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Abstract: New mild and specific chemical strategies have been developed recently for the selective coupling
of biological macromolecules. Among them, the hydrazone ligation strategy offers high chemoselectivity
and versatility. We intended to use hydrazone ligation to target the controlled release of therapeutic agents
by biological vectors (multilamellar vesicles called onion vectors). An accurate measure of ligation bond
stability was needed to ensure that the ligation bond would stand long exposures to physiological conditions.
In this study, we have completed a kinetic and thermodynamic characterization of hydrazone formation on
a model reaction. The mechanism of the reaction in solution as well as in different self-organized systems
(micelles, liposomes and multilamellar vesicles) was investigated. In solution, submicromolar stability was
achieved as well as half-lives of several weeks. The kinetics and stability were both enhanced in colloidal
media thanks to autoassociation effects. The results were expanded to the realistic case of RGD-peptide
coupling to onion vectors. The RGD grafted onion vectors were then tested for their ability to bind endothelial
cells in vitro.

1. Introduction on natural macromolecules because they contain neither hydra-
zine nor reactive aldehyde. Finally, the hydrazine and aldehyde

With the recent progress in recombinant protein synthesis andmoieties can be specifically designed onto synthetic as well as

chemical peptide and protein synthesis, complex macro-

lecules h b . inal ilable for chemical modi natural macromoleculésAn important question that remains
molecules have been Increasingly avaranle for chemical Mol .oy the kinetic and thermodynamic stability of dhexo-
fication and therapeutic uses. The manipulation of such large

and delicate molecules is a new chemical challenge though andhydrazone bond. Indeed, hydrazones are known to hydrolyze

. . . A quite easily in water, whereas ligation products such as
requires paru(_:ular_tools. Indeed, any (_:hem|ca| qulflcatlon ml_JSt immunotoxins or grafted vectors should be able to face
be achieved in mild aqueous conditions to avoid denaturation extremely dilute aqueous conditions during hours if they were
of thg macrgmolecgle. Furthermore, for. large polymers POS" 44 he used as therapeutic agents. Fast hydrolysis is a major
sessing 'mult|ple gquwalent reachvg moieties, the regloselecn\{lty hurdle for using ligation in biological applications. While this
of chemical reaction has to be precisely controlled. A new series

. . " . uestion has been addressed for other systems such as disulfide
of chemical reactions addressing these requirements have beea

tlv develoned and desianated as liqati i Li onds? both the thermodynamic stability and kinetics of the
:iecnen yn ebve OIOed ?nr | f SIQn? ? inas hlgriilon| reﬁ;}%@ Iga'OL-oxohydrazone bond have to be accurately understood before
ons can be used lor farge protein chemical sy - it can be trusted as a good ligation strategy.
macromolecule coupling as in the case of immunotoXios,

f i lecul dd o biological 8 Onion vectors are multilamellar vesicles which differ from
or grafting molecular addresses onto biological VECtors. liposomes in the structure and method of preparation. Obtained

The a-oxohydrazone bond formation is well suited for this 1, shearing of lipid lamellar phasea simple process easily
purpose. First, the reaction is done in mild aqueous conditions, gcajaple to industrial volumes), onion vectors can encapsulate

and no undesirable subproduct is produced. Secamko-  |5r06 amounts of proteins, DNA, or organic molecules in good
hydrazone compounds are obtained in good yields and with high,ie|4s8 The shearing process turns the lamellar phase into a

chemoselectivity:®> Third, the reaction is very regioselective compact stack of multilamellar vesicles. Depending on the
choice of lipids and surfactants, this phase can be dispersed in
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Figure 1. Grafting of ligands (hand motifs) onto onion vectors using the
o-oxohydrazone ligation; transmission electron microscopy image from ref
16.

excess water. A suspension of multilamellar vesicles with
concentric membranes up to the core is obtath&tey have

spectroscopy (TOF MS) analysis gave RGDH andRGEH 1139.4
(MALDI) and 1156 (ESI), for calculated mass of protonated species
1139.3 and 1154.4, respectively.

Lipophilic o-oxoaldehyde I(A) was prepared as described previ-
ously!® Water solubleo-oxoaldehyde \(VA) was kindly provided by
Nathalie Ollivier: peptide SKYVL-NH was prepared by automatic
solid-phase peptide synthesis and oxidized by periodate oxicRtion.
Lipid—ligandsLRGD andLRGEwere prepared and used as described
previously#18

The composition of common buffers were Tris 10 mM/EDTA 1 mM
at pH 7.4 and acetic acid 100 mM at pH 4.6. Other buffers were
hydrochloric (HCI 200 mM+ KCI 200 mM, pH 1 to 2), citrate-

proved efficient as vectors for the transport of active compounds Phosphate (citric acid 50 mM- Na;HPQ, 100 mM, pH 2.6 to 7), acetic

in vivo as well as in vitrd®especially for vaccine delivedf:3
We have recently described their first applications as neutra

targeted vectors. First, we used RGD ligands attached to a lipid

moiety to ensure their association to the onion vectbikhe
strategy was successful; however, the synthesis of thelipid

(acetic acid 100 mvH NaOH, pH 3.6 to 5), carbonate §&O; 50

| mM + HCI, pH 8 to 9.6), and phosphate (MO, 50 mM + NagPOy

50 mM, pH 10 to 12) buffers.

