetric
discrete macromolecules with versatile features to serve as druggeometries that reveal promising DNA delivery efficacy without
and nucleic acid delivery vehicles. We were inspired by the cytotoxicity. This design motif also reveals a prototype of readily
clinical promise of dendrimetd® and the distinctive features tailorable scaffolds with potential to be refined as clinically
of p-cyclodextrin, which has been shown to serve as a viable delivery agents for a variety of applications.
multivalent core in the design of glyco-clust@?€? -con- In this report, the synthesis of the core moiety, acetylated-
jugates?®26 -dendrimergy and star polymer& This cyclic per-azidog-cyclodextrin @), and a novel series of alkyne
maltooligosaccharide is also endowed with a biocompatible dendrons{a—e) containing between 0 and 4 secondary amines
hydrophobic cup-shaped structure that can form inclusion are presented (Schemes 1 and 2). The target macromolecules
were assembled employing a convergent approach via the click
reaction. This allowed us to avoid subfunctionalized impurities
around the sterically hindered core that could elicit unintended
biological activity (Scheme 3}$3526We discovered through
gel electrophoresis, dynamic light scattering, and transmission
electron microscopy experiments that all the cluster compounds
bind and encapsulate pDNA into nanoparticles. These nano-
particles stabilize nucleic acids and protect them from nuclease
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degradation. In addition, most of the vectors promote high
cellular delivery of pDNA (similar to that of Jet-PEI and
Superfect, the positive controls) and encourage effective gene
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Scheme 1. Synthesis of Acetylated Perazido-S-cyclodextrind
1 N3 N
O, 0 N 0
N- 3 O
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OHO OH
oH ", OH HO OH HO Ho R T \
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HO OHO I 1 s N; ’ Ns
1 2 3 4
a Conditions: (a) PPfl,, DMF, 80°C, 18 h; (b) NaN, DMF, 80°C, 24 h; (c) AeO, Pyr, 24 h, RT.
Scheme 2. Synthesis of the Alkyne Dendrons (7a—e)?@ Scheme 3. Synthesis of the Click Clusters (9a—e)?
N s
= i $
—n- R'0 OR 3
HgN'(\’N)/\NH - qu‘(\’ )‘/\NH /kN‘(\" }/‘NH oc:f R‘O:% Q ”:‘(_
)=° n. Oor’, R‘ o + = N(’\’ ”\a" NH
3 OR R'O H
N x
)’\_ 5a, 6a, 7a; x=0 k Rt R'G ’ 7 0):0
5b, 6b, 7b; x=1 ) R'0 MO )v
5¢, 6c, Tc; x=2
5d, 6d, 7d; x=3 Ng N,
5e, Ge, 7e; x=4 4(R'=0Ac) a
aConditions: (a) CECOOEt, MeOH; (b) (BogO, CHCl,, TEA; (c)
K2CO;s, 20:1, MeOH: HO; (d) propiolic acid, DCC, ChCl.. R*HN )
NHR

expression in both HeLa (human cervix carconima) and H9c2
(rat cardiomyoblast) cell lines. In contrast to the positive
controls, these structures reveal low toxicity and do not disrupt
cell surface functiomn »itro. The monodisperse macromolecules
designed here represent an incredibly unique multivalent
architecture that can readily be functionalized via noncovalent
(inclusion in the hydrophobic cup) and/or covalent means in a
well-defined manner that can be completely characterized via
conventional spectroscopic methods. This creative motif rep-
resents an important scientific step toward the development of
efficient, nontoxic, fully functionalized, and readily tailorable
macromolecules with discrete molecular weight for a variety
of clinical delivery applications.

Results and Discussion

Synthesis and Characterization of Monomers and Click
Clusters. First, the carbohydrate core, acetylated per-agdo-
cyclodextrin @), was synthesized in 72% yield, according to a
combination of previously reported methods (Schemé*39.
Second, we designed a novel series of alkyne denditasd]
containing a terminal acetylene group aed-butoxycarbonyl
(Boc)-protected secondary amines (five structures that varied
in secondary amine stoichiometry;-@, Scheme 2). In brief,
the dendrons were synthesized by selectively protecting one of
the terminal primary amine groups of either diethylenetriamine,
triethylenetetramine, tetraethylenepentamine, or pentaethylene-
hexamine %b—e) with a trifluoroacetyl (COCE) group, fol-
lowed byin situ protection of the remaining terminal primary
amine and internal secondary amine(s) with (B@cjo yield
the Boc derivatived’ The trifluoroacetyl groups were then
cleaved to yield the Boc-protected monoamir&s<e, Scheme

(36) Ashton, P. R.; Gattuso, G.;"Kmer, R.; Stoddart, J. F.; Williams, D. J.
Org. Chem.1996 61, 9553-9555.

