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ABSTRACT We have characterized the binding of multilamellar colloids to J774 cells. Cationic colloids were shown to bind
much more efficiently than neutral ones. Particle uptake by cells was followed by flow cytometry and fluorescence
microscopy. Analysis of the kinetics of uptake of cationic particles indicated that binding on the cell surface occurred with two
characteristic times. Analysis of the dissociation properties allowed discriminating between several alternative models for
adsorption and led us to propose a mechanism that involved two independent classes of binding sites on the cell surface.
One class of sites appeared to be governed by a classic mass action law describing a binding equilibrium. The other sites
were populated irreversibly by particles made of 10% cationic lipids. This was observed in the absence of endocytosis, under
conditions where both the equilibrium and the irreversible binding occurred at the cell surface. We determined the rate
constants for the different steps. We found that the reversible association occurred with a characteristic time of the order of
tens of seconds, whereas the irreversible binding took a hundred times longer. The presence of serum proteins in the
incubation medium did not drastically affect the final uptake of the particles. In contrast, the capture of the particles by cells
significantly dropped when the fraction of positively charged lipids contained in the colloids was decreased from 10% to 5%.
Finally, the results will be discussed within a comprehensive model where cationic particles find labile binding sites in the
volume of the pericellular network (glycocalyx and extracellular matrix) and less-accessible irreversible binding sites at the cell
membrane itself.

INTRODUCTION

The way cells communicate with their environment,teins (Bonteand Juliano, 1986; Scherphof et al., 1981;
through chemical, electric, or mechanical signals, is highlyKamps et al., 1999; Roerdink et al., 1983). The grafting on
sophisticated and regulated. Nevertheless, the whole prahe particle surface of hydrophilic polymers such as poly-
cess leading to signal transmission and cell response usualithyleneglycol (stealth liposomes) significantly reduces
involves an initial and limiting step that entails some sort ofprotein adsorption and thus clearance of the particles by the
recognition at the cell surface. Most common mechanismsells of the reticuloendothelial system (Papahadjopoulos
for such recognition require specific binding of ligands et al., 1991; Woodle and Lasic, 1992; Allen and Hansen,
(sugars, proteins, lectins, etc.) to membrane receptors (pra991; Allen et al., 1992). In vitro, the presence of specific
teins). This type of key-lock interaction also determinesjigands on the surface of the particles typically enhances
cell-cell adhesion and tissue architecture, and certainly reQiptake of the particles by the cells (Leserman et al., 1981;
resents one of the principal bases of cell functioning. How-pgrk et al., 1995: Henry-Toulimet al., 1995; Goren et al.,
ever, how cells capture “untagged” objects such as particlegggg: Kirpotin et al., 1997; Meyer et al., 1998). Neverthe-
deyoiq of specific recognition moleculgs remains uncleaqes& negatively charged particles appear to be more effi-
Scientists who attempted to use colloidal systems as drugjenly captured by cells than neutral ones, although several
carriers and delivery vehicles (Poste and Papahadjopoulog qers of magnitude less efficiently than specifically tar-
1978; Benita and Levy, 1993; Kreuter, 1994) have ad-qiaq opjects (Allen et al., 1988; Lee et al., 1992; Miller
dressed this question for years. Mainly, liposomes and, to t al., 1998). Very little is known about cationic particles

lesser e>f<t§:1t, potlymerfp?r:tlcles, have l?[eenf(i?]n5|dere(1: |I3 Miller et al., 1998; Pires et al., 1999) except for their
cause of the naiure of the components of these partic’q creasing interest in the field of nucleic acids packaging for
(natural lipids and biodegradable polymers), essentially .
. : : cells transfection and gene therapy. Indeed, a new class of

neutral and anionic objects have been used, leading to the, . .
L . colloids has recently been described, made by molecular

emergence of some guidelines. In vivo, the whole fate of the . . .
articles is dominated by their interactions with serum pro_assembhng of DNA or RNA chains condensed with poly-
P cations such as lipid aggregates (Schwartz et al., 1995;

Hofland et al., 1996; Koltover et al., 1998, Yang and Huang,
: — o 1998), peptides (Legendre et al., 1995, 1997; Wadhwa et al.,
;{gggwed for publication 16 December 1999 and in final form 24 May1997; Dufourcq et al., 1998), or polymers (Legendre et al.,
Address reprint requests to Dr. Nelly Henry-Touln@ntre de Recherche 1993; Haensler and Szoka, 1993; Boussif et al., 1996; Ggo
Paul Pascal, CNRS, Avenue A. Schweitzer, F-33600 Pessac, France. Te"r?.nd Huang, 1996; Erbacher et al., 1999)- The electrostatic
33-556-84-56-21; Fax: 33-556-84-56-00; E-mail: henry@crpp.u-bordeaux.frcomplexes formed during such condensation constitute a
© 2000 by the Biophysical Society colloidal suspension of hybrid particles with physicochem-
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pend on the nature of the cations and the preparation corfrom the mean size and volume fraction. It was found equal to 20"
ditions. Some of these complexes, prepared in the presenggrticles/l in the filtered suspension.
of an excess of positive charges, successfully transfected