2.2. Micelles, Liposomes, and Onion Vectorg:or micelle prepara-
tions, LA dissolved in ethanol at 60C was mixed with surfactant,¢E;
and finally dispersed in excess buffer. Final concentrations were 25 to

ligands proved to be delicate. Therefore, we turned to a ligation 100,M in LA, 0.25 to 1 wt % (5 to 21 mM) in GE; and less than 2%

strategy, using reactive synthetic lipids in the onion vectors to
graft mannose mimetic ligands in sitfFigure 1). In the present

ethanol.
For liposomes and onion vectors, lipids were mixed in ethanol at

study, we intend to fully understand the ligation process, so 45 °C, and the ethanol was evaporated under vacuum, prior to the
that the grafting onto onion vectors can be easily adapted to addition of pure water to achieve the final weight compositions: PC/

any type of ligands.

Here, we report a complete characterization of the reaction

of a-oxohydrazone bond formation, in agueous solution as well
as in self-organized media. As-oxohydrazone bonds were
difficult to detect in complex media, we first studied the

Sim/water 45:20:35 for control andA/PC/Sim/water 6.5:38.5:20:35

for LA onion vectors. Samples were incubated over half a day, before
the lamellar phase was sheared between the cone tube walls and a
matching cone pestle. The onion vector suspension was produced by
adding a 10 time excess of pure water. For liposomes, the previous
stock suspension was diluted 10 times in buffer and sonicated at high

mechanism, kinetics, and thermodynamics of the reaction usingpower for 10 min (10 W in 1 mL sample). Metal particles from the
closely related model reagents. We then used optimal conditionssonication probe were removed by a short centrifugation.

for the grafting of targeting ligands, RGD peptides, onto onion

2.3. Determination of Reaction Rate Constants by Fluorometry.

vectors, and tested the biological efficiency of the grafted vectors Rates of reaction withMBTH were measured by recording the

on target cells in vitro.

2. Experimental Section

2.1. Reagents and ChemicalsThe buffer compounds, 3-methyl-
2-benzothiazolinone hydrazon®BTH) hydrochloride, dioleoyltri-
methylaminomethaneDOTAP), and polyoxyethylene 7 lauryl ether
(C12E7) were provided by Sigma, soybean phosphatidylcholine S100
(PC) was provided by Lipoid (France), and polyoxyethylene 8

stearoylester or Simulsol2599 (Sim) was provided by SEPPIC (France).

Hydrazinoacetyl peptideRGDH and RGEH were synthesized by
solid-phase peptide synthesis, with Fntexd/butyl standard procedures
and hydrazine coupling methods developed by Bonnet €tBiefly,

the YGRGDSP and YGRGESP sequences were synthesized automati

cally.*® A glutaric moiety, 4,7,10-trioxa-1,13-tridecanediamine, and

N,N',N'-tri(tert-butyloxycarbonyl)hydrazinoacetic acid were coupled

manually. The products were then cleaved and purified by RP-HPLC
with 61% (RGDH) and 56% RGEH overall yield. The mass

(9) Gulik-Krzywicki, T.; Dedieu, J. C.; Roux, D.; Degert, C.; Laversanne, R.
Langmuir1996 12, 4668-4671.

(10) Freund, O.; Ameee, J.; Roux, D.; Laversanne, Rife Sci.200Q 67, 411—
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Franwis, J.-C.Nucleic Acids Re200Q 28, 3134-3142.
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20, 2446-2447.
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7033-7040.
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fluorescence of the sample, after addWiBTH to a solution or colloidal
suspension containing the aldehyde reage(MVA or LA) to produce
productP:

A+ MBTHS P+ H,0 )
wherek is the global reaction rate constant. The rate constant of the
reverse reaction was supposed to be negligible compardd &
hypothesis justified by the high stability & Fluorescence intensity

was measured in a thermostated 5 mm square quartz cuvette, using a
Fluoromax (Spex, USA) fluorometer. The fluorescence intensity
(excitation 366 nm, emission 495 nm) was linear in the concentration
of P up to 60uM and 100uM for the products of reaction diBTH

with WAandLA, respectively (data no shown). Fluorescence intensity
time series were then fitted to the second-order reaction rate equation:

_ Lt
IF = IFg + IF O

1— (ain)e @

where 7t k'i(n — a)%, IF, IFo,, and IFma are the recorded
instantaneous, initial, and final fluorescence intensities, respectively,
anda andn, the initial global concentrations @& andMBTH (z, IF,
and IFnax were the adjustable parameterk)was determined from
several values ofr measured with different values of and a.
Concentrations ranged typically from 208 to 2 mM for MBTH and
between 5 and 100M for o-oxoadehydes.