(37) Geall, A. J.; Taylor, R. J.; Earll, M. E.; Eaton, M. A. W.; Blagbrough, I.
S. Bioconjugate Chen200Q 11, 314-326.
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X

R?HN

7‘51

2

NHR?

X

Ba, 9a; x=0
8b, 9b; x=1
8c, 9¢c; x=2
8d, 9d; x=3
Be, 9e, x=4

RN
X
NHR?

8 (R'=Ac; R“=Boc)—b—> L5 9(R'=R*=H)

aConditions: (a) CuS®5H,0, sodium ascorbate, tBuOH: 8 (1:1),
70 °C; (b) NaOMe/MeOH, pH= 9, RT; (c) 4 M HCl/dioxane.

2), which were coupled to propiolic acid via DCC (dicyclo-
hexylcarbodiimide). Purification of the products via silica gel
column chromatography afforded the pure dendrd@is-€) in
40—-60% vyield. Dendron7a was synthesized using a similar
method, by coupling mono-Boc-protected ethylenedianmag (
with propiolic acid.

The 1,3-dipolar cycloaddition of azidkeand each alkyneré—
€) was carried out using copper sulfate/sodium ascorbate in 1:1
t-BUOH/HO to yield the series of protected click clusteBa-{
e, Scheme 3) bearing the regiospecific 1,4-triazole, verified via
NMR, in 80% yield?6:38.3° The products were washed with

(38) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K.Ahgew.
Chem., Int. Ed2002 41, 2596-2599.
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Figure 1. *H NMR of clusters9a—e in D,O (400 MHz).

ammonium hydroxide to remove trace amounts of copper and
used without further purification. Conventional deprotection of
the acetyl®> and the Bot groups afforded the final highly water
soluble click clusters Qa—e€) in approximately 50% yield.
Compounds%a—c) were purified via exhaustive dialysis against
ultrapure water, whereas compounéd &nd9e) were purified
using cation exchange column with a gradient elution of
ammonium bicarbonate and lyophilized to dryness. The final
compound®a—e were characterized using several techniques
to verify complete substitution and pure product formation. The
proton peaks were assigned using a combinatiotHoNMR

and 2D COSY experiments. As shown in Figure 1,#HeNMR
showed the presence of the triazole proton around 8.2 ppm
which indicated the formation of the 1,4-regioisomer exclu-
sively# In addition, 2D NOESY ¥H—H) experiments showed
strong NOE effects, due to the close proximity of the triazole
and N-substituted methylene protons, an effect normally ob-

(Figure 1). It should be noted that this step also aids in the full

removal of copper from the final materials, as chelated copper
may cause unwanted toxicity. The IR spectra also confirmed

the absence of azide and alkyne functionalities. The ESI-MS
showed peaks corresponding only to the fully substituted

materials, as multiply-charged ions (Figure 2). These data
support the formation of pur@-cyclodextrin click clustersda—

€) decorated through a 1,2,3-triazole linker with a series of

dendrons containing both internal secondary amines (between
0 and 4) and terminal primary amines that exhibit a cationic

nature at physiological conditions.