cells in vitro. _ _ Cell culture and treatments
In this paper we present a thermodynamic analysis of the

interactions of cationic colloids with the cell surface in The J774 cells were cultured in suspension in Dulbecco’s Modified Eagle’s

vitro. This work was aimed at gaining insight into the medium (DMEM) supplemented with 10% fetal calf serum. The cultures
. formed small aggregates easily dispersed by pipetting. For incubation with

mechanism of these interactions, not onIy because of th@lLVs, cells were washed in phenol-red-free DMEM, always supple-

interest of such entities in gene therapy but also becaus@ented with 25 mM final concentration HEPES buffer. Incubation of the
they may supply tools for exploring the type of organizationparticles with the cells was performed in the absence of fetal calf serum
selected by cells to sort the “untagged” particles. except when specifically stated. The cell concentration was adjusted to 5

We investigated this question using biocompatible CO|_1OE cells/ml. The MLVs were then added at the desired concentration under

loids flexibl d heir f |ati ith precisely controlled temperature conditions and regularly gently stirred to
oids flexible as regard to their formulation, with a mean avoid significant sedimentation of the cells. After the appropriate incuba-

size compatible with a potential internalization. We focusedion time, the cells were analyzed either by fluorescence microscopy or by
our attention on the adhesion step and concentrated otipw cytometry without any further treatment.

experiments on cationic colloids. We explored both the

binding and the kinetics of the process. The analyticaIFIuorescence microscop

solutions that we derived to model our data prompted us to y
suggest an adhesion mechanism that involved two indepefuorescence microscopy was performed using a Nikon Diaphot TMD

dent steps. This model will be discussed in the Iight ofinverted microscope equipped with the following filter set for calcein

: : etection: blue excitation BP 450 to 490; LP 515. Images were collected
previous results obtained by other authors for neutral anﬁwough a Hammatsu CCD camera interfaced with a Matrox Meteor-I|

anionic particles. The 'nflluence of serum _prOtelns’ tempe_rframe grabber. For observation, cells were allowed to settle on glass
ature, and charge density on the adhesion characteristi¢sverslips mounted in 35-mm petri dishes.
was also examined.

Flow cytometry
MATERIALS AND METHODS Experiments were performed using a Facscan cytometer (Becton-

Phosphatidyl choline purified from soybean lecithin (S100) was purchaseg)'?kmson) equipped W'th. an argon laser. The sample was-therm-ostated
from Lipoid GmbH (Ludwigshafen, Germany), tetraethylenglycol mono using a home-mad_e dgwce connected to a thermostated circulating bath
n-dodecylether (Lauropal) from Nikko Chemicals Co. (Tokyo, Japan) and(M|n|stat, Huber, R|mst|ng, Germany). At least 4000 events were counted
dioleyltrimethylammonium propane (DOTAP) from Avanti Polar Lipids at_ 6(.) wl/min for each pom_t. The software package Cell Quest (Becton-
(Birmingham, AL). Calcein was purchased from Sigma (St. Louis, MO) and!chkmson, Le Pont de Claix, France) was used to determine the events of

h ) ._interest from forward and si r parameters. The mean fluor n
used without further purification. Transferrin, from human serum, fluorescein-, terest from forward and side scatter parameters. The mean fluorescence

conjugated, was purchased from Molecular Probes (Eugene, OR). ;?Jg?:;%’eazéhﬁisct?;x: gfbttr?lenzgtggngotgjlan:igﬁn channel number of the

MLVs Data analysis

The multilamellar colloids were prepared as already described (Diat et alqpe gata have been adjusted to the analytical expression using the

1993), by shearing in a Couette cell, a homogeneous lamellar phase maggyenberg-Marquardt algorithm. Errors are mean standard deviations of at
of lipids and water. This produced a thick viscoelastic material composeqgs; three independent experiments.