Concentrations of nonprotonated hydrazines vary with pH so that
global rate constants cannot be directly compared at different pHs. For
varying pHs, the global rate constaktwas corrected intdkcor as

(19) Bourel-Bonnet, L.; Gras-Masse, H.; Melnyk, Tetrahedron Lett2001,
42, 6851-6853.
(20) Georgheran, K. F.; Stroh, J. Bioconjugate Cheml992 3, 138-146.
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described by Sayer et &-22

Kat[H']

kcorr _
kK 3)

a

whereK] is the protonation constant of théBTH.

2.4. Determination of Thermodynamic Equilibrium Constants.
Stoichiometric mixtures of aldehyde and hydrazine reagents were
prepared at different concentratioms,and reacted for 24 h at room
temperature. The fluorescence intensity (or alternatively UV absorption

at 250-275 nm for solutions) of the samples was measured. The product

concentrationp, depended on the equilibrium constadt,and onn as
p=n+ (KY2) — +/(KYn)+(K %4)). AsK was largep was nearly
equal ton. To highlight the slight gap, the relative fluorescence intensity
was plotted versus concentrationas p/pmax — NNmax and fitted to
equation below:

R s
2K nK  gk?2 n
p/pmax - r]/nmax: M - n 4)
no o+ 1 1 1 max
e 2K Nmad  4K?

wherepmax and nmax refer to the sample of highest concentration, and
M andK are the adjustable parametekd &ccounts for experimental
errors onnNmax and pmax @and was always close to 1). Equilibrium

constants were measured at low pH where hydrazines are protonated

The apparent constar,,, was deduced from eq 4, and the real
equilibrium constant was deduced as for rate constaits: KapgK
+ [HT)/K,

2.5. Acidity and Phase Transfer Constants ofMBTH. The
protonation constant oMBTH was measured as the pH of buffer

solutions (i.e., containing 50% of the base and 50% of the protonated

form) of MBTH at different concentrationsay moles of MBTH
hydrochloride were placed in a vial and diluted to the desired
concentration. The pH was measured under stirring whil@ mol of
sodium hydroxide were added. The pH of buffer solutions of concentra-
tions 20, 10, 5, and 2.5 mM were 5.66, 5.67, 5.66, and 5.70,
respectively, giving th@K, value with good accuracypK; = 5.67 at
25°C.

The phase transfer equilibrium const&ptof MBTH between water
and lipid colloids was estimated in liposome suspensions. It is defined
asKy = [MBTH]ip/[MBTH]wa: Where subscripts “lip” and “wat” refer

to concentrations in the lipid phase and the water phase volumes,

respectively. Control liposomes were prepared in buffers at pH 4.6,
7.7, and 3.8. Different dilutions of liposomes (0.15 to 15 g/L lipids)
were incubated with 20@6M MBTH for 24 h at room temperature in
the dark. Liposomes were then removed by ultrafiltration (Microcon
centrifugal filters, Millipore, USA), and the concentrationdBTH in
the bulk was measured by UV absorptid; was deduced by fitting
the following equation to the data:
[MBTH/[MBTH],\o; = 1 + K,C? (5)
where MBTH] is the initial global concentration oMBTH in the
suspension an@v is the volume fraction of the lipid phase (considered
negligible compared to the water volum&u was estimated as half

2.6. Detection ofRGDH Ligation Product by Mass Spectroscopy.

LA or control onion vectors (6.5 g/L lipids;-85 uM accessible
aldehydes; see calculation below) were incubated for 24 hRGDH
(170uM) at pH 5.0 (acetic buffer 10 mM). They were centrifuged (3
h, 4°C, 26 000x @), dispersed in buffer and centrifuged again twice
to eliminate excesRGDH. Onion vectors were dispersed in water and
dissolved by adding 2 volumes of ethanol for immediate analysis by
MALDI-TOF MS (Voyager-DE PerSeptive Biosystems, USA) in acid
o-cyano-4-hydroxycinnamic matrix.