Click Cluster —pDNA Binding and Polyplex Size.The final
polycations were studied for their ability to bind and compact
pDNA into nanoparticles using a variety of methods. Prior to
all studies, each cluster was mixed with pDNA at varidiB
ratios (whereN = primary and secondary amines in the click
clusters;? = phosphate groups in the pDNA) in DNase/RNase-
free water to form the nanoparticle complexes. To confirm
complexation, a gel electrophoresis shift assay was first
performed. Figure 3a shows that compouabound pDNA
at N/P ratios of 1.5 and higher (pDNA lacks migration in the
gel due to polycation binding and charge-neutralization). The
bars in Figure 3c reveal that all of the click clusters fully
complex pDNA betweemN/P ratios of 1.5 and 2.5, dependent
on the length of the dendron arm. To assess and compare the
relative binding stability, a heparin competitive displacement
assay was performed on the nanoparticles formed 9dthe
and pDNA at a complexation ratio ®f/P = 5. As pictured in
Figure 3b, complexes formed withe and pDNA required a
concentration of 11@g/mL of heparin to dissociate the binding
(shown by the migration of pDNA in the gel). The binding
affinities of the clusters for pDNA measured via gel shift assay
were corroborated with the heparin displacement results (line,
Figure 3c), where the relative binding stability (heparin con-
centration that dissociated the polyplexes) was found t@abe
(200 ug/mL) > 9e (110 ug/mL) > 9d (100 ug/mL) > 9c (90

served in the 1,4-regioisomé&t.The absence of peaks at 1.4 ug/mL) > 9b (80 ug/mL). In general, nanoparticle stability

ppm (Boc) and 2.0 ppm (acetyl) clearly showed the complete

improved with increase in cluster arm length. This could be

deprotection of the acetate and carbamate protecting groupsdue to an enhancement in electrostatic and H-bonding interac-
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] (M+4H)* 524.47 1047.020842H)

DS I T ol . -
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Figure 2. ESI-MS of cluster®a—e. The labeled masses are for the observed monoisotopic iondjfés a deconvoluted mass of the compounds from

multiply charged ions.
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Figure 3. Agarose gel electrophoresis pDN#lick cluster binding assays. (a) Gel shift assay showiegpDNA binding atN/P ratios between 0 (pDNA

only) and 15. Binding is shown by the inhibition of pDNA electrophoretic mobility (band 1). Bands 2 and 3 show the relaxed and supercoiled forms of
pPDNA respectively. (b) The concentration of heparigiiL ") required to release pDNA from click cluste®e binding (polyplexes formed at/P = 5).

Heparin dissociation fro@e is shown by the appearance of pDNA electrophoretic mobility. (¢) The minirNifPrratio needed to inhibit electrophoretic
mobility in the click cluster gel shift assays (bars) and the relative binding affinity of each click clydd®A complex as determined by the concentration

of heparin required to release pDNA from each complex (ling)/&= 5.

tions as the length of the cluster arms increase (only partial 1% TommFaricle S 25
amine protonation is expected with these clusters, titration z 10 1 o Zeta Potensal [ 50 =Y
studies are in progres®*2We were surprised by the unusually ~ £ 120 T-peaay------- T E
high heparin concentration needed to dissociate comp&and & 100 1 - 15 8
as it did not follow the general trend, and this result could also ‘g 80 - g
be related to the cluster size. Cluseris the smallest in size = %0 ] 10
and may partially bind in the pDNA major groove. Therefore, .°5 40 1 L5 ¥
this complex could be less accessible to competitive displace- * 20 1 ™
ment by heparin (a large polyanion); if this is the case, smaller 0 -0
anions could promote more effective displacemeitte infra). 9a i ¢ % e

The compaction of the pDNA into stable nanoparticles in Figure 4. The hydrodynamic diameter of the polycatigpDNA complexes

; (50 ; : atN/P =5 in nuclease free water as determined via dynamic light scattering
the size range to be endocytosed 0 nmy is an important (bars) and theg-potential of the polyplexes (line). All particle size

process that impacts cellular uptake. Dynamic light scattering measurements were found to be statistically different from each giher (
(DLS) and¢ potential experiments were conducted to examine 0.05) except for those indicated with similar geometric red symbols.

