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Two generations of polyflysine) dendrigrafts (DGLs) were studied with regard to their ability to interact with

and translocate through liposomal and cellular membranes. Partial guanidinylation of the surface amino groups
of the starting dendrigrafts afforded the guanidinylated derivatives whose membrane translocation properties were
also assessed. Mixed liposomes, consisting of dihexadecyl phosphate, phosphatidylcholine, and cholesterol, were
employed as model membranes, while A549 human lung carcinoma cells were used for cellular uptake studies.
At high surface group/liposomal phosphate molar ratios and depending on the structure of the DGL, the interaction
led to aggregation. Dendrigraft liposomal internalization was achieved, however, at low molar ratios. Thus
translocation of the second generation dendrigrafts was rather limited °&,2Bhich, however, was enhanced

when the bilayer was in the liquiecrystalline phase. In contrast, third-generation counterparts exhibited minor
translocational ability. Furthermore, the introduction of a guanidinium group to dendrigrafts was found to enhance
their transport through liposomal membranes. On the other hand, cellular uptake by A549 cells was monitored up
to 3 h incubation time via fluorescence registration employing fluorescein-labeled dendrigrafts. The efficiency of
dendrigraft internalization was enhanced by the presence of the guanidinium groups, while DGLs were preferentially
localized in the nucleus and nuclear membrane, as revealed by fluorescence microscopy.

Introduction functional material® that are employed in various applications,
. ) ) including drug delivery. In that sense, most of the commercially
Dendrimers are highly branched, monodisperse, and sym-,yaijaple or custom-made dendritic polymers have been ap-

metricall macrobmoleﬁyles of nanodsize qim?afnsions ccl)nséi)sting of hropriately functionalized to be used as drug delivery systéris,
a central core, branching units, and terminal functional gr ups. as gene delivery vectot&!” or as drugs on their owit.
This architecture favors the formation of nanocavities, the . . .
Membrane transport is crucial for drug delivery, and den-

environment of which determines the dendrimers solubilizing ari | ion h v b dd d lovi

or encapsulating properties while the external groups primarily Ufr}ner trﬁlér;szgcatlond Ial's recently eerrl?:zz resseh employing

characterize their chemical behavior, including targeting proper- e_'t er celis==or model liposoma _syste - I_:or enhancing
liposome-dendrimer or celtdendrimer adhesion, the external

ties. On the other hand, hyperbranched polyférare also ’ o X
branched exhibiting nanocavities, but, in contrast to dendrimers, @MiNO groups of poly(propylene imine) dendrimers have been

they are nonsymmetric and polydispersed. The latter polymers 9u@nidinylated in order to strongly interact with the phosphate
are, however, conveniently prepared, and therefore they are lesdnoieties of liposomal or anionic groups on the surface of cell
expensive compared to dendrimers, which are prepared byMembranes as a result of combined hydrogen-bonding and
tedious multistep reaction schemes. Furthermore, dendrigraftelectrostatic force&:2The idea of introducing these guanidi-
polymers’-9 in contrast to dendrimers, which are synthesized Nylated poly(propylene imine) dendrimé¥$? as transporting
by conventional monomers, are prepared by employing reactive@gents for drug delivery stems from the analogous behavior of
oligomers or polymers through repeated protetgprotect  arginine-rich peptide; 3 for which an appropriate number
grafting steps. By analogy with dendrimers, each grafting step of guanidinium groups proved beneficial for enhancing their
is referred to as a generati®in this manner, dendrigrafts have  translocation ability.
generally larger structures than dendrimers, grow much faster, On the basis of the results obtained with guanidinylated poly-
and amplify surface groups more intensively as a function of (propylene imine) dendrimers, an “interactive transport” mech-
generational development. Dendrimeric, hyperbranched, andanism was proposed,which, in the present study, constitutes
dendrigraft polymers are collectively called dendritic polymers, the basis for investigating the transport properties of pely(
a common characteristic of which is the accumulation of lysine) dendrigrafts (DGLs). In this context, it should be noted
functional groups on their external surface. The external groupsthat the terninteractive transportcan be defined as the process
of dendritic polymers can be modified, providing diverse in which the transport of a chemical entity through the
+ Author 1o whom cormresoondence should be addressed. Phoge: membranes of liposomes or cells is triggered by interaction with
210-6503665, Fax 30-210.6529762. E-mail: theo@chem demokritos.gr. ['€S€ Membranes. The above dendrigrafts that have recently
tNCSR “Demokiritos”. been developed are promising candidates for drug delivery
* UniversiteMontpellier 2. applications because of their biodegradability. DGLs consist of
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Figure 1. Second- and third-generation DGLs (DGL2 and DGL3, respectively). The structure of a branch is also shown.