of close-packed sealed multilamellar spheres structured like onions. The

size profile had a main peak around 200—-300 nm with a wide shoulder

toward larger sizes, up to a few micrometers. The volume fraction OCC“pie(hESULTS

by the spheres in this paste was close to one and almost all the aqueous

volume was trapped within the spheres in between the lamella. In ouBinding of positively charged versus

experiments, the spheres were made of 51% (w/w) phosphatidylcholineneutra| MLVs

4% (w/w) Lauropal, and 50% (w/w) water. To obtain cationic spheres,

from 2 to 10% of soybean lecithin was replaced by DOTAP. Fluorescent]J774 cells were incubated with cationic MLVs (10% posi-
MLVs were obtained by replacing water with a2 10° M calcein v |ipids). Their zeta potential in water was found equal to
agueous solution. Before use, the paste was dispersed 10 times in water aq_dso V. lel. th . ¢ ducted
passed through 200-nm polycarbonate filters to narrow the size distribu-" mV. In parallel, the sarr_1e_ experimen was_ conducte
tion, which was finally found centered at 23060 nm. This last stepwas With MLVs made of neutral lipids only and having a zeta
confirmed not to significantly alter the MLV’s concentration (inorganic potential in water equal to-20 mV. The fluorescence
phosphate was measured as in Hallen (1980)) or the calcein trappingetained by cells afte2 h incubation with increasing con-

efficiency. The untrapped calcein fraction was evaluated by the CObalbentrationS of these cationic or neutral particles loaded with
chloride fluorescence quenching method (Kendall and McDonald, 1983).

The calcein trapping efficiency was always found around 75%. We verifiedcaICGIn was measured by flow cytometry at 25°C. Fig. 1

by the same fluorescence method that calcein trapping remained stab@10WS the scattering plots and fluorescence histograms ob-
over the time of our experiments. The particle concentration was calculatetained on cell populations treated with2 10* particles/I.

Biophysical Journal 79(3) 1298-1309
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FIGURE 1 Scattering plot and fluorescence histograms of J774 cells incubated with particles. The scatter)gyples forward scattering (FSC-H)

versus side scattering (SSC-H) for each event; 4000 events were counted per sample. Only events having the FSC and SSC couple of values comprising
area R1 were taken into consideration for fluorescence analysis. Similar scattering plots were obtained with or without particles and whatef/érenatu

particles. B) shows the fluorescence intensity histograms obtained with cells incubat@dhfan thepresence of unlabeled neutrapgen histogram
calcein-loaded neutragifay histogram and calcein-loaded cationic, i.e., containing 10% DOTAlRe( histogran) particles. Particle concentration was

equal to 2X 10 particles./Il. The numbers on the histograms represent mean fluorescence value of the distribution.

Only cationic particles induced high levels of fluorescence appeared clearly that the presence of 10% of cationic mol-
while the fluorescence histogram obtained with neutral parecules on the surface of the colloid induced significant
ticles at the same concentration was very close to the onleinding to J774 cells cultured in suspension, and that this
obtained with untreated cells. In either case, the fluoresbinding could be precisely quantified by flow cytometry.
cence distribution was mainly contained in a single narrow
peak, indicating a homogeneous cell response to the parti-
cles over the entire population. Cell labeling (mean value of
the fluorescence distribution) was then studied as the par-
ticle concentration was increased. When cells received cat=. 5¢
ionic MLVs, the fluorescence signal increased with particle 3
concentration and reached a plateau (Fig. 2). In contrast, th%/ 400
fluorescence signal obtained with neutral particles increased’
linearly, as when cells were treated with identical concen-§ 300

600 [
’ cationic (DOTAP 10%)

L L I B o B

trations of free calcein (Fig. 2). This indicated that free §
calcein was able to partition within the cells proportionally § 200 free calosin ]
to its concentration. However, the calcein trapping effi- = e ]

. . i 100 neutral]
ciency values measured by the®equenching method on T /]
the MLV preparation indicated that 15 5% of free calcein 0 e T
was added together with the labeled particles. This led us to 0 210" 310" 4 10"

the conclusion that the fluorescence retained by cells treated
with neutral particles corresponded to the background pro-
duced by the small fraction of free calcein. This was CON-FIGURE 2 Binding of particles on J774 cells measured by flow cytom-
firmed by fluorescence microscopy observations (Fig. 3)etry. Cells were treated at 25°Crfa h with increasing concentrations of
Bright spots could be visualized on cells brought into con-calcein-loaded particles, neutral), and cationic®), i.e., containing 10%
tact with cationic particles (Fig. B), whereas only a faint DOTAP particles. Mean fluorescence per cell was also measured in cells

treated with equivalent concentrations of free calcaih All measurements

diffuse fluorescence was observed on cells treated Wm&/ere done in the absence of proteins. Cell concentration was equakto 5

neutral particles (Fig. 8), supporting the idea that the cells 16 /ml. The calculated line corresponds to a fit according to the expregsion
did not trap any of the latter particles. At that point, it m, (mx/1 + mx) with m; = 739 andm, = 1.7 X 10 M2,

Total concentration of particle (part./l)

Biophysical Journal 79(3) 1298-1309
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FIGURE 3 Capture of particles by J774 cells. Phase contrast) and fluorescence imageB,(D) of J774 cells treated fa2 h with calcein-loaded
neutral @, B) or cationic C, D), i.e., containing 10% DOTAP particles. Particle concentration was equabtdl@™ particles/|.