the size and surface charge of the nanoparticles formed at an
N/P ratio of 5. The clusters formed nanoparticles with pDNA decrease in intensity of bands-2 (nicked, relaxed, and
having an average hydrodynamic diameter betweenl80 nm supercoiled pDNA, respectively). It should be noted that band
(Figure 4) that exhibited near neutral to catiofipotentials. 5 arises from a complex formed between FBS and SDS.
In general, the&k potential experiments revealed an increase in Degredation of naked pDNA began immediately upon addition
positive polyplex potential as the cluster arm length increased. of FBS, as observed by the decrease in the intensity of bands
TEM experiments supported these data, where discrete nano2—4, and was fully degraded in only 1 h. Plasmid DNA
particles were observed and imaged (Figure 5). complexed with9b began to degrade aftéd h of incubation
DNase Protection AssayThe ability of 9a—e to protect ~ with FBS (shown by the presence of band 6 and the decrease
pDNA against nuclease degradation (present in FBS, fetal in intensity of bands 24), which is consistent with the gel shift
bovine serum) was then examined via gel electrophoresis toand heparin displacement assays. This indicatesOthé the
verify stable pDNA encapsulation. Nanoparticles were incubated least effective at binding and protecting pDNA against nuclease
with FBS at 37°C for 0, 1, 2, 4, or 8 h. Afterwards, SDS was degradation. A slight decrease in intensity of pPDNA bands was
added to dissociate the complexes. The ability of each clusterobserved after incubation &fa with FBS for 8 h, possibly
to protect pDNA from nuclease degradation was determined indicating some pDNA degradation at this time point and
by examination of pDNA integrity using electrophoresis. As incomplete pDNA encapsulation. Plasmid DNA complexed with
shown in Figure 6, the degraded pDNA was visualized by the click clusters9c, 9d, and 9e was protected from degradation
appearance of band 6 (degraded small pieces of DNA) and aeven after 48 h of exposure to FBS, as shown in Figure 7. These
data indicate that the increased amine stoichiometry within the
(39) Tornae, C.W.; Christensen, C.; Meldal, 40rg. Chem2002 67, 3057 dendrons increases pDNA protection from nuclease degradation
(40) Han, G.; Tamaki, M.; Hruby, V. d. Pept. Res2001, 58, 338-341. and enhances stable encapsulation.
(41) Fazio, F.; Bryan, M. C.; Blixt, O.; Paulson, J. C.; Wong, C.sHAm. Salt-Induced Polyplex Dissociation. It is important to

Chem. Soc2002 124, 14397-14402. R . . .
(42) Suh, J.; Paik, H.-J.; Hwang, B. IBioorg. Chem1994 22, 318-327. understand the unpackaging properties of the click clusters, since
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Figure 5. Transmission electron micrograph of the nanoparticles formed 9&the and pDNA atN/P = 5 in water. Nanoparticles were visualized via
negative staining with uranyl acetate, where the bar represents 100 nm.
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Figure 6. Protection of pDNA from nuclease degradation (present in FBS)
by 9a (lanes 712; gel 1),9b (lanes 13-18; gel 1),9c (lanes 1-6; gel 2), 0 v —r v
9d (lanes #12; gel 2), ande (lanes 13-18; gel 2) complexed /P = 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
5. Naked pDNA (lanes 16; gel 1) was used as a control. Other control Nacl [M]

samples analyzed were (labeled as C for the incubation time): pDNA only

(lane 1, gel 1) and complexes formed with pDNA &ai(lane 7, gel 1), Figure 8. Polyplex dissociation with Nagky The fraction of dye exclusion
9b (lane 13, gel 1)9¢c (lane 1, gel 2)9d (lane 7, gel 2), an@e (lane 13, [1 — fraction of PicoGreen intercalation (normalized to PicoGreen intercala-