NH,*
cr
NH,

a linear octylysine core moiety acting as a backbone for the
polymerization ofe-protected lysinéN-carboxyanhydride, lead-
ing to the preparation of various generations of the so-called
“poly(L-lysine) dendrigraft” or DGL38

In the present study, two generations of these dendrigrafts
were studied with regard to their ability to interact with and,
under certain conditions, transverse model liposomal and cellular
membranes. In addition, partial surface guanidinylation yielded
the corresponding guanidinylated derivatives, whose membrane
transport properties were also assessed by the same model
liposomal system, consisting of dihexadecyl phosphate (DHP), (NH,)
phosphatidylcholine (PC), and cholesterol (Chol). Moreover, for R
evaluating whether this interactive-transport mechanism applies DGLG3
to cellular membranes leading to uptake of the dendrigrafts, Figure 2. Partial surface guanidinylation of the second- and third-
A549 lung carcinoma cells were employed. In fact, several generation DGLs affording the final products DGLG2 and DGLGS3,
reports3”-44 discussed in two review$;%6 refer to analogies  respectively.
between liposomeliposome and cettcell interactions, while,
for the transport through cell membranes, the ability of COYHCO:;Na solution (pH 6.5} leading, after 30 min, to oligo-N
guanidinium-rich beta-peptides to cross phospholipid bilayers TFA-L-lysine, which precipitates and is isolated by filtration. The
was assessed both in a model liposomal system as well as inprotecting group is removed with 150 mL of watenethanot-

NH

)

(NH)3¢6
DGLG2

NH,*
NH{ r
NH, 12

DGL3

Hela cells?*’

Experimental Section

Materials. Soybean hydrogenated PC (Phospholipon 90H) was

ammonia solution at pH 11 (15 h at 4Q). Following partial solvent
removal at reduced pressure, the remaining solution was freeze-dried,
affording 5 g of first-generation oliga(-lysine) of DPn= 8 and low
polydispersity (1.2). By repeating the same polymerization procedure
in the presencef® g of first-generation oliga(-lysine), 6 g ofsecond-

purchased from Nattermann Phospholipid GmbH. DHP was purchasedgeneration DGL (DGL2) was obtained (DPn48 and polydispersity

from Sigma and used as received. Chol was recrystallized twice from
ethanol before use Htpyrazole-1-carboxamidine hydrochloride (99%)
and N,N-diisopropylethylamine (DIEA) were purchased from Sigma.
Fluorescein isothiocyanate (FITC) was purchased from Molecular
Probes. SEPHADEX G-50 was obtained from Pharmacia, while
Nucleopore filters of 100 nm pore size (Whatman) were employed for
liposome extrusion.

RPMI 1640 without phenol red, fetal bovine serum (FBS), penicillin/
streptomycini-glutamine, phosphate buffered saline (PBS), and trypsin/
versene were purchased from Invitrogen, Ltd. (Paisley, UK). 2,3-Bis(2-
methoxy-4-nitro-5-sulfophenyl)2-tetrazolium-5-carboxanilide (XTT)
and digitonin were purchased from Sigma-Aldrich. Triton X-100 was
purchased from Panreac.

Cell Culture. Cells used in this study were the human lung
carcinoma cell line A549. The cells were grown in RPMI 1640 with
10% FBS and penicillin/streptomycin at 3 in a 5% CQ-humidified
atmosphere. Cells were inoculated into either 96-well plates (@*
cells/100uL media per well) or 35 mm dishes with 2 cm radius round
glass coverslips (5¢< 10* cells/2 mL media per well per dish) 24 h
before experiments.

Synthesis of DGLs.DGLs were prepared as described in a recent
patent® In brief, Ne-TFA-L-lysine-NCA (10 g) prepared according to
a method reported in the literatdfevas dissolved in an aqueous-H

= 1.3) following deprotection and freeze-drying. The third-generation
DGL (DGL3) was obtained (DPrA= 123 and polydispersity= 1.4)
under the same conditions ugi g of DGL2 (Figure 1). The structures
of DGL2 and DGL3 were established By and'*C NMR.

H NMR (500 MHz, D,O) 6 = 4.30 (broad s, NHEICO), 4.05 (s,
NHCHCOOH), 3.35 (s, NHCH,CO), 2.90 (m, NHCH,), 1.50-1.85
(m, B andd CH; of lysine), 1.16-1.50 (m,y-CH, of lysine).*3C NMR
(62.9 MHz, DO) 6 = 172 (CO), 56-57 (a-CH; of lysine), 41.5
(NH.CHy), 33.5 ¢-CH of lysine), 29 3-CH; of lysine), 25 §-CH, of
lysine).