Therefore, it was possible to investigate the mechanism of that the surface from any other process such as internalization
binding. The shape of the curve in Fig. 2, giving the amount ooy an endocytic process. Using fluorescence microscopy,
bound particles as a function of the total particle concentrationye made sure that the particles remained located at the cell
strongly evoked Langmuir adsorption equilibrium. It could be surface under these conditions. The results obtained at 4°C
fit to an expression of the form of the tyye= m, (myx/1 + with cationic MLVs containing 10% DOTAP are shown in
m,X), wherex represents the particle molar concentratiop,  Fig. 4. This curve gives the amount of fluorescer§)

the saturating amount of bound particles amahe adsorption retained by one cell (mean value over a 4000-cell popula-
constanK. However, this assumes a priori that only one clasgion) at timet. It can be related to the molar concentration
of binding sites is populated through a simple equilibrium. Weof bound particles as followsq(t) = n, (F(t)/Fax.), Where

thus decided to explore the binding process from the kinetia, is the total initial molar concentration of all binding sites;
point of view to better elucidate the mechanism involved inn, = CYA, whereC is the total cell concentration (cells/
particle capture by the cells. liter), s the number of binding sites per cell, akdAvo-
gadro’s number. In the above equatiéi,,,.. is the mean
fluorescence per cell measured at saturating concentrations
of particles. An analytical expression was sought to fit the
The kinetics of cationic spherulite binding was first assessedata shown in Fig. 4. Two characteristic times were required
at low temperature (4°C) in order to distinguish the bindingto obtain a satisfying fitting function. The simplest function

Kinetics of cationic spherulite adsorption

Biophysical Journal 79(3) 1298-1309
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1000 e ria, or irreversible binding reactions. In all cases, two
I ] classes of bound speciggandx, should be produced and
we should experimentally measure a quantjtyhich is the
sum ofx, andx,. In procesgl only one class of sites exists,
but in two different states: the sitesare first populated
according to an equilibrium, providing a reversibly bound
particle z. This particlez, once bound, moves with a rate
constantk; to the state of an irreversibly bound partigte
according to scheme. In this case, we experimentally
. ] measure the sum of reversibly and irreversibly bound par-
200 e 2000 00 T ticlesx(t) = z(t) + y(t).
t(s) ] All processes listed above were described by kinetic
B AN S equations of the same form (1) and were thus in agreement
0 1000 2000 3000 4000 5000 6000  with the experimental curve with regard to the association
of the particle with the cells. We therefore, needed addi-
time (s) tional criteria to discriminate between these four processes.
To this purpose, we examined which particle dissociation
FIGURE 4 Kinetics of capture of cationic particles by J774 cells. Mean proﬁ|e could be expected from each process that had been
flgorescenc_e, (_:alculated for _each point fr(_)m a 4000-event quorescenc§e|ected by the association behavior.
histogram, is given as a function of incubation timex5L0° cell/ml were
added at timg = 0 with 2 X 10 particles/l. The temperature was set at
4°C. The solid line gives the fit of the experimental poir® §ollowing
the analytical expressiox(t) = m; (1 — mee "™ — (1 — my)e ™). The
insetshows the logarithmic representation of the same data. In casea the two types of bound species should be released
upon washing according to two exponential decay%t
ande *«t. The repopulating of the free sites throughand
was of the following form: k.. should be negligible, sindd becomes small after wash-
_ _ st (4 _mat ing: the effective constant beirigN. In caseb, no release
X(©) = my(1 — me (1= m)e™) @) should occur because irreversible binding reactions have
Few mechanisms have kinetic equations following this extbeen postulated. In casg only a fractionnd(n, + n,),
pression. They are gathered in Table 1. The kinetic equadound reversibly in equilibrium, should be released expo-
tions have been established for each mechanistic scheme bgntially with a characteristic timk,.
writing the differential expression of the bound particle In cased, the particles bound in statecould be released.
concentrationdx/dt as a function of the initial concentra- The variation of their concentration with time has been
tions N, and n,, and of the various rate constants (seecalculated from the expressiat). The amount of revers-
Appendix). To conveniently integrate these expressions, wébly bound particles rapidly increases to a maximum value
made the approximation that the free particle fraction waslepending ork, and decays to zero depending lgrandk;.
constant and equal to the total concentratignwhich also  The profile of the dissociation upon washing should, in this
implies thatx, the concentration of bound particles, was case, parallel this time-dependence.
always negligible with respect thl,. This approximation Thus, the four models have different dissociation profiles.
was checked experimentally: centrifugation experimentsTherefore, we designed experiments to follow the time
were performed to estimate the fraction of bound particlesdependence of the dissociation. During the incubation of the
Cell samples were treated with increasing concentrations afells with the particles, samples were taken at various times
cationic MLVs (10% DOTAP) fo 2 h and centrifuged to within the first 2 h. The withdrawn samples were quickly
pellet the cells. The supernatants were collected and theentrifuged, resuspended in fresh buffer, and analyzed using
amount of fluorescence was measured by spectrophotoméie cytometer to measure the detachment kinetics. The
try. Similar samples were prepared in the absence of cells thuorescence signal per cell decreased with a time-depen-
provide a total concentration reference. The results showedence that is shown in Fig. 5 for the sample taken up at time
that the proportion of bound particles was low1%) and 2200 s (longest time examined). The dissociation profile
could not be determined by measuring the difference beseemed to follow a monoexponential decay with a value of
tween total and unbound concentrations. This validates thie, equal to 0.0087 s This value, however, was rather
approximationN, >> x used to write the equations pre- approximate because the time when dissociation was trig-
sented in Table 1. gered was difficult to determine with accuracy, and also
Processea, b, andc (see Table 1) involve two classes of because the washing procedure did not allow the collection
independent binding siteg andn, or ngandn;. Each could of data within the first 2 min of the dissociation. Most
be populated independently through two different equilib-decisive was the variation of the amplitude of the fluores-