gel 2) without addition of FBS and SDS. Band 1 is the position of the tion of naked pDNA)] when polyplexes formed wita, 9b, 9¢, 9d, or 9e
sample loading (polyplexes without FBS and SDS treatment). Bands 2  are exposed to increasing concentrations of NaCl.
are nicked, relaxed, and supercoiled pDNA, respectively. Band 5 results
from a complex of FBS and SDS, and band 6 is degraded DNA. intercalation into pDNA upon vector release. The concentrations
0 : : .
Loadinglane: 1 2 3 4 5§ 6 7 8 8 1011 12 of NaCl that allowed 50% dye inclusion for click clustedg,
™ 9b, 9¢, 9d, and9ewere roughly 0.160 M, 0.125 M, 0.280, 0.425,
Band: 1— B - . and 0.440 M, respectively, which represented a qualitative order
= of binding strength:9b < 9a < 9c < 9d < 9e Therefore, this
study further corroborates the correlation between pDNA
binding and cluster arm length (amine stoichiometry) previously
. supported by gel shift, heparin displacement, and nuclease
Incubation C 0 12 48 C 0 12 48 C 0 12 48 . . . .
time (h): degradation experiments. In general, as the oligoethyleneamine
Figure 7. Protection of pDNA from nuclease degradation (present in FBS) length dec_rease_d, _the_ PDNA was ur_lpa_ckage_d_at lower NaCl
by 9c (lanes +4), 9d (lanes 4-8), and9e (lanes 9-12) complexed al/P concentrations, indicating a weaker binding affinity. CluStier
= 5. Band 1 is the position of the sample loading (polyplexes without FBS was found to have the lowest binding strength (unpackaged
and SDS treatment). Bands-2 are nicked, relaxed, and supercoiled pDNA, ; ; ; ;
respectively. Band 5 results from a complex of FBS and SDS, and band 6 PDNA the e{.:lSIGSt)’ W.h.ICh (?orrelates directly to the gel shift
is degraded DNA. assay, heparin competitive displacements, and nuclease degrada-
) ) ) ) ) tion results that shorter dendrons decrease encapsulation stability.
release of therapeutic DNA after its delivery is a crucial process nyoyever, clustepawas found to have a binding affinity similar
in transfection. The dissociation of pDNA from the clusters was (only slightly higher than®b, which did not correlate to the

studied_ via PicoGreen, a fluorgscen_t intercalating _DNA dye, as heparin experiments. This experiment supports our hypothesis
a function of NaCI concentratlpﬁ.lt is kr)ovyn that mcreased. that the smallest click clusteBa, may partially bind in the
salt concentrations can destabilize the binding between nonV|raIpDNA major groove and could be masked from displacement
vectors and DNA by decreasing their electrostatic interaction, \yith 5 large polyanion such as heparin. Heawas found to
thus leading to decomplexation and/or pDNA release. This pe readily displaced at relatively low concentrations with a
allows increased PicoGreen intercalation, thus resulting in an gmaiier anion (CI), which correlates directly to the nuclease
enhanced fluorescence. As shown in Figure 8, the PiCOGreendegradation experiments.

did not intercalate into pDNA molecules complexed by poly-  cg|jylar Delivery and Toxicity Studies. The delivery of

cations 9a, 9b, 9¢, 9d, and 9¢ resulting in almost 100%  cleic acids into cells with synthetic materials involves a
PicoGreen exclusion, without NaCl addition. However, after the complex route that requires the nanoparticles to circumvent

addition of various concentrations of NaCl (6:0.7 M), we many destructive obstacles during cellular delivery. Subse-
observed an increase in fluorescence due to increased Plcogreeauenﬂy’ the ability of each click cluster to deliver pDNA into

- -

(43) Akinc, A.: Thomas, M.: Klibanov, A. M.: Langer, R. Gene. Med2005 mammalian cells was screened via flow cytometry experiments
7, 657-663. in the HelLa (human cervix adenocarcinoma) and H9c2 (rat
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Figure 9. Flow cytometry analysis of pDNA delivery witha—e (N/P = 20) and the controls, DNA only, Jet-PEN/P = 5), and SuperfectN/P = 5). Both

charts depict the mean fluorescence intensity (bars) and the percentage of cells positive for Cy5 fluorescence (lines) in Opti-MEM conditibies dor (a
cells and (b) H9c2 cells. Each data point represents the ntestandard deviation of three replicates. All Cy5 fluorescence intensity measurements were
found to be statistically different from each other € 0.05) except for those indicated with similar geometric red symbols.
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Figure 10. Luciferase gene expression with HeLa and H9c2 cells transfected with each cluster in Opti-MEM. Complexes were fiVRedtials of 5,

10, 20, and 50, with each vectd@g—e€) and pDNA. TheN/P ratio that exhibits the maximum gene expression of the positive controls, Jet-PEI and Superfect,
is 5. (a) Transfection efficiency of vectors in HelLa cells. (b) Transfection efficiency of vectors in H9c2 cells. Each data point representstthstandand
deviation of three replicates. Statistical significance of the data is available in the Supporting Information.