2.7. Cell Adhesion TestsFor cell adhesion tests, onion vectors were
prepared as described eadfewrith the following lipid weight composi-
tions: PC/MO 95:5 for control and marker lipid/PC/MO 10:85:5 for
labeled onion vectors, where the marker lipid wefe LRGD, LRGE
and DOTAP for LA, RGD, RGE, and cationic vectors, respectively.
Lipid mixes were treated as described above, except that they were
hydrated with a solution of calcein (1 mM, pH 5.6) instead of water in
a 48:52 water/lipids weight ratid.A vector stock suspensions were
diluted 10 times in buffer pH 4.6 (acetate 10 mM) and incubated for
4 h with 100uM RGDH or RGEH at room temperature in the dark.
Onion vectors were then centrifuged (30 min@, 11 000x g) and
resuspended in phosphate buffer pH 7.4.

Cell adhesion tests were performed as described e#tlgniefly,
endothelial cells of the EAhy-926 cell lifewere harvested using
trypsin, washed thoroughly, mixed with onion vectors, centrifuged
shortly (5 min, 4°C, 400 x g), and incubated fo4 h at 37°C in a
CO; enriched atmosphere. Excess onion vectors were carefully washed
out, cells were harvested with a pipet, and propidium iodide was added
(PI, 0.5ug/mL) for immediate analysis by flow cytometry (FACScan,
Becton-Dickinson). The relative intrinsic fluorescenges onion vector
suspensions were measured independently by fluorometry in the
presence of cobalt(ll) chloride (Eoions quench the fluorescence of
nonencapsulated calcein, which amounts t16% of total calcein).
The average cell fluorescence of live cdli€ was calculated as the
median of the Pl-negative data and corrected for intrinsic onion vector
fluorescence aBCeonr = (FC — FCuntreated/d, WhereFCynyreatedrefers to
the fluorescence of cells treated with no onion vectors.

3. Results

Before preparing and testing grafted vectors as presented in
Figure 1, we studied the reaction of grafting in a more general
case:

RRN—NH, + R"CO—CHO~*
RRN—N=CH—COR' + H,0 (6)

wherek is the global rate constant, akdthe global equilibrium
constant of the reaction. The reaction mechanism was first
investigated in water, using the water soluble aldehydé
(Figure 2) andN-methylbenzothiazolinone hydrazondBTH)

as model reagents. Second, the effect of self-organized colloidal
media on the reaction was studied, in micelles, liposomes, or
onion vectors suspensions. We compared the reaction kinetics
and thermodynamics in two cases: (i) the reaction takes place
mainly in the water bulk (using aldehyd&A) in the presence

of non reactive colloids, and (ii) the reaction takes place mainly

of the volume of lipids in the suspension (see below). The measurementat the surface of colloids where the lipophilic aldehytg)(is

(Kpt = 600 + 350) was not very accurate because the separation of sequestered. Third, the results obtained with the model reagent
liposomes by ultrafiltration was incomplete. The same experiment using MBTH were extended to peptidic hydrazines. Finally, the
onion vectors separated by centrifugation gave similar but less accurategrafting of peptide ligands onto onion vectors using the
results. o-oxohydrazone ligation was optimized and tested on cultured
cells.

(21) Sayer, J. M.; Peskin, M.; Jencks, W.JPAm. Chem. So&973 95, 4277
4287

(22) Sayér, J. M.; Pinsky, B.; Schonbrunn, A.; Washtien JWAmM. Chem. Soc.
1974 96, 7998-8009.

(23) Edgell, C. J. S.; McDonald, C. C.; Graham, J.FBoc. Natl. Acad. Sci.
U.S.A.1983 80, 3734-3737.
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Figure 4. Logarithm of rate constant lok)( of hydrazone formation as a
function of pH, for the reaction d#iBTH with WAat 25°C. (a) Observed
rate constants;4) rate constants corrected for hydrazine concentration.
Numbers refer to the mechanistic model of Sayer et al. (Figure 3).

R, + _ 4 R o ’—N Table 1. Rate Constants of Rate Determining Steps for the
H

0o q
O~ Y G R G D S P—NH,
H

Figure 2. Structures ofi-oxoaldehyde and hydrazine reagents; amino acids
are represented in the one letter code as bold letters.

Reaction of MBTH with WA at 25 °C, as Measured in Figure 4

H
R-NH, / A Fi measured rate' constant literature data
3 {
V/ 6 N ki (M ~2s7D) 43x 10° <5800:¢

+
>: V4 + ko (M ~1s1) 100 ~1000°
°© N~ e Ho Koks (M 25°%) 8.1x 105 <2x 10
NH;l‘OH 2 Kaoks (M ~1s71) 0.36 0.00¢—-85"
KoKaks (M ~2s57h) 2 x 10° <1.8x 10°f
Figure 3. Mechanistic model for imine formation according to Sayer et KoKk (M 72571) 300 0.3—7 x 10°¢

al22 The rate determining steps are indicated by single arrows; noncatalyzed

(2 and 4), acid catalyzed (1, 3, and 5), and base catalyzed (6) steps are a|jterature data: reaction at 25C of p-chlorobenzaldehyde with
shown as green, red, and blue arrows, respectively. phenylhydrazings-sulfonate P Literature data: reaction at 2%C of p-
chlorobenzaldehyde with methoxyamirteLiterature data: reaction at 25