800

600

400

Mean Fluorescence Intensity/cell (a.u.)

Kinetics of cationic spherulite desorption
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Binding of Cationic Colloids on Cell Surfaces 1303

TABLE 1 Binding models predicting binding kinetics described by the equation x(t) = m, (1 — mye™™* — mzde ™)
Ka1

N + no—x Xt = x® + %)
' ka1 * — . 1 _ %'i'l_ ,eﬂql _ 1 _ % .i.l_ .e’KZl
Mo * M2 Ny M 1 N ) Mo 2
N+nf>x k1 = KaNo + ko k2 = kaNo + kg
) = X2
N
a ka2 L, kal o L kaZNo

N KaiNo + Kaz N KaNo + gz

nol nol
= —— + — .
MN12 N L (1 o ) L,

ki

N + n—x X(t) = x(t) + x(t)

b =n-(1 - Ee—klm (1 = M g kaet
ke ° N, Ny
N + n—x
Ny = Noy + No2

N+ nex, X0 = %0 + x(
’ ka =n,- 1 — E‘.E.L.eﬂd — (1 - E‘ .E.e’k\No[
o™ N, M N,/ m
c k = kN, + Ky
K
N + n—x L KaNo n=%-L+l—%
kaN0+kd Ny Ny

Ny = Noa + Ng

A1 — Ay A(A,—1
i (Do ()

1
o M= llNo + k)~ TkNo+ ko + K7~ Ak

d N + n=z—>y

Az

1
ZT(i[(kaNo + ki + k) A+ (kNo + kg + k)? — AkkaNo]

A
2t) = npy e — e

cence decrease as a function of incubation time precedingerum dependence of the binding

the triggering of dissociation. This is shown in Fig. 6. It can o o ) )

be seen that the amount of particles released by the celld he association of the cationic particles with the cells was
increased and plateaued paralleling the establishment of Also analyzed in the presence of 10% fetal calf serum in the
equilibrium. At the plateau, the fraction of the initially Medium to evaluate the role of proteins in the binding. The
bound particles is close to 0.4. This demonstrated the exid0t@l amount of bound particles was not significantly af-
tence of a reversibly bound fraction in agreement with a€Ctéd by the presence of proteins. However, the analysis of
binding model of typec with two independent classes of the kinetics apcordmg to modelrevealed that the main
binding sites, one populated through equilibrium, the otheffECt Of proteins consisted of an increase of the valug,of
one through an irreversible binding. We then adjusted oufhe reversible dissociation constant. The values of the rate
data (Figs. 4 and 6) to the analytical expression provided bonstants are shown in Table 2. Valueskgfandk; were
this model (see in modet, Table 1). The rate constant indeed within the same range of values as the corresponding
values extracted from the fit are given in Table 2. TheV@lues obtained in the absence of proteins.

fraction of reversible binding sites was found to be equal to

0.35 %= 0.1 by fitting the association data. This was quite.l.em erature dependence

close to what was expected on the basis of the dissociation P P
experiments. This was also the case for the valule,dfiat ~ We were first interested in determining how the mechanism
was found equal to 8. % 103 s ! by fitting the dissocia- of binding was affected when the temperature was in-
tion curve in Fig. 5 and equal to 6;2 103 s™* by fitting creased, particularly at 37°C. However, temperature eleva-
the association kinetics (Fig. 4 and Table 2). tion induced significant particle aggregation, as seen in the

Biophysical Journal 79(3) 1298-1309
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of the cells afte2 h ofincubation at 37°C (data not shown).
These structures were not endocytosed by the cells, as the
fluorescence always remained at the periphery. To check the
endocytosis capabilities of our cell line, we performed ex-
periments with FITC-transferrin. This protein possesses
specific receptors on the cell surface. Its endocytosis has
been extensively described and was expected to occur rap-
I ] idly at 37°C. Cells were first incubated at 4°C for 30 min,
300 - ) 7 sampled for microscope observation, and incubated at 37°C

i ] for 30 min more. FITC-transferrin was totally internalized
250 L o - after 30 min at 37°C. This indicated that the cell metabolism

i L was active under the conditions we used for the cationic
particle experiments.