cardiomyaoblast) cell lines, in the presence of Opti-MEM (serum- Cy5 fluorescence intensity of cells and percent of cells positive
free media). Jet-PEI and Superfect were used as positive controldor Cy5 fluorescence. Howeve8a and 9b had significantly
(atN/P = 5, which is the recommended concentration for most lower cellular uptake then the rest of the vectors. The difference
effective delivery). The flow cytometry experiments were noticed in the cellular uptake when comparing the HelLa and
performed atN\/P = 20, to quantify the cellular uptake of Cy5- H9c2 data may be a result of the difference in the nature between
labeled pDNA complexed witBa—e, and the results are shown the cell surfaces. It has previously been demonstrated that the
in Figure 9. ThisN/P ratio was chosen as it represented high expression patterns of heparan sulfate proteoglycans varies
efficacy with low toxicity as determined by gene expression drastically in different cell types, with HeLa cells demonstrating
and toxicity assays/{de infra). The charts depict the percentage very high expressiofft This increase in anionic proteoglycan

of cells positive for Cy5-labeled pDNA (lines) and the relative surface environment could permit increased uptak8aoand
amount of Cy5-pDNA delivered per cell, displayed as the mean 9b in HelLa cells in comparison with H9c2 cells. With H9c2
fluorescence intensity (bars) for HeLa Cells (Figure 9a) and cells, only vector®©c—e show high cellular uptake, similar to
H9c2 cells (Figure 9b). These data indicate that all of the click that of the positive controls. Altogether, the uptake data for both
clusters are very effective at promoting cellular uptake of pPDNA cell lines indicated that the click clusters with the longest
in vitro to HelLa cells. In the HelLa cells, greater than 95% of oligoethyleneamine arms are most effective at delivering pDNA
cells treated with click clusterpDNA complexes were positive  into differing cell types in Opti-MEM.

for Cy5-labeled pDNA when transfected in Opti-MEM, which The transfection efficiency of the click clusters were also
was similar to the positive controls Jet-PEI and Superfect. studied by performing luciferase reporter gene expression
However, it should be noted that two cell populations were experiments with HeLa and H9c2 cells at a variety\é® ratios
observed in the flow cytometry data obtained with Superfect, (5, 10, 20, and 50), in Opti-MEM. Jet-PEI and Superfect were
which is likely a result of its extreme toxicity in Opti-MEM  again used as positive controls. The luciferase gene expression
(vide infra). In addition, when comparing the relative mean profiles for both cell lines, shown in Figure 10, indicate that
pDNA fluorescence intensity (amount of pDNA per cell), the the delivery efficiency generally increased with tN& ratio
clusters were about as effective as Superfect; however, Jet-PEfor clusters 9a—e. With HelLa cells, 9d had the highest
revealed an order of magnitude lower fluorescence intensity, transfection efficiency of all the click clusters, wher€asand
indicating that this vector does not carry as much pDNA into 9b showed only moderate efficacy even at highP ratios. It

cells as the cluster-based vehicles. In th(_a I—_19c2 cell !ine, cellular (44) Pajusola, K.: Gruchala, M.: Joch, H.*daher, T. F.; YiaHerttuala, S.J.
uptake of Jet-PEI and Superfect were similar both in the mean Virol. 2002 76, 11530-11540.
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Figure 11. Cell viability of (a) HeLa cells and (b) H9c2 cells 48 h after po

lyplex exposure as measured by protein content. Polyplexes were formed with

9a—e and pDNA atN/P of 5, 10, 20, and 50, and incubated in Opti-MEM. The polyplexes were formulated Jet-PEI and Superfgti? anfl. Each data

point represents the meain standard deviation of three replicates. Statistic
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Figure 12. (a) MTT assay oPa—e in HelLa cells after 32 h of exposure
to vector. Cells were treated with the click clusters at four different
concentrations correlating to ti¢P ratios of 150, 50, 20, and 5 used in
transfection studies. Jet-PEI and Superfect vectors were administered t
cells at six concentrations similar to those used to formulate polyplexes a
N/P = 5. Each data point represents the meastandard deviation of three

separate measurements. (b) Statistical analysis of the cell viability of HeLa

t

al significance of the data is available in the Supporting Information.