_ °C of p-chlorobenzaldehyde with hydroxylamirféLiterature data: reaction
Although o-oxohydrazone bonds can be detected by UV at 25 °C of p-chlorobenzaldehyde with 2-methyl-3-thiosemicarbaztde.

absorption, they are difficult to trace in solutions containing eLjterature data: reaction at 25C of p-chlorobenzaldehyde with\-
proteins, peptides, or lipid vesicles, which absorb UV light. aminoyridinium chloride! Literature data: reaction at 25C of p-
Therefore, we turmed to a model reaction that could be monitored ciorobenzaldenyde it hycraziietterayre date eacton a 28 of
as well in peptidic solution as in turbid media. The molecular 25 °C of p-methoxybenzaldehyde with methoxyamite! Indices of rate
address hydrazine was replaced by the fluorescent pri@JeH, and equilibrium constants (notddandK, respectively) refer to steps in
which becomes fluorescent when its hydrazine moiety is '€ Mechanistic model of Sayer et al. (Figure 3).
involved in a hydrazone bon®#BTH was reacted witWA or
LA, giving the respective reaction produdt4” and LP. and corrected the rate constant for actual hydrazine concentration
3.1. Kinetics in Solution According to Sayer's Mechanistic at each pH (Figure 4, diamonds). Depending on pH, the
Model. The general mechanism of imine and hydrazone corrected rate constant was either constant or varied linearly
formation in aqueous solution has been thoroughly describedwith proton concentration, highlighting changes in the rate
by Sayer et all?224as summarized in Figure 3. It shows the determining step. As predicted by Sayer’'s model, the six steps
addition of a nucleophile amine on a carbonyl compound to depicted in Figure 3 were successively rate determining from
form a hydroxylamine, followed by the dehydration of the pH 1 to 13; although the plateau corresponding to step 2 was
hydroxylamine into an imine. Some or all of the mechanistic very small on the pH corrected curve (diamonds Figure 4), it
steps can be successively rate determining when changing thevas evidenced by the discontinuity in the noncorrected curve
pH of the solution. According to this model, in the case of a around pH 4 (triangles). As shown in Table 1, the values of
strong nucleophile and a very electrophilic carbonyl, such as each step’s rate constants compared well with previously
hydrazine andx-oxoaldehyde used in our study, all 6 steps published data for the reaction of electrophilic aldehydes and
should be successively rate determining, allowing the determi- strong nitrogen nucleophilé$.22.24-27 However, the rate con-
nation of all mechanistic rate constants. stants of the acid catalyzed steps (1, 3, 5 in Figure 3) were
Referring to Sayer’'s model, we investigated the reaction of unexpectedly high: they were far higher than equivalent rate
MBTH with WA in solution as a function of pH. Fluorescence constants in reactions involving very strong reagents as hydra-
time series were analyzed according to eq 6 and showed a first-zine, hydroxylamine, or methoxyamine.
order kinetics toward each reagent. The global reaction kates  As the rate of formation of the hydrazone was optimal in
as a function of pH (Figure 4, triangles) depend both on the mild acidic solutions, the pH 4.6 was chosen as the optimal pH
rate determining step and on the protonation of hydrazine into for further experiments.
unreactive hydrazonium. As described by Sayer et al., we

— ; (25) Sayer, J. M.; Jencks, W. B. Am. Chem. Sod.977, 99, 464-474.
measured thelf, of MBTH (pKa = 5.67 in water at 25C) (26) Hine, J.: Via. F. A.; Gotkis, J. K.; Craig, J. @&.Am. Chem. S0d97Q 92,
5186-5193.
(24) Rosenberg, S.; Silver, S. M.; Sayer, J. M.; Jencks, WI. Am. Chem. (27) Hine, J.; Cholod, M. S.; Chess, W. K.Am. Chem. Sod973 95, 4270~
Soc.1974 96, 7986-7998. 4276.
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Table 2. Measured Rate Constants k and Equilibrium Constants K for the Reaction of MBTH with WA or LA at 25 °C in Different Aqueous
Media?

k(M-ts™) k(M-ts K Ky (57
medium atpH 4.6 atpH 7.4 (x108M~Y) atpH 7.4
WA buffer 1.33+£0.15 0.29+ 0.07 0.53+ 0.07 5x 1077
micelles 1% 2.0t 0.3 0.70+ 0.03 1.9+ 0.6 4x 1077
liposomes 1.3 ND ND ND
LA micelles 0.25% 7.3:05 ND ND ND
micelles 1% 2.4-0.2 1.5+ 0.1 97+ 89 15x 10°8
liposomes or onion vectors 540.9 1.5+ 0.3 15+ 5 1077

aknya: rate constant of hydrolysis. ND: not determined.