Surface Modification of DGLs. DGLs of the second and third
generation were dissolved in freshly distilled methanol, and an excess
of DIEA was added followed by the addition of a methanolic solution
of 1H-pyrazole-1-carboxamidine hydrochloride, as described for an
analogous guanidinylation of poly(propylene imine) dendririgihe
mixture was allowed to react for 24 h under argon atmosphere (Figure
2). Following removal of the solvent under vacuum, the crude product
was dissolved in water and was subjected to dialysis (mol weight
cutoff: 1200) to remove byproducts. Lyophilization afforded the final
products (DGLG2 and DGLGS, respectively) and the degree of
substitution was determined by inverse-gaté@ NMR. Twelve
guanidinium groups were introduced into both generations of D%BV
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yielding the guanidinylated DGLG2 and DGLG3 derivatives. The 25 °C and 65°C, and the fluorescence intensity was registered

structures of DGLG2 and DGLGS3 were established'blyand *°C (excitation, 490 nm emission, 520 nm). The quenching const&sts
NMR. were determined by a linear regression employing the Stéatmer

H NMR (500 MHz, D;O and DMSO¢€s) 6 = 7.80-8.00 (broad s, equation, as described in our previous wétk.
NH of guanidinium group), 6.967.6 (broad d, M,"), 4.30 (broad s, Fluorescence quenching experiments were also performed using Nal-
NHCHCO), 4.05 (s, NHEICOOH), 3.35 (s, NKCH,CO), 3.06-3.20 loaded liposomes. Loading was performed by hydration of the lipid
(m, CHNHC(NH,),), 2.90 (m, NHCH,), 1.50-1.85 (m,3 andd CH, film with phosphate buffer containing 0.142 M Nal. Removal of the
of lysine), 1.16-1.50 (m,y-CH, of lysine).*3C NMR (62.9 MHz, BO) nonencapsulated Nal was performed by column chromatography using
0 = 172 (CO), 159 (NHC(NH."),), 56—57 (o-CH; of lysine), 43.5 SEPHADEX G-50. To avoid leakage of Nal due to osmotic effects,
(CH2NHC(NH,"),), 41.5 (NHCH,), 33.5 -CH, of lysine), 30.5 CH- phosphate buffer containing 0.142 M NaCl was used as the eluent.
CHNHC(NH")2), 29 (5-CH: of lysine), 25 §-CH; of lysine). FITC-labeled dendrigrafts up to a 5% surface group/phosphate molar

FITC-Labeled DGLs. The interaction of the DGLs (DGL2, DGLG2, ratio were added to the resulting dispersions. Fluorescence intensity
DGL3, and DGLG3) with the liposomal and cellular membranes was Was measured immediately following mixing and after incubating the
monitored by fluorescence experiments employing FITC-labeled den- Samples for 20 min at 28C or 65°C. The Fo/F ratio was used to
drigrafts. The latter were prepared by the interaction of the dendrimeric evaluate the percentage of dendrigraft translocating the bilayer, where
compounds with a 10% molar excess of FITC in distilled methanol Fo is the fluorescence intensity of the sample immediately after mixing,
for 24 h at room temperature and in the dark to avoid photobleaching andF is the intensity after each incubation period. The translocation
of the probe. Following the removal of the solvents under vacuum, the ability was determined as in our previous repéfts.
resulting products were dissolved in water, and the unreacted FITC  Fluorescence Microscopy in CellsAn Olympus BX-50 microscope
was removed by dialysis against water (mol. weight cutoff: 1200). coupled with an Olympus DP71 digital color camera was used to obtain
Subsequent lyophilization afforded the desired products FDGL2, both bright-field as well as fluorescence microscopy images of cells
FDGLG2, FDLG3, and FDGLG3, respectived NMR established incubated with FITC-labeled dendrimers. Fluorescence excitation was

that approximately one fluorescein moiety was attached per molecule facilitated by a Mercury USH 102D lamp (Ushio Electric), while FITC
of the dendrigrafts. emission was imaged through an Olympus UPLFLN/D75 objective,

using a U-M41001 FITC/EGFP/Biodipy/Fluo3/Dio filter (Chroma

Preparation of Liposomes.Large unilamellar liposomes of about ) oo o
Technology Corp). Cells inoculated on coverslips in 35 mm Petri dishes,