)

~
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FIGURE 5 Analysis of the kinetics of the dissociation profile. J774 cells Positive charge density-dependence

were incubated with calcein-loaded cationic particlex (20 particles/l) The role of the charge density in the binding process was

at 4°C, without fetal calf serum. Data were recorded on the sample take : . . 0 0 L
up at timet = 2200 s. This time is considered here as tinre 0. The full also investigated. MLVs containing 5% and 20% cationic

line represents the fit obtained according to the analytical expressiotlﬂp'ds (DQTAP) were pre.pared. to allow the _cqmparlson
y = me ™ + m,. The parametem, gives the value of the dissociation With previous results obtained with 10% cationic lipids. The

constantk,. binding curves are shown in Fig. 9. The rate constant values
obtained are given in Table 2. When only 5% of cationic
) ) . . lipids are present, the binding is significantly reduced. The
cytometry scattering plots (Fig. &). This aggregation be- gjue ofky appeared to be significantly higher than the one
came significant above 15°C and seemed to grow coopeptained with 10 or 20% DOTAP. Meanwhile, tkgvalue
atively (Fig. 7B). This phenomenon severely altered theyyas slightly lower andk, was conserved. The results ob-

binding curves and prevented the determination of the ratgyjned with 20% DOTAP were very close to those obtained
constants. The binding plots recorded at 25°C and 37°Gyith 10% DOTAP.

(Fig. 8) suggested that the aggregates bound to the cells, but

with different characteristics. We observed that, in the pres-

ence of these aggregates, binding was disturbed by stirringyjscusSSION AND CONCLUSIONS

suggesting that aggregates were weakly bound to the cells.

Fluorescence microscopy observations confirmed this hylhe mechanisms by which cationic particles interact with

pothesis Showing |arge fluorescent structures on the surfa(ﬁ(ﬁlls are not well understood. The structures involved in the
interaction can reasonably be hypothesized to be of anionic

nature and the binding process is expected to be primarily
200 e SR governed by electrostatic interactions, all the more as the
i ] cell surface exhibits substantial densities of negative
charges. Actually, the extracellular matrix consists chiefly
of sulfated glycosaminoglycans and polysaccharide acids,
which form a hydrophilic negatively charged gel over the
cell membrane. Integral membrane glycoproteins, most of-
ten bearing sialic acid residues, and membrane lipids also
contribute to the negative charge density of the cell surface.
Our results strongly supported this simple view because no
measurable interaction was detected, under our experimen-
tal conditions, between particles devoid of net positive
charges and cells. This absence of significant interaction
between neutral particles and cells in vitro had already been
sampling time (s) evidenced with liposomes in the early work of Leserman et
al. (1981) where no biological effect was detected with
FIGURE 6 Evolution of the dissociation amplitude with pre-incubation untargeted liposomes made of neutral lipids. Other authors

time. The amount of fluorescence (mean fluorescence per cell) releaseﬁa e also found low but measurable interactions between
upon washing has been plotted as a function of the incubation time v u W bu u I I W

elapsed before the sample was taken. Same experimental conditions asG€!lS and neutral particles (Miller et al., 1998; Lee et al.,
Fig. 5. 1993). Aside from the strong cell-liposome interaction due

AF (a.u.)

0 500 1000 1500 2000 2500 3000 3500
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TABLE 2 Rate constant values for the binding of cationic spherulites to J774 cells at 4°C

Experimental Conditions Rate Constants
% DOTAP Proteins* kN, (579 ke (s kN, (57
10 - (1.0+x05)x 10 (6.2+3)x10°® (1.8+0.5)x 102
10 + (0.37+x0.5)x 10°* (5.7x2)x 102 (1.5+0.5)x 102
5 - (0.18+0.5)x 107t (1.1x03)x10? (1.8+0.5)x 1073
20 - (0.65+ 0.5)x 107* (9.6+3)x 103 (2+x05)x10°®

N, is the total particle concentration of the experiment. Héye= 2 X 10" part./l or 3.3x 10~ *°M (moles of particles per litre). j, and kN, are apparent
rate constants.
*10% fetal calf serum.

