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Abs tract: The in teracti on of cati o nic car bo si la ne den dri mers NN16 and BDBR0011 with lar ge
uni la mel lar ve sicles (LUVs) com posed of ne utral di my ris toyl phospha ti dyl cho li ne (DMPC), ne ga ti ve ly
char ged di pal mi toyl phospha ti dyl gly ce rol (DPPG), and their mix tu re DMPC/DPPG in a mo lar ratio 7 : 3
was stu died. Den dri mers can be used as po ten tial drug carriers and the LUVs are con si de red a mo del of
the plas ma mem bra ne of the cell. Using the dy na mic light scat te ring method the ave rage size and zeta
po ten tial of the den dri mer-LUVs sus pensi on as a functi on of den dri mer con cen t rati on were me a su red.
The in teracti on of den dri mers with DMPC LUVs had no sig ni fi cant ef fect on the LUVs ave rage size,
however, ag gre ga tes of LUVs-den dri mer com plexes were ob ser ved for ne ga ti ve ly char ged ve sicles.
Den dri mers in du ced an in cre a se of the zeta po ten tial from the ne ga ti ve to po si ti ve va lues for all LUVs
stu died. But, for ne ga ti ve ly char ged LUVs, the den dri mer con cen t rati on, at which the sur fa ce char ge
po la ri ty chan ges from ne ga ti ve to po si ti ve va lues, was shif ted to the higher den dri mer con cen t rati ons.
This su g gests an electro sta tic na tu re of the den dri mer-ve sicle interactions.
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1. In tro ducti on

Dendrimers and lipid ves i cles rep re sent the most ex ten sively stud ied cat e go ries of par ti cles 
that could be used as car ri ers of bioactive mol e cules. With care ful tai lor ing of their
physicochemical char ac ter is tics and ther mo dy namic pa ram e ters, these car ri ers can al ter
the ADME pro file (Ab sorp tion, Dis tri bu tion, Me tab o lism and Ex cre tion) of can di date
mol e cules lead ing to more po tent and less toxic ther a peu tic agents [1-5]. An at trac tive ap -
proach for de liv ery of drugs to cells is the use of dendrimers as tar geted de liv ery ve hi cles
[6-10]. Cationic dendrimers in ter act ef fi ciently with nu cleic ac ids, form ing dendrimer/nu -
cleic acid com plexes in their in te ri ors or by bond ing the ac ids to the sur face groups.
Carbosilane dendrimers (CBD) are pres ently one of the most in tensely stud ied classes of
dendrimers [11-13]. CBDs pos sess branches made of car bon-sil i con bonds which are wa -
ter-sta ble (Fig. 1A). On the other hand, CBDs with ox y gen-sil i con bonds (Fig. 1B) are
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slowly hy dro lysed in aque ous so lu tions. This prop erty al lows for grad ual re lease of drugs
from dendrimers [14]. CBDs can make sta ble com plexes with nu cleic ac ids, thus pro tect -
ing them from bind ing to the pro teins. It is im por tant for a gene-ther apy drug ad min is tra -
tion into the blood stream to pro tect DNA/RNA from se ques tra tion and deg ra da tion [15].
The sec ond gen er a tion of these types of dendrimers shows good tox ic ity pro files in a pri -
mary cell cul ture and eryth ro cytes up to the con cen tra tions of 5 mM [16]. There is also ev i -
dence on some an ti bac te rial prop er ties of CBDs, which de pend on the dendrimer
gen er a tion and the type of bac te ria. The most ef fi cient an ti bac te rial prop er ties were ob -
served for the first and sec ond dendrimer gen er a tion [17]. Here, we have stud ied the in ter -
ac tion of two types of cationic CBDs with large unilamellar ves i cles (LUVs) com posed of
phospholipids of dif fer ent charge. The aim of this work was to ex plore the mech a nism of
in ter ac tion of CBDs with lipid mem branes by mea sur ing the zeta po ten tial which is sen si -
tive to the changes of the sur face charge. The ob tained re sults can later be used to cus tom -
ize the dendrimers for a given drug de liv ery sys tem.