100 nm diameter were prepared using the extrusion method employing : . -
the protocol previously describ@* In a typical experiment, for the as elaborated in the cell culture section, were incubated for 1.5 and 3

preparation ba 4 mL liposome dispersion, 2.19 mg (0.004 mmol) of h with ZOuM FDLG2 anql FDGLG2. These concentrations were fou.nd
DHP, 60.80 mg (0.076 mmol) of PC, and 14.71 mg (0.038 mmol) of to bg relatively _non_toxw b.y standard XTT assays, performed im-
Chol were used. mediately following incubation.
. . . . Cytotoxicity Assessment.Cells inoculated in 96-well plates, as
Characterization. Liposomes were characterized by dynamic light explained earlier, were incubated with various concentrations of the
scattering (DLS). The interaction of liposomes with DGLs and their P ’

guanidinylated counterparts was indirectly monitored by DLS, optical dendrigratfts (1, 10, 20, 50, 1.Q€M) W.'th/W'thOUt FBS for 3 h, while .
. . control cells were allowed in media not containing any polymeric
microscopy, and fluorescence experiments.

derivatives. Following incubation, the cells were washed twice in PBS

For the size determinatio_n of Iipo_somes, an AXIOS'lSO/EX (_Triton and media replaced with fresh RPMI 1640 containing 10% FBS without
Hellas) DLS apparatusl equipped with a 30 mW—H:&e laser emlttllngl phenol red. XTT assays were performed immediately following
at 658 nm and an Avalance detector at 9@&s employed. In a typical incubation to determine the dendrigraft toxicity.

_experlment, 5Qu!__ of Ilposqmal. dispersion, after th? addition of Mitochondrial redox function was assessed by the XTT assay. This
increasing quantities of dendrimeric compounds, was diluted t0 0.8 ML qjies o1 the reduction of the tetrazolium salt to a formazan formation

of phosphate buffer. Ten measurements were collected per experimentby mitochondrial matrix reductive enzymes. In non-redox competent

and the results were averaged. . . mitochondria (e.g., uncoupled mitochondria or dead cells), no formazan
Zeta-potential measurements for both the original and guanidinylated foymation occurs. The assay was performed by addingl56f XTT

dendrigrafts were performed employing a ZetaPlus (Brookhaven ggjig (1 mg/mL) and LL of phenazine methosulfate (0.383 mg/mL)

Instruments Corporation), yielding 36461.9 mV for DGL2, 51.92+ to 100 uL of cell media and incubating at 37C in a 5% CQ
0.83 mV for DGL3, 54.72+ 1.82 mV for DGLGZ, and 69.7# 1.56 atmosphere for 2 h. The endpoint absorbance measurement was

for DGLG3. These results represent the mean values of 10 zeta—potentiaberformed at 492 nm in a Fluostar Galaxy plate reader (BMG

measurements collected for each solution. Labtechnologies). Blank values measured in wells with no cells were
Fluorescence measurements employing a Cary Eclipse spectrophosyptracted.

tometer (Varian) were performed using calcein-loaded liposomes to  Fluorescence Time-Course ExperimentDendrigraft loading of

investigate whether the interaction of dendrigrafts with the liposomal A549 cells was studied through FITC fluorescence. Second-generation

membrane can lead to leakage of calcein from the aqueous interior of dendrigrafts coupled to FITC (FDGL2 and FDGLG2) were added to

liposomes to the bulk aqueous phase. The preparation of calcein-loadectell media with/without 10% FBS at a 20M final concentration. The

liposomes was achieved by hydration of the lipid film with a 40 mM  cells were washed twice with PBS, and fluorescence was registered

solution of calcein in phosphate buffer, as previously descfib®d.  versus incubation time from @13 h in aFluostar Galaxy plate reader

Experiments were performed by incubating the samples for 20 min at (BMG Labtechnologies) with the excitation wavelength set to 492 nm

25 °C or 65°C after the addition of dendrigrafts at various surface and emission set to 520 nm.

group/phosphate (of liposomes) molar ratios. The calcein leakage was  The fluorescence time-course uptake study was performed in intact

determined as described in earlier repdfts. cells, in their supernatant, as well as following selective plasma
In order to investigate the ability of the dendrigrafts to penetrate membrane permeabilization witheM digitonin (5 min) and complete

the liposomal membrane, fluorescence quenching experiments were alsalisruption of intracellular membranes with Triton X-100 (0.25%). Blank

performed employingas a quencher of fluoresceéifiThe quenching values measured in control cells (not incubated with dendrigrafts) were

constants of FITC-labeled polymeric derivatives added in liposomal subtracted in each case.

dispersions were determined upon the addition of a Nal solution. Thus,

100 uL of the liposomal dispersion was diluted to 2.5 mL with Results and Discussion

phosphate buffer. FITC-labeled dendrigrafts at a certain surface group/

phosphate molar ratio were added, and the dispersions were titrated The interaction and translocation of biodegradable DGLs and

with a 20% (w/v) Nal solution. Samples were incubated for 20 min at of their partially guanidinylated derivatives were initiaIgDV
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Figure 3. Size distribution of liposomal dispersions following the addition of DGLs and their guanidinylated derivatives, and subsequent incubation
at 25 °C for 20 min at increasing surface group/phosphate molar ratios: 0% (a), 5% (b), 20% (c), 50% (d), 70% (e) and 100% (f).