critical micellar concentration and forms small micefié$?We
therefore considered the measured activation parameters as

4 e e Table 3. Activation Energies E, and Arrhenius Prefactors A for
b the Reaction of WA or LA with MBTH at pH 4.6, as Determined in
N ] Figure 5
3 - Ea
] medium (kJimol) In(A)
g WA buffer 49+ 5 20.6+ 1.7
2 . micelles 1% 45: 7 18.5+ 2.5
< g micelles 0.25% 5% 3 24.8+1.2
=4 ] LA micelles 1% 64+ 6 26.9+ 1.5
-1 - liposomes 60k 3 26.4+ 1

LI L LN L B LI AN B AL L

IR PP T P P i mainly driven by the chemical reaction itself.
31 32 33 34 35 36 37 Contrary to what was expected from its higher rate constant,
1000 x T (K" the reaction oA with MBTH had a higher activation energy
Figure 5. Reaction ratek of LA or WAwith MBTHat pH 4.6 asafunction ~ than that of WA Furthermore, within experimental errors,
of the reciprocal temperature. (Open symbaléi in solution ©) or in activation energies depended only on the reagents and not

mice"ar-5“55323"2512/2)&51&0)&1 (ECI%:(;d nglelS)LA in micellar significantly on the reaction medium. We conclude that the

suspension 0. 0107 or 0 Qo7 anda In liposome suspension H H H

(¥). Lines are best fits of the Arrhenius equationkin€ In(A) — EJRT. mechanism of th.e reaction Was not deeply Changed in_the
presence of colloids and colloids had no catalytic effect. The

3.2. Kinetics in Colloidal SuspensionWe then compared ~ 9@P in activation energy betweés andWAis not understood

the reactivity ofMBTHwith o-oxoaldehydes in different media ~ Put could be due to their structural differences, such as the

at optimal and physiological pH. Reaction rates with the Protonated lysine iWwAwhich could act as an intramolecular

lipophilic reagentLA inserted into lipidic colloids (micelles, ~ catalyst.

liposomes and onion vectors) were compared to reaction rates 1N€ reaction rate was mostly increased by changes in the
with the water soluble reageA in buffer or in colloidal frequency of reagents encounter, accounted for by the Arrhenius

suspension (Table 2). Reaction rates of bond formation were PréfactorA. Itis worth noting thai should decrease when one
found to increase up to a factor of 5 in the presence of colloids. ©f the reagents is immobilized on a colloid. Indeed, the
The increase was always small in the case of the reaction of Brownian motion of the immobilized molecule is considerably

MBTH with WA but could be high for reactions withA reduced compared to a free molecule in solution. Furthermore,
embedded in colloids. Considering the Arrhenius mddel A the immobilized molecule can only be approached from a half

exp(EJRT), an increase ik can be due either to a reduced SPace defined by the colloidal surface, whereas free molecules
activation energyE, or to an increase in the prefact, The in solution can be approached from all directions (see Shield et

former would derive from a catalysis of the reaction, while the al- for complete calculatiod. Therefore A can increase only
later would emphasize inhomogeneities in the reaction medium. if Poth reagents have inhomogeneous concentrations in the

To distinguish between these hypotheses, the dependence of0lloidal media and concentrate in the same place.
rate constants on temperature was investigated. 3.4. Partition of Reagents and Products in Different Phases

3.3. Temperature Dependence of Rate Constanthe rate of Colloidal Media. We investigated possible reagent adsorption
constants of the reaction MBTHwith LA or WAwas measured  ©n colloids that could account for their inhomogeneous con-
as a function of temperature at the optimal pH. They are reported @ntrations in colloidal media A as well as.P partitioned only
in an Arrhenius plot in Figure 5. The corresponding activation N lipidic colloids because of their two aliphatic chains (100%
energies and prefactors are given in Table 3. Studying the Of LP fluorescence was found in the colloids after separation
temperature dependence of reactions in complex media is notdy centrifugation). As a contraryyAwas supposed to be mostly
an easy task, as the complex solvent changes with temperaturellydrophilic because of its zwitterionic charge and hydrophilic
As a consequence, activation parameters might contain contripu-fail. whereas the aromatié/BTH is known to be partly
tions from these structural changes. However, our complex (28) Constantin, D.: Freyssingeas, E.. Palierne, J.-F . Oswaldr@muir2003
media showed little variation in their physical properties over 19, 2554-2559. o
the range of temperatures and concentrations used. In particular(?) Sharma, K. S.; Patil, S. R.; Rakshit, A. Kolloids Surf., A2003 216,
C1oE7 at 0.25% and 1% between 5 and 45 is well above its (30) Shield, S. R.; Harris, J. Ml. Phys. Chem. B00Q 104, 8527-8535.
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Figure 6. Determination ofMBTH partition constant between liposomes into liposomes or onion vectors (1.3 g/L lipids) of the same composition,
and water at pH 7.7&), 3.8 (a), and 4.6 #) at 25°C; the continuous line at pH 4.6 and 25C.
is the best fit to all data of eq 5. . .