2. Ex pe ri men tal

2.1. Ma te ri als
Two types of wa ter-sol u ble cationic carbosilane dendrimers (CBDs) were syn the sized

in the Departamento de Quimica Inorganica, Universidad de Alcala. The main char ac ter -
is tics and syn the sis of CBDs were de scribed ear lier [14, 16, 18]. CBD - NN16,
C128H316I16N16O8Si 13

16+ , Mw = 4 603.56 g/mol and CBD - BDBR0011 C144H348I16N16Si 13
16+ ,

Mw = 4 699.99 g/mol, are pre sented in Fig. 1. Phospholipids: 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC), dipalmitoylphosphatidylglycerol (DPPG) were pur -
chased from Avanti Po lar Lipids Inc (USA). All other re agents used were of an a lyt i cal
grade and pur chased from Sigma-Aldrich (USA).
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Fig. 1. Mo lec u lar struc ture of the carbosilane dendrimers of the 2nd gen er a tion. A � with Si-C bonds �
BDBR0011; B � with Si-O bonds � NN16. 



2.2. Liposome prep a ra tion 
Large unilamellar ves i cles (LUVs) com posed of DMPC or DMPC/DPPG (mo lar ra tio

7 : 3) or DPPG were pre pared us ing an ex tru sion method. Briefly, ap pro pri ate amounts of
lipid so lu tions in chlo ro form were placed in a round bot tom flask and a thin lipid film was
formed by slow re moval of the sol vent un der ni tro gen at mo sphere. The re main ing sol vent
traces were re moved un der the vac uum us ing a ro tary evap o ra tor over a wa ter bath at
37 °C for 30 min. The re sult ing lipid film on the wall of the flask was hy drated with an ap -
pro pri ate vol ume of buffer re sult ing in a fi nal lipid con cen tra tion of 5 mg/ml. The mix ture
was vortexed for 5 min with glass beads, and al lowed to equilibrate for 30 min un der ni tro -
gen at mo sphere at 37 °C (above the gel-liq uid crys tal tran si tion tem per a ture of the lipid
mix ture). Sub se quently the liposome sus pen sion was forced to pass at least 15 times
through a polycarbonate mem brane of 100 nm po ros ity (Nuclepore, T-E), mounted in a
mini-ex trud er (Avanti Po lar Lipids) fit ted with two 1 ml Ham il ton gastight sy ringes. Ex -
po sure to light was min i mized through out the liposome prep a ra tion pro cess [19].

2.3. Mea sure ment of ves i cle size
The par ti cle size and size dis tri bu tion (z-av er age mean) were mea sured us ing dy namic

light scat ter ing in a pho ton cor re la tion spec trom e ter (Zetasizer Nano-ZS, Malvern In stru -
ments, UK) [20]. The re frac tion fac tor was as sumed 1.33 while the de tec tion an gle was
90° and the wave length was 633 nm. Sam ples were pre pared and mea sured at 25 °C in
10 mM PBS, pH 7.4, fil tered with 22 nm fil ter. The elec tro pho retic mo bil ity of the dy -
namic light scat ter ing sam ples was de ter mined from the 12 cy cles in Malvern plas tic cells. 
The data were an a lyzed us ing Malvern soft ware.

2.4. Mea sure ment of zeta po ten tial
The par ti cles charge mea sure ments were con ducted us ing phase anal y sis light scat ter -

ing with Zetasizer Nano-ZS, Malvern In stru ments, UK. The elec tro pho retic mo bil ity of
the dy namic light scat ter ing sam ples of an ap plied elec tric field was mea sured in Malvern
cap il lary plas tic cells (DTS1061). Sam ples were pre pared and mea sured at 25 °C in
10 mM PBS, pH 7.4, fil tered with 22 nm fil ter. Nine zeta po ten tial mea sure ments were
col lected for each dis per sion, and the re sults were av er aged. The zeta po ten tials were cal cu -
lated di rectly from the Helmholtz-Smoluchowski equa tion us ing the Malvern soft ware [21].

2.5. Sta tis ti cal anal y sis
Sta tis ti cal anal y sis and ex po nen tial curve fit ting were per formed us ing Or i gin 8

(Microcal Soft ware Inc., Northampton, MA) soft ware. The re sults are ex pressed as the
means ± stan dard er ror of the mean (S.E.M.).