investigated performing experiments with liposomal model immediately followirg 3 h ofincubation. The results appear in
membranes. Experiments with cells followed at a second stage.Figure 4. From that figure it can be seen that DGL2 was
Interaction of dendrigrafts with liposomes was indirectly as- nontoxic to the cells for incubation with 10, 20, and M
sessed by DLS measurements, as will be discussed immediatelygendrigraft concentration, while 30% cytotoxicity was observed
below, while translocation was monitored through fluorescence. for incubation with 100uM of the compound. The third-
In addition, selected dendrigrafts from those employed with generation counterpart, DGL3, proved quite toxic to the cells.
liposomes were initially tested for their cell toxicity with A549  The cell death values for incubation with 10, 20, 50, and 100
lung carcinoma cells prior to incubation with the same cells, «M DGL3 concentration were 60%, 85%, 85%, and 85% in
for investigating whether translocation of these dendrigrafts leadsthe presence of FBS and 70%, 85%, 90%, and 90% in the
to efficient in vitro uptake. absence of FBS, respectively. With regard to the corresponding
DLS Studies. Liposomes interacted effectively with all guanidinylated compounds, DGLG2 exhibited toxicity following
dendrigrafts, leading to aggregate formation. Their size distribu- 3 h of incubation with 50 and 10@M (<10% survival in both
tion is shown in Figure 3. For DGLG2, 25% of the surface cases) in the presence of FBS, while incubation without FBS
amino groups of DGL2 were guanidinylated, and aggregates also incurred a 30% cell toxicity at 1M incubation and a
with diameter sizes up to 200 nm were formed even at low 40% toxicity at 20uM. The third-generation guanidinylated
surface group/phosphate molar ratios (0.2), while, for the DGL2, dendrigraft exhibited high toxicity followig 3 h ofincubation
interaction was weaker at low molar ratios because of a lack of at 10 and 2Q«M (~5% survival in both cases10% FBS) but
strong guanidiniurephosphate binding?24 For higher molar was nontoxic following incubation at ZM.
ratios (>-50%) for both dendrigrafts, aggregates with diameter  Liposomal Stability. The effect of dendrigrafts, both original
size of 2um predominate. In the case of DGLGS3, only 10% of and guanidinylated, on the liposomal bilayer stability was
the surface amino groups of DGL3 were modified, and the assessed by employing calcein-loaded liposomes as described
observed aggregation profiles between the unmodified and thein detail in a previous repobf.5 Any disruption of the bilayer
guanidinylated dendrigrafts were almost similar. From the DLS would result in calcein leakage from the aqueous core of
data it is evident that, at low surface group/phosphate molar liposomes to the bulk agueous phase, leading to a strong
ratios (5%), the size increase is minor compared to that of the fluorescence signal. The phase transition temperatg;drom
initially prepared liposomes, indicating that the dendrigrafts do ordered to disordered liquid crystalline phases of the liposomal
not cause extensive adhesion of liposomes. bilayer, was found at 53C .22 For this reason, experiments were
Toxicity of Dendrigrafts. The ultimate objective of dend-  carried out at 25 and 6%C, that is, well below and well above
rigrafts and of their guanidinylated derivatives is their application the phase transition of the liposomal membranes. At room
as drug delivery systems, and therefore toxicity experiments temperature, the concomitant leakage was negligible §%)
need to precede cellular transport experiments in order to at a 50% surface group/phosphate molar ratio. The fluid phase
determine dendrimer sublethal doses. For this purpose, theof the bilayer had a minor effect on the bilayer stability, resulting
toxicity of dendrigrafts was investigated by employing A549 in a slightly increased leakage 2.5%) at a 50% surface group/
human lung carcinoma cells by use of a standard XTT assay phosphate molar ratio. This indicates that the interaction OfCtB?/
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Figure 4. Cell viability following 3 h of incubation at various
concentrations of DGL2 (A), DGL3 (B), DGLG2 (C), and DGLG3 (D)
in the presence of 10% FBS (black columns) and without FBS (white
columns).
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Table 1. Calculated Ksy of FITC-Labeled Dendrigrafts in the
Absence of Liposomes in Isotropic Media or Following Their
Interaction with Liposomes at 5% Surface Group/Phosphate Molar
Ratio after Incubation for 20 min at 25 and 65 °C

in isotropic media in the presence of liposomes

dendrigraft Ksy at 25 °C Ksy at 25 °C Ksy at 65 °C
FDGL2 40.5 17.5 55
FDGLG2 28.0 6.5 5.0
FDGL3 5.5 1.0 1.0
FDGLG3 28.5 55 45