the presence of net positive charges on the latter, the mostation characteristics, and 3) we have also worked in the
significant finding in our work was that the binding to the absence of endocytosis. We now propose a model involving
cell surface, in the absence of any internalization, occurretiwo classes of binding sites on the cell surface. One binding
by two independent pathways. Up to now, the uptake oimode consisted of a thermodynamic equilibrium character-
colloids by the cell has been described as the occupation afed by an affinity constank, the value of which is given
one class of binding sites according to a thermodynamidy the ratio of the rate constaritg andky. At 4°C, in the
equilibrium, followed by the internalization of the bound absence of proteins, the affinity constant was equal 30 5
particle into the cell. This binding scheme was proposed byl0'® M. This accounts for the binding of a spherulite
several groups in quantitative analysis of liposome captureontaining 10% DOTAP to one cellular binding site. This is
by cells (Kirpotin et al., 1997; Lee et al., 1993; Straubingerto be compared with the affinity constant calculated for the
et al., 1990). We reached here a different description of théinding of a free Fabfragment from a 4D5 antibody to its
association of such colloids with the cell. This could resultcell surface receptor, which was found equal to<510’
from the particle characteristics—ours were cationic—butM ~* (Sarup et al., 1991) and reachek210®° M~ for the
also from the different technical approach that we havewhole antibody. Liposomes made of phosphatidylcholine,
used: 1) kinetic data were acquired by flow cytometry in thecholesterol, and the negatively charged phosphatidylserine
absence of the perturbation from equilibrium that is inducechave been found to bind to J774 cells with an affinity
by washing steps. 2) We have examined the particle dissaonstant equal to a0V ~* (Lee et al., 1993). Neutral lipo-
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FIGURE 7 Particle aggregation at 37°@) (shows the distribution of the mean fluorescence per event together with the small angle scattering (FSC)
measured on J774 cell samples incubldé at37°C with 2X 10 particles/ml. Gate R1 defines the (FL1; FSC) couples of values characterizing the cell
population. Gate R2, at low FSC values, comprises small size events, i.e., events having a didmeterThis gate comprises particle aggregat8s. (
shows the population contained in gate R2 as incubation time elapses at different temperatures.
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FIGURE 8 Kinetics of cationic particles capture by J774 cells at differ-

ent temperatures. Same experimental conditions as in Fig. 4 except thﬁGURE 9 Kinetics of capture by J774 cells of particles containing 5%
g17i%st(1>r<(§ments have been performed at 48¢; {5°C @); 25°C (©) and (®) and 20% () DOTAP. Experimental conditions same as in Fig. 4.

It should be noticed that, within the range of affinities
somes covered with 0.5% anti-HeR2 Fab fragments werexpressed by both cationic particles and liposomes targeted
shown to bind specific receptor-bearing cells with & 10°  with physiologic ligands, the fraction of free particles com-
M~ affinity constant (Kirpotin et al., 1997). Ellens et al. pared to bound particles for a given cell concentration will
(1990) obtained an affinity constant equal tox710'°M~*  be highly dependent on the number of receptors per cell. In
for binding to glycophorin-containing liposomes to cells the present case, because the free fractiymw(as always
expressing influenza hemagglutinin on their surfaces. Théigh, it can be estimated that the number of sites over a cell
association of biotin with avidin gives a well-known exam- should be of the order of a few hundreds. Some authors have
ple of a very high-affinity complex. The affinity constant calculated receptor numbers up top@r cell (Schaffer and
has been found of the order of f'OM ™! (Bayer and Lauffenburger, 1998). This will be an important parameter
Wilchek, 1980). Thus, the affinity constant that we haveto consider in the development of drug delivery vehicles
found for the binding of MLVs bearing 10% positive because the presence of a significant fraction of free vesi-
charges over J774 cells stands within the range of affinitiegles is to be avoided.
obtained for synthetic particles specifically targeted with Besides the thermodynamic equilibrium, cationic parti-
physiologic ligands. The value of the measured affinitycles were shown to bind to cell surface irreversibly, with an
constant reflects both the intrinsic affinity of the ligand for apparent rate constakiN, equal to 1.8x 102 s . This
its receptor and the valency of the particle (the number otould also be seen and understood as a binding equilibrium
ligands per particle) together with the efficacy of the va-characterized by an infinite affinity constant. The irrevers-
lency (how many ligands available on the same particle aréle binding appeared to be two orders of magnitude slower
able to interact at the same time). It has been shown fothan the equilibrium, indicating that, although strong, this
targeted particles that the valency of the particle was association of the particles to the cells had a much lower
determining parameter of the binding. Schaffer andprobability of occurring than the one governed by the equi-
Lauffenburger (1998) found an optimal valency of 15 for librium. Thus, two distinct classes of binding sites exist for
molecular conjugates targeted to fibroblasts with epidermatationic particles. Both captures were driven by electrostatic
growth factor. Similarly, we found with cationic particles interactions because they were not observed in the absence
that the affinity constant drastically dropped when the frac-of charges. The energy of adhesion can be calculated from
tion of cationic lipids was reduced from 10% to 5%, the value of the affinity constant. It was found close tdka5
whereas it remained practically unchanged when the fracper site, which is relatively high, if one considers that an ion
tion of cationic lipids was increased from 10% to 20%. pair with the two ions separated by a distande7dA in
Considering a mean-square surface of 648r lipid head- water has an energy of interaction equal tokT This
group and a mean particle diameter of 200 nm, we carsuggests that a significant number of electrostatic links
estimate that the number of positive charges per particlshould be involved in this interaction. At our current level of
made of 10% DOTAP is approximately equal to<210%, It understanding, the irreversible binding site can be assumed
can then be easily imagined that several cationic moleculet® be either of a totally different nature or involving a much
are involved in one link. higher number of links because, for instance, it would be
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located in an area of high concentration of negative chargesess, to understand if the cell processes in a similar or
From the kinetic point of view we have found, for 10% distinct manner the particles bound on the two different