3. Re sults and dis cus sion

3.1. Av er age par ti cles size
The in ter ac tion of cationic dendrimers with LUVs of dif fer ent lipid com po si tion:

(a)-DMPC; (b)-DMPC/DPPG (mo lar ra tio 7 : 3); (c)-DPPG was stud ied. The above-men -
tioned com po si tion al lowed us to vary the sur face charge of the LUVs, which plays an im -
por tant role in the in ter ac tion of the bilayer with cationic dendrimers. Changes in the
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av er age size of the ves i cles in the pres ence of var i ous con cen tra tions of ei ther BDBR0011
or NN16 dendrimers are shown in Fig. 2. For LUVs com posed of DMPC a slight in crease
in the ves i cle mean di am e ter was ob served when the dendrimers were pres ent in the sus -
pen sion (Fig. 2). The ves i cle mean di am e ter main tained ap prox i mately the same fea tures
of the pure LUVs thus ev i denc ing a neg li gi ble dendrimer – neu tral DMPC mem brane in -
ter ac tion.

For ves i cles formed from DMPC/DPPG the dif fer ence in the mean di am e ter of dendrimer-
loaded and empty ves i cles were larger and sta tis ti cally sig nif i cant for CBD-BDBR011,
but not for CBD-NN16. In the case of ves i cles pre pared from pure DPPG the av er age size
in creased dra mat i cally al ready at low dendrimer con cen tra tions. This sug gests that
dendrimer-ves i cle com plexes tended to form ag gre gates, and that CBD-BDBR001 and
CBD-NN16 in ter acted strongly with the neg a tively charged lipid mem branes. This means
that lipid com po si tion plays an im por tant role in the mem brane-dendrimer in ter ac tions
which can be ac com plished in dif fer ent ways: with out af fect ing the ves i cle size (neu tral
liposomes) or by for ma tion of rel a tively large ag gre gates (neg a tively charged liposomes).
The sig nif i cant in crease of the mean di am e ter of the DMPC/ DPPG ves i cles from their ini -
tial val ues sug gests that the drug-loaded ves i cles ag gre gated. Since ag gre ga tion may be
used as a mea sure of a ves i cle phys i cal sta bil ity, we may con clude that the in ter ac tion of
BDBR001 and NN16 with neg a tively charged LUVs bilayers did mod ify their phys i cal
sta bil ity. How ever, the ves i cle mean size was prac ti cally not mod i fied (NN16) or it only
slightly in creased (BDBR001) when the DMPC/DPPG ves i cles were used (Fig. 2). Thus,
dif fer ences in the liposome/dendrimer in ter ac tions are based on dif fer ent sur face charge
of LUVs. Cationic dendrimers are bound stron ger to LUVs which con tain neg a tively
charged lipids.
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Fig. 2. Av er age size of the LUVs (con cen tra tion 5 mM) com posed of: ¯ - DMPC; £ - DMPC+DPPG
(Mo lar ra tio 7 : 3); D - DPPG, in a pres ence of in creased con cen tra tions of ei ther BDBR0011 or NN16
dendrimers. Lipids/Dendrimer mo lar ra tios were: 200 : 1; 100 : 1; 50 : 1; 33 : 1; 25 : 1; 10 : 1; 5 : 1; 2 : 1.
PBS 10, pH 7.4 at 25 °C. The re sults rep re sent the mean ± SEM ob tained from 3 in de pend ent ex per i -
ments.
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3.2. Zeta po ten tial mea sure ments
The ef fect of cationic BDBR0011 and NN16 dendrimers on zeta po ten tial of DMPC,

DMPC/DPPG (Mo lar ra tio 7 : 3) or DPPG LUVs is pre sented in Fig. 3. The zeta po ten tials 
of the con trol ves i cles (with out ad di tives) were from -0.98 mV to -6.40 mV for the neu -
tral ves i cles and -13.58 mV to -20.35 mV for the neg a tively charged ves i cles. 