Table 2. Calculated Translocation of FITC-Labeled DGLs
Following Interaction with Nal-Loaded Liposomes at 5% Surface
Group/Phosphate Molar Ratio after Incubation for 20 min at 25
and 65 °C

dendrigraft translocation (%) at 25 °C translocation (%) at 65 °C

DGL2 7.5 57.0
DGL3 3.0 4.0
DGLG2 10.5 78.5
DGLG3 2.0 9.0

original and guanidinylated dendrigrafts with the liposomal
membrane does not disrupt its lipid bilayer.

Liposomal Membrane Transport. Florescence quenching
experiments employing FITC-labeled derivatives andas a
guencher showed a reduction in the quenching constéats
calculated in the absence and presence of liposomes. Experi-
ments were performed at a 5% surface group/phosphate molar
ratio, since, at this molar ratio, minor aggregation of the
liposomes is observed. The results are given in Table 1. It is
obvious that the presence of liposomes caused a significant
reduction in Ksy, which was further reduced for samples
incubated at 65°C. At this high temperature, the bilayer
membrane is in its liquid crystalline phase, in which the lipids
possess higher mobility. These results indicate less effective
guenching and a reduction of the dendrigraft concentration in
the bulk agueous phase. Therefore dendrigrafts have either
accumulated in the liposomal bilayer or penetrated it, residing
in the aqueous liposomal core.

Translocation of the dendrigrafts across the liposomal bilayer
was confirmed with fluorescence experiments employing Nal-
loaded liposomes. Quenching of FITC-labeled dendrigrafts can
only occur if they reach the liposomal aqueous core. The results
are presented in Table 2. Translocation of FDGL2 and FDGLG2
was rather limited at 25C; however, it was enhanced when
the bilayer was in the liquigcrystalline phase. On the other
hand, FDGL3 and FDGLG3 had minor translocational ability.
The enhanced internalization of the second-generation dendri-
grafts with respect to their third-generation counterparts could
be attributed to their smaller size (hence a smaller number of
surface amino groups) and the flexibility of their branches.

In line with guanidinylated poly(propylene imine) dendrim-
ers2? the introduction of a guanidinium group in dendrigrafts
was also found to enhance their transport through membranes.
It is evident that the steps of the previously proposed mecha-
nisn?2 also apply to dendrigrafts. Thus, guanidinium groups (and
ammonium groups to a lesser extent) adhere to liposomal
membranes following their interaction with the negatively
charged phosphate group, a process enhanced by multivalent
effects®37%° The adhered dendrigrafts or their guanidinylated
derivatives become less polar due to charge neutralization, and
are therefore more prone to enter the hydrophobic bilayer.
Synergistically to charge neutralization, the adaptive solubility
behavior (“chameleon behavior” established for dendrimer%B(/
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Figure 5. Fluorescence intensity, following incubation of cells with

FDGL2 (top) and FDGLG2 (bottom), of intact cells after incubation Figure 6. Fluorescence imaging of A549 cells following incubation

with 20 uM dendrigrafts (squares), the cell supernatant (circles), the with FDGL2 (A,B) and FDGLG2 (C,D) for 1.5 h and FDGL2 (E,F)
supernatant following treatment with 4 xM digitonin for 5 min (up and FDGLG2 (G,H) for 3 h. Incubation was performed either in the
triangles), and cell lysates following the addition of TRITON X-100 presence of 10% FBS (left) or in the absence of FBS (right). The bar
(down triangles). Solid symbols represent cells incubated in the represents 200 um.

\‘,’Vrifﬁ;?tcgé’gm% FBS, while open symbols represent cells incubated from Figure 5 that, in both cases, fluorescence rapidly increased