DOTAP-containing MLVs, binding rate constants equal toclasses of binding sites.

3x 1°M ts tand 4.5x 10° Mt s *for the reversible
and irreversible binding sites, respectively. These rate con-

stant values are one and three orders of magnitude lowéPPENDIX
than values characterizing diffusion-controlled processesgqsigering a simple reaction as:

respectively. This indicated the existence of high potential
barriers for the binding of these particles to the cells. Other
authors have found rate constant values significantly higher
than ours. For instance, Nir et al. (1986) have determined a
rate constark, = (1.9-3.5)x 10° M1 s~ for the binding
of Sendai virus to ghost erythrocytes. Lee et al. (1993) have
obtained a rate constakt = (0.6-3.7)x 10° M~ * s * for

the binding of negatively charged liposomes to J774 cells.
In the case of Sendai virus binding, the high-affinity con-
stant value has been attributed to the existence of spikes
the virus envelope, which could favor the close approach of
the viral particle and lower the potential barrier. In the case
of negatively charged liposomes, the reason for having a
high association rate constant is less clear. The authors have

K
N+ n—x

We obtain a kinetic equation describing the formatiorxoivhich is:

dx
dt = KINo = x)(n, — x)

with N, and n, being the initial concentrations & and n, respectively.
Oﬁgsuming thatN, >> x, we have the simple linear equation

dx
g = (KN + (k)

treated the binding with a mass action law applied to one'he solution is

class of sites that were internalized in a second step. The
model that we propose here is rather different, because we

X(t) = ny(1 — e\

consider two classes of independent binding sites on the c&dlimilarly, for an equilibrium

surface. Both were detected at 4°C. This could be also a
reason why our values are lower. However, Lee et al. did
not find a significant difference between the association rate
constants that they obtained at 4 and 37°C in the presence of

endocytosis inhibitors. The respective values of the raté’® Nave

constants that we have obtained for the two types of sites
suggest that the irreversible site has a reduced accessibility,
inducing a high activation barrier. This could be the case for

a binding site located at the membrane level, close to thand
lipid bilayer, whose access could be hindered by the net-
work of the extracellular matrix polymers. In contrast, the
lower-affinity binding site was populated with a two-orders-
of-magnitude higher rate constant, suggesting that it could

Ka
N+n=x
K

dx
gt = KaNo(no = X) — kax

N,
O

e7 (kaNo+ kd)t)

. . - . When these processes take place at the same time but independently, the
reside at the extracellular mlamx level itself. Mislick and expression ok(t) is obtained simply by calculating the sum of the products
Baldeschwieler (1996) have in fact demonstrated a role foformed by each process.
proteoglycans, an extracellular matrix component, in cation- These processes can also be combined as
mediated gene transfer efficiency. Additional experiments, kK
using enzymes that inhibit the expression of the extracellu- N+n=z—>y
lar matrix components, would help to strengthen our hy- kg
pothesis. In this work we have developed the tools neces-
sary to deepen the understanding of the binding mechanismith
by investigating how each binding component can be mod-
ulated. The absence of endocytosis in this system was rather
surprising. One reason for this could lie in the aggregationnen
of the particles examined when the temperature was raised.
This resulted in the binding of large entities that the cell
may not have been able to internalize. We are currently
working to solve this problem and obtain endocytosis of
individual particles at 37°C. It would be, indeed, of primary dy

— =kx—y)

interest to gain further insight in the particle capture pro- dt

X(t) = z(t) + y(t)

d —
XY = — e+ )X )
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