from O to 1, a progressive blue shift from 520 to 452 nm was

observed. Fluorescence characteristics similar to thos&/'Pf

[=2]
(4]

o ] AR R LARA LARLN AN LEAR LARRN ML =
i ] 52053 andLP in colloidal media (i.e., a high fluorescence intensity
Z 60l < andAmax near 488 nm) were recorded for mixtures of dioxane
2 = <y with the volume fraction near 0.5 and dielectric constant
a [ 500 @ ; . ; . . .
€ [ p 40, corresponding to an environment of intermediate lipophi-
o 15F 3 licity. This indicated that the fluorochrome part\WfP andLP
E r 480 2 adsorbed at the surface of micelles but did not penetrate deeply
S 10 o into the lipophilic core.
g C 460-3 3.5. Effect of Structural Complexity of Colloids: Lipo-
2 5:..,|....|....|....|....|....|....|....' % somes versus Onion VectorsAssuming a homogeneous
0 10 20 30 40 50 60 70 80 repartition in the membranesA in liposomes and onion vectors
dielectric constant was shared in two different classes regarding accessibility to
Figure 7. Maximum emission wavelength (continuous line) and fluores- reagents in the bulk water phaskeA molecules displayed on
Cencef ifr‘]fcetifgsri%d;jeecfir:icni)ogfstggtPigoe\f;é%rigigﬂgmﬂt':r"é’istha\{\’é\s the surface were directly exposed, whereas those embedded in
ﬁﬁsajimtm emission wavelength (triangles) and fluorescence intensity I_nr_]er mon()layers_ were_ protected from the bulk by at least one
(circles) of WP (closed symbols) oiLP (open symbols) in micellar  lipid bilayer. To investigate the reactivity of each class, the
suspension (1% GE7). reaction yield was compared for reactionsMBTH with LA

o o onion vectors and liposomes. Both colloids had the same
hydrophoblc (its nonprotonat_e_d form is insoluble above 5 MM -hemical composition, as liposomes were obtained by high
in water). However, the partition constantsWi andMBTH power sonication of the onion vectors. Although the concentra-
were too low to be measured accurately. OnlyMBTHcould  jon and chemical environment &fA were strictly identical,
the partition constanK, between liposomes and water be he reaction yield was expected to depend on the proportions
roughly estimated & = 600+ 350 (Figure 6). Surprisingly, ¢ andfy, of surface exposedA in onion vectors and liposomes,
no strong dependence on pH was observed. The accuracy ofgspectively. As shown by AFM imaging of the suspensions,
measurement was limited by the small fraction of lipoSomes he gnjon vector preparations were composed of 72%/28% onion
that co.uld not be filtered out and induced a strong UV light particles/unilamellar vesicles (% in number), whereas the
scattering. The result was also strongly dependent on thejiyosome preparations were reduced to mostly unilamellar
estimation of the volume fraction of the lipid pha&, in which vesicles with 96%/4% unilamellar vesicles/onion particles (data
MBTH dissolved.Co could not be measured independently; it t5m 3. Thimonier and J. Barbet, not shown). Onion vectors
was assumed to be half of the total lipid volume in liposomes \yere made of concentric lipid bilayers of thicknessstacked
(see below). o regularly from the center to the surface with a constant spacing

Adsorption of fluorescent products was also indicated by §89\we assumed thatA was dispersed statistically into all
changes in emission spectra in the pregence of col!oids. Themonolayers, so that, was equal to the volume ratio of the
fluorescent productVP had a quantum yield of 18 with a outermost monolayer,n and the total lipid volume of an onion
wavelength of maximal em_lssu)hnaX = _520 nm in buffer at VECLOr v, We obtainfoy = vonfvior = d 10(1 — (1 — 8/2r)3) ~
pH 4.6 or 7.4 and 23C. In micellar solution (1%), its quantum  3q/5r wherer is the average radius of onion vectors. For our
yield increased to 5 10~ with a blue shift tolmax= 488 NM.  gnion vectorsd was measured to 70 A by X-ray diffractién,
For comparison, the fluorescence WP was measured in 504y 10 100 nm by static and dynamic light scattering (data
mixtures of water and dioxane (Figure 7), whose dielectric not shown), so thet, ~ 0.1. As for liposomes, they were made

constants can vary from 78 in pure water to 2 in pure dioxane, of one bilayer containing roughly half of the lipids on each
mimicking all environments from the aqueous bulk to the inner monolayer, so thafi, ~ 0.5.