It is clear from the in sets in Fig. 3 that the raise of zeta po ten tial to the pos i tive val ues
took place al ready at low dendrimer con cen tra tions. Af ter the ini tial sharp po ten tial in -
crease, the sat u ra tion took place for dendrimer con cen tra tions higher than 10 mM for
BDBR0011 and 5 mM for NN16, sug gest ing a slightly stron ger charge neu tral iza tion of
the liposome sur face by NN16 dendrimers in com par i son with BDBR0011. Nev er the less,
the fi nal value of po ten tial change caused by both dendrimers in the sat u ra tion re gion was
not sta tis ti cally sig nif i cant. The in ter ac tion of dendrimers with the liposome sur face was
rather strong and their abil ity to change zeta po ten tial in the sat u ra tion re gion prac ti cally
did not de pend on the liposome zeta po ten tial, i.e. on the sur face charge. How ever, for
neg a tively charged ves i cles the dendrimer con cen tra tion, at which the sur face charge po -
lar ity changes from neg a tive to pos i tive val ues, was shifted to the higher dendrimer con -
cen tra tions (Ta ble 1). This sug gests an elec tro static na ture of the dendrimer-liposome
in ter ac tions. The plots pre sented in Fig. 3 have the shape of Langmuir iso therms. Thus, it
is likely that the dendrimers bound the liposome sur face in de pend ently. Strong elec tro -
static in ter ac tion of cationic poly(amidoamine) (PAMAM) dendrimers with neg a tively
charged mem branes was re ported re cently. PAMAM also in duced ag gre ga tion of the
small unilamellar ves i cles com posed of an ionic lipids [22]. 
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Fig. 3. The plot of zeta po ten tial of the LUVs (0.5 mM) com posed of: ¯ - DMPC; £ - DMPC+DPPG
(Mo lar ra tio 7 : 3); D - DPPG, as a func tion of BDBR0011 or NN16 dendrimer con cen tra tion. Lipids/
Dendrimers mo lar ra tios were: 100 : 1; 50 : 1; 25 : 1; 10 : 1; 5 : 1; 2 : 1. PBS 10 mM, pH 7.4 at 25 °C. The
re sults rep re sent the mean ± SEM ob tained from 3 in de pend ent ex per i ments. In sets - changes of zeta
po ten tial at low con cen tra tions of dendrimers.
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4. Conclu si on

This work was aimed mainly at the char ac ter iza tion of the in flu ence of cationic
carbosilane dendrimers on the size and zeta po ten tial of the ves i cles of var i ous lipid com -
po si tion. The study of the dendrimer in ter ac tion with the lipid mem branes was car ried out
us ing DMPC, DPPG or DMPC/DPPG mix tures. Re sults showed that ei ther BDBR0011 or 
NN16 dendrimers had no sig nif i cant ef fect on the size of LUVs com posed of DMPC.
These data im ply that CPDs-dendrimers prob a bly in ter act with DMPC mem branes in a
man ner of ran dom con tacts, whereas in the case of neg a tively charged DPPG mix tures,
both dendrimers pre fer elec tro static in ter ac tion with the mem brane sur face, which in -
duces for ma tion of large liposome ag gre gates. The zeta po ten tial of the LUVs was
changed when cationic dendrimers were pres ent. All the ves i cle for mu la tions pro duce
pos i tively charged spe cies and this ef fect is de pend ent on the dendrimers con cen tra tion.
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Molar

ratio

Lipid/

CBD

CBD-BDBR0011 CBD-NN16

DMPC
DMPC

/DPPG
DPPG DMPC

DMPC

/DPPG
DPPG

    1 : 0  -6.4±3.1 -19.9±0.2 -20.4±3.5 -0.98±4.42 -15.0±1.6 -13.6±3.0

100 : 1   7.6±2.0 -21.3±2.3 -23.4±2.5 -0.45±2.89 -20.9±2.5 -18.1±3.4

  50 : 1   9.1±2.1   -4.2±3.8 -20.5±5.0    1.5±3.0   -5.4±2.8 -20.1±5.0

  25 : 1 10.1±2.2    4.9±1.0   -6.5±2.1    4.4±2.7    7.0±3.5   -5.0±3.8

  10 : 1 10.4±0.4 13.1±2.2    8.8±7.1    9.9±5.0 13.0±2.1    8.5±2.0

    5 : 1 13.0±2.9 15.5±1.5 13.9±2.4 13.7±3.9 12.1±1.5  12.5±1.7

    2 : 1 14.6±1.5 15.1±2.9 18.1±1.2 15.4±4.0 13.0±1.3  21.1±3.6

Ta ble 1. Zeta-po ten tial of LUVs (mV) of var i ous com po si tions as a func tion of mo lar ra tios of the lipids to ei -
ther BDBR0011 or NN16 dendrimers. Dendrimer-ves i cle com plexes were pro duced by in cu bat ing
dendrimers and LUVs at the cor re spond ing lipid/CBD mo lar ra tios. All mea sure ments were car ried out us -
ing 10 mM PBS (pH 7.4). The re sults rep re sent the mean ± SEM ob tained from 3 in de pend ent ex per i ments.
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