up to 0.5 h of incubation, indicating a continuous upload of the
the dendrigrafts begins to function, rendering them even more dendrimers during that period. The rate of dendrigraft uptake
hydrophobic and, consequently, appropriate for transport throughdiminished after that initial period and up 8 h ofincubation.
the hydrophobic liposomal membrane. This trend was partly followed in the case of fluorescence
Cellular Membrane Transport. Fluorescence time-course registration from the cell supernatant, although the rate of
experiments with A549 cells revealed that the second-generationdendrimer efflux from the cells seemed to remain constant after
dendrigraft was efficiently internalized. From Figure 5 it is 0.5 h of incubation, suggesting steady-state conditions reached
evident that the fluorescence signal from cells incubated with at that time point. Selective plasma membrane permeabilization
FDGLG2 is approximately 4 times that of cells incubated with by digitonin revealed a negligible amount of cytoplasmic
the same concentration of FDGL2, both in the presence anddendrigraft in the case of DGL2, while a slightly higher cytosolic
absence of FBS. It should be noted, however, that the localization was observed in the case of DGLG2. Fluorescence
fluorescence intensity values were significantly higher in cells registration following complete cell rapture by the addition of
incubated with dendrigraft in the absence of FBS, despite the Triton X-100 (0.25%) followed the pattern of intact cells,
~40% cytotoxicity associated with the guanidinylated com- demonstrating the efficient localization of the dendrigrafts in
pounds. Given the fact that cell populations were similar in all internal cell organelles and, more specifically, in the nuclear
cases, that experimental conditions were otherwise kept theorganelles and the nuclear membrane, as shown by fluorescence
same, and that the fluorescence of the two compounds (FDGL2microscopy in Figure 6. The third-generation derivatives were
and FDGLG?2) is comparable in equimolar aqueous solutions not tested for their cell loading ability because of their high
(Aex = 490 nMm,Aem = 520 nm,lgpeL2 ~ 1.1 x |ppeLe2), there toxicity, as discussed earlier (Figure 4).
was at least a 4-fold internalization ability in the case of  Subcellular Localization of Dendrigrafts. Cells were seeded
FDGLG2 incubation. This can be attributed to the introduction on round glass coverslips in 35 mm Petri dishes. The cells were
of the guanidinium groups to the dendrigraft surface which incubated with 2«M FDGL2 and FDGLG2 for 1.5 ah3 h in
interact effectively with the available anionic polar groups the absence and presence of FBS and subsequently imaged for
located on the outer cell membrane (e.g., phosphate, carboxylateFITC fluorescence as detailed earlier. The four images on the
etc.), in a fashion analogous to that of liposomal membranes, left in Figure 6 depict cells incubated with 10% FBS, while the
despite the complexity of cellular membranes. It is also clear four on the right depict cells incubated in the absence of F&%v
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The four top images show cells incubated with dendrigrafts for  (7) Tomalia, D. A.; Hedstrand, D. M.; Ferritto, M. $1acromolecules
1.5 h, while the four bottom ones represent cell incubation with 1699];h2_4' 1&35&;43*3” " ooUled 901 24 45464553
dendrigrafts for 3 h. These images further confirm our findings ~ (&) Gauthier, M; Mder, M. Macromoleculesl991, 24, :

. . (9) Tomalia, D. A.Mater. Today2005 8, 34—36.
from the_flgorescence_upta_ke time-course study. All dendrigrafts (10) vegtie, F.; Gestermann, S.; Hesse, R.; Schwierz, H.: Windisch, B.
very efficiently localize in the cell nucleoli and nuclear Prog. Polym. Sci200Q 25, 987—1041.

membrane, while, in the case of the guanidinylated compounds (11) Dhanikula, R. S.; Hildgen, Bioconjugate Chem2006 17, 29—

(C,D,G,H), there is a more pronounced cytosolic localization. 1 g_— e S.E.- Frev. H Haad, RN Chem. Int. E©002 41
This most probably indicates a difference in the transport ( )13'£:i3é;1 » Frey, H., Haag, wngew. Lhem., int. 2 4%,

mechanism in the two cases. In principle, images acquired from (13) p'Emanuele, A.; Attwood, DAdy. Drug Delivery Rev. 2005 57
cells incubated in the absence of FBS (B,D,F,H) exhibited more 2147-2162.

intense fluorescence. The same can be deduced for images(14) Gillies, E. R.; Frehet, J. M. J.Drug Discaery Today2005 10,
obtained from the guanidinylated compounds (C,D,G,H) in :;5743- M Tei b Sideratou. Mol. Pharm. 2007 4
comparison to those from their unmodified counterparts (A,B,E,F). (% Teo dpg | siodrvas, B sideratot, K6 Fharm. 50
This differg_nce in fluorescence iptensity between the unmodified (16) pufes, C.: Uchegbu, I. F.; Sctetein, A. G.Adv. Drug Delivery Re:.
and guanidinylated compounds is actually more pronounced than 2005 57, 2177-2202.

what is shown in Figure 6 since image acquisition was (17) Lee, C. C.; MacKay, J. A.; Fobet, J. M. J.; Szoka, F. QNat.