transfections of both cell lines revealed tted and 9e are
similarly as efficient as the positive controls. The high efficacy
of these two click clusters is likely due to a combination of
features. Vector®d and 9e deliver pDNA into 95-100% of
HelLa and H9C2 cells, and these two vectors exhibit high
stability from salt and heparin-induced unpackaging. A8,
and 9e prohibited pDNA denegration, and therefore likely
promotes a higher delivery rate of expression-competent pDNA
during the transfection process. It should be noted that when
the data were normalized to the milligrams of protein, Jet-PEI
appears artificially high due to the high toxicity (very low
amount of protein present) (see Supporting Information). With
Hela cells, Superfect was highly toxic and the protein content
was virtually undetectable (thus transfection efficiency was
unable to be normalized to milligrams of protein; see Supporting
Information).

The cell viability profiles were first measured via protein
content in both the HeLa and H9c2 cell lines after transfection
in Opti-MEM (Figure 11). The results demonstrate that the click
clusters have minimal cytotoxic effects to cultured cells (viability
at or above 75%) even at aMiP of 50. Jet-PEI and Superfect
were found to exhibit high toxicity with both cell lines when
compared to click clusters. It should be noted here that Jet-PEI
is a polydisperse material and Superfect is a fractured dendrimer.
Therefore, in addition to the toxicity, the synthesis of identical
batches of Jet-PEI and Superfect could be an issue at a clinical
scale. The above promising results show that these discrete
monodisperse cyclodextrin-based click clusters have high bio-
compatibility and efficacyin vitro and warrant investigation

Ofor in vivo nucleic acid delivery, which is planned in our future
studies.
An MTT assay was performed on HelLa and H9c2 cells

cells measured via MTT assay. Bars indicate the percentage of cells viabletragted with the click clusters (not polyplex) to get a more

(at N/P 5 for Jet-PEI and Superfect; BYP 20 for the click clusters). All
measurements were found to be statistically different from each qiher (
0.05) except for those indicated with similar geometric red symbols.

was not a surprise to find th&b displayed the lowest gene

accurate assessment of the cytotoxicity (Figure 12). This assay
relies on the rate of a crucial mitochondrial enzyme as a measure
of cell survival. In this assay, the results correlate with the
protein assay (Figure 11). Clust&aand9b appear to decrease

expression, which was consistent with the previous data andcell viability at very high vector concentrations. This experiment

likely due to the weak binding affinity and lack of pDNA

further demonstrates the toxicity of the positive controls,

protection against enzymatic degradation. Transfection in the revealing that concentrations less thanimL cause complete

H9c2 cell line supports th&d and9eare most efficacious click

clusters. Although the trends differ slightly between cell lines,
differences in growth rate and intracellular trafficking mecha-
nisms may be the cause for the observed differences. Howeve

cell death. The positive controls, Superfect and Jet-PEl,

exhibited an L3, value of 0.0073«g/uL and 0.001Qug/uL,

respectively. These concentrations are much less than those used
rwhen formulating polyplexes at &P ratio of 5. An LD value
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Figure 13. Membrane integrity of HeLa cells reported as the percentage of lactate dehydrogenase (LD )5réledter exposure to (a) polyplexes formed

with Jet-PEI, SuperfecBa, 9b, 9¢, 9d, or 9eand (b) Jet-PEI, Superfe@a, 9b, 9c¢, 9d, or 9e only (no pDNA). An LDH assay kit was used to measure the
amount of LDH enzyme leakage into the culture the media. A control of lysed cells was used to determine the total amount of LDH present in each sample
and normalize to 100% LDH released. Each data point represents thedmst@ndard deviation of three separate measurements.

could only be calculated for two cluster@a (0.3525ug/ulL) membrane. Increasing the amount of Superfect does not appear
and9b (0.5073ug/uL). Both of these concentrations are higher to further increase damage. Conversely, Jet-PEI alone exhibits
than the concentrations needed to form polyplexes al/@n some membrane damage at IDUP ratios, but the amount of
ratio of 50. The toxicity of the other click clusters was not high LDH released increases drastically with the vector dosage, where
enough to measure Lgvalues in the concentration range of nearly 80% of LDH release was found. Conversly, the click
this experiment. The MTT assays with H9c2 cells showed very clusters did not exhibit any evidence of membrane damage, even
similar results (data not shown). when cells were treated with vector concentrations much higher
In order to further investigate the biological impact of these than Jet-PEI and Superfect. Therefore, fheyclodextrin cups
polycationic click clusters on cells, an LDH (lactate d_ehydr_o- present in the click clusters are not capable of inducing
genase) assay was used to measure the membrane integrity Ghemprane damage. However, increased cell surface binding via
cells treated both with vector alone and with cluster-pDNA 5 oy cjodextrin inclusion of cell surface groups may increase
hanoparticles. It has previously been demonstrated that V€Y cellular uptake. This hypothesis is supported by cellular uptake
charge dense cations such as PEI aqd Superfgct can damagéeata (Figure 9a) which demonstrates that even vectors with short
the pIa_s_ma membrane of cells, which contributes to the oligoethyleneamine arm94, 9b) elicit high cellular uptake of
cytotoxicity of these vector® Furthermore, we wanted to PDNA
investigate the effect of thg-cyclodextrin-based macromol- '
ecules on membrane integrity. It is well-known that a cyclo-
dextrin cup can complex cholesterol and other biological
molecules (present on the cell surface); that this may lead to
membrane damage and subsequent leakage of LDH from the,
cytosol. This assay measures the amount of LDH released into
the media and uses it as an indication of cell membrane

disruption. Controls of lysed cells were used to determine the to be completely substituted and deprotected according to a

total amount of LDH present in each sample. This value was variety of characterization techniques. These discrete macro
used to normalize the experimental samples and determine the | yl highl N ubl q d.  of the click clust
total amount of LDH released from these cells (Figure 13). molecules are highly water soluble, and most ot the click clusters

When cells were treated with polyplexes (Figure 13a), it was were found to complex apd p.rot.ect pDNA ina stable manner
found that Jet-PEI and Superfect polyplexes do not damage theW'th size ar_1d morphol.ogl_e.s S|m|lar to viral delivery vehicles.
cell membrane at low/P ratios. However, when the polyplex Cellular delivery and viability e'x'perlmen.ts demonstrate that all
N/P ratios were increased, significant amounts of LDH were of these structures have the ability to deliver Cy5-labeled pDNA
found in the sample media indicating that these vectors induced@"d PDNA encoding the luciferase reporter gene into Hel.a and
membrane damage. When this assay was performed withH9c2 cells very effectively in Opti-MEM, with low cytotoxic
polyplexes formed with the click clusters, full membrane effects. In particular9d and9e, with the longest dentron arms,
integrity was observed at a\l/P ratios. When cells were treated ~ Were the most effective delivery vehicles.
with the vectors alone (at the respective concentration used to  The synthetic design and application of these well-defined
formulate the polyplexes show in Figure 13a), Superfect was and characterized structures is very significant and relevant to
found to release 6570% of cytosolic LDH (Figure 13b),  the development of clinically viable drug delivery vehicles. For
indicating that this vector is very damaging to the cell example, the terminal primary amines can be symmetrically
(45) Moghimi, S. M.: Symonds, P.: Murray, J. C.. Hunter, A. C.. Debska, G.: functionalized with _variogs biologically active groups (such as
Szewczyk, A.Mol. Ther2005 11, 990-995. drug molecules or imaging agents). The hydrophobic cup can

Conclusion

In summary, a novel series of polycatiorfiecyclodextrin
click clusters” have been synthesized by linking a per-azido-
B-cyclodextrin core moiety to oligoethyleneamine dendrons via
click coupling chemistry. The final cluster8a—e, were found
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be exploited to host adamantane groups substituted withwas supported by the NSF CAREER (CHE-0449774) and the
poly(ethylene glycol) chains to increase stability from aggrega- Beckman Young Investigators Programs.

tion, circulation lifetime, and/or tissue-specific targeting of the
nanoparticles for enhanced therapeutic selectivity and specific-
ity.3 Future experiments are aimed at exploring these unique
macromolecules for a variety of biomedical applications.

Supporting Information Available: Experimental details of
the synthesis and characterization of compouhda —e, and
9a —e and details of the electrophoresis, ethidium bromide
exclusion assays, TEM, dynamic light scattering, cell culture,
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