performed at different exposure times for the two groups (18 Biotechnol.2005 23, 1517-1526. o
(18) McCarthy, T. D.; Karellas, P.; Henderson, S. A.; Giannis, M.;

i

ms for. Fhe guanidinylated .dend-rlgr.afts and 28 ms for the O'Keefe, D. F. Heery, G.. Paull, J. R.: Matthews, B. R.: Holan, G.
unmodified ones). Once again, this difference can be attributed Mol. Pharm.2005 2, 312-318.
to the functionality of the guanidinium moiety and its affinity ~ (19) Hong, S.; Bielinska, A. U.; Mecke, A.; Keszler, B.; Beals, J. L.;
to the various anionic groups resident in the outer cell Shi, X.; Balogh, L.; Orr, B. G.; Baker, J. R., Jr.; Holl, M. M. B.
membrane Bioconjugate Chen2004 15, 774-782.
' (20) Najlah, M.; D’Emanuele, ACurr. Opin. Pharmacal2006 6, 522—
527.
. (21) Pantos, A.; Tsiourvas, D.; Nounesis, G.; Paleos, CL&hgmuir
Conclusions 2005 21, 7483-7490.
. . ) o (22) Tsogas, |.; Tsiourvas, D.; Nounesis, G.; Paleos, Q.aigmuir2006
The interaction of DGLs and their guanidinylated counterparts 22 11322-11328.
with liposomes induced their interactive transport, depending (23) Onda, M.; Yoshihara, K.; Koyano, H.; Ariga, K.; Kunitake, I..
on the generation and phase organization of the lipid bilayer. Am. Chem. Socd996 118 8524-8530.

: . B : (24) Ariga, K.; Kunitake, T Acc. Chem. Re€998 31, 371-378.
Thus, the translocational ability of the second-generation (25) Futaki, S.; Suzuki, T.. Ohashi, W.: Yagami, T Tanaka, S.. Ueda,

dendrigrafts was more efficient compared to that of the third K.; Sugiura, Y.J. Biol. Chem2001, 276, 5836-5840.

generation, apparently because of less constraints imposed by (26) wender, P. A.; Mitchell, D. J.; Pattabiraman, K.; Pelkey, E. T.;
the size, the charge, and the flexibility of the branches. Cellular Steinman, L.; Rothbard, J. Broc. Natl. Acad. Sci. U.S./200Q
uptake by A549 cells revealed efficient dendrimer internaliza- 97, 13003-13008. ,

tion. Specifically, the DGLs were preferentially localized in the ~ ?”) g(;ggj%r’ féé?ﬁﬁ@ne’ L.; Wender, P. A.; Khavari, P.Mat. Med.
nucleus and nuclear membrane, as revealed by fluorescence g kirschberg, T. A.; VanDeusen, C. L.; Rothbard, J. B.; Yang, M.;
microscopy. Overall, from the present studies with cells it can Wender, P. AOrg. Lett.2003 5, 3459-3462.

be deduced that both original and guanidinylated DGLs of the (29) Futaki, S.; Nakase, |.; Suzuki, T.; Nameki, D.; Kodama, E.; Matsuoka,

third generation are quite toxic and probably not optimal for 30 '\Ifl.J;taSkLijgiSu'riliv\\(/.e;].h,/\IAPklizzngi't'zrggikgb 1i9f21}17:r-] v Nagaoka
use as drug or gene delivery systems. Conversely, their second- M.; Wakako, N.; Sugiura, YBioconjugate ’Chémzoog'ld 475?— Y
generation counterparts are relatively nontoxic, and, taking into 481.

account their biodegradable character, these derivatives, espe-(31) Lewin, M.; Carlesso, N.; Tung, C. H.; Tang, X. W.; Cory, D.;
cially the guanidinylated derivatives, are promising candidates Scadden, D. T.; Weissleder, Rat. Biotechnol200Q 18, 410-414.

for drug and gene delivery. It can be further deduced that (32) L‘;ﬁhﬂg‘éc}/-g& le"gr;‘;gg{‘rgg-?g’\?’gg_sgg\’l-?LEVChe”kOv TPgc.
Iiposo_m_al membranes, gonsisting of PC and Chol (which are (33) Tort;,hilin, V. P..; Lév.chenko, T, S.; Ramméhan, R.; Volodina, N;
both lipids also present in cell membranes) and DHP, behave Papahadjopoulos-Sternberg, B.; D'Souza, G. GPkbc. Natl. Acad.

in an analogous manner to cell membranes as far as the transport Sci. U.S.A2003 100, 1972-1977.

of dendrigrafts is concerned. This is in agreement with the (34) Rothbard, J. B.; Jessop, T. C.; Wender, PA&. Drug Delivery

assumption that liposomes are characterized as the closest _ R&: 2005 57, 495-504 and references therein.
P P (35) Majoros, I. J.; Myc, A.; Thomas, T.; Mehta, C. B.; Baker, J. R., Jr.;

models of cells. Biomacromolecule2006 7, 572-579.
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