core of micelles$! As the dioxane volume fraction increased Fluorescence monitorings are reported in Figure 8. The yield

(31) Lakowicz, J. RPrinciples of Fluorescence Spectroscppyenum Press: Qf reaction was 5 times lower Wlth_ onion vectors than with
1983. liposomes, a ratio close to the ratio of surface exposAd
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concentratiorfip/foy. This indicates that only surface exposed
LA had reacted. Then, it seems thBTH adsorbed but did
not cross bilayers in the time course of our experiments. This
relates well with the low lipophilicity ofMBTH and MBTH
hydrazone products as noted above.

3.6. Reaction Rate Dependence on Accessible Lipid
Concentration. The observed rate changes in the reaction of
MBTH with LA were then analyzed in the following pseudophase
model. The reaction was supposed to occur only in the lipidic
pseudophase, whek# was completely sequestered, and its rate
was modulated by the partition dIBTH between the two
phases:

K,
MBTH,==MBTH,, (7
kiipY KIip
MBTH,, + LA,,=—LP,, (8)

wherek;j, andKj, are the reaction rate and equilibrium constants
in the pseudophase and subscripts “wat” and “lip” refer to

solutes in the bulk water phase and the lipidic pseudophase,

respectively. Assuming a rapid partition equilibrium compared
to hydrazone formation, the apparent rate constazduld be
derived as

K= kiiprt _ (9)
1+ KptCu

where Cv is the volume fraction of pseudophase in the

suspensionC is the global concentration of lipids constituting

the pseudophase, ards the specific volume of those lipids.

As MBTH did not penetrate into complex lipid colloids during

the time scale of the reaction, only the accessible lipids in the

AR L B L L L B AL O LB R

= L L B L L B

sl b by b by by e 10l

0 10 20 30 40 50 60
concentration in reagents (uM)

Figure 10. Determination of equilibrium constat for the reaction of
LA in liposomes ¥) or WAIn solution ©) with MBTH at pH 4.6 and 25
°C. The lines are the best fit of eq 4 to the measured gap to lingapityx
— n/nmax (See Experimental Section).

kip of bond formation in the lipidic pseudophase was signifi-
cantly reduced compared to the rate constant measured in
aqueous solution witiVAandMBTH. This confirmed that the
reaction ofMBTH with LA was locally slower, as the higher
activation energy suggested. Only the high concentration of both
reagents near the colloids due to lipophilic adsorption accounts
for the increase in global reaction rate.

In the case of the reaction ®/A with MBTH, the reaction
very probably takes place in both phases simultaneously. The
effect on the reaction kinetics is low though, and the low
accuracy of our measurement did not allow us to identify the
role of each phase in the reaction kinetics.

3.7. Hydrazone Bond Stability. Both the thermodynamic
and kinetic aspects ofti-oxohydrazone bond stability were
investigated. We measured first the equilibrium conskaahd
then the reaction rate constdmt pH 7.4 to deduce the rate of
hydrolysisknyq at physiological pH a&nyq = k/K. The equilib-
rium constantK were determined by measuring the yield of
reaction at equilibrium as a function of reagent concentrations
(Figure 10). AK was quite high, it was measured at acidic pH
where competition with hydrazine protonation reduced the
apparent equilibrium constants to detectable values. The equi-
librium constantK deduced from these measures are reported
in Table 2. They were found to be very high compared to other
imines or hydrazones. Indeed, reported equilibrium constants
K for the formation of imines and hydrazones in water at 25
°C are at the most in the micromolar range: the most stable
imines are in the millimolar range, whereas the best hydrazones
(p-chlorobenzaldehydpftoluenesulfonylhydrazindl = 2.4 x
10* M1 or p-chlorobenzaldehyde/semicarbazite= 5.5 x
10° M~126.29 and oximes (protonated 2-quinolinecarboxalde-
hyde/hydroxylamine K = 1.27 x 10° M~13) access the

outermost monolayer were considered to take part to the micromolar range.

pseudophase. was estimated from the molecular mass of the
corresponding lipids, as their density is very close t@w &
0.5 for micelles,» ~ 0.8 for liposomes and onion vectors).
Figure 9 shows the variations of the global rate constamith
Co.

Within experimental error, the model fitted well the data and
gave values oKy = 95 + 50 andkj, = 0.1+ 0.05 M1 s
Kot was lower but still in reasonable agreement with the partition
constant estimated aboveKg = 600+ 350. The rate constant

Apparent equilibrium constants faP were higher than those
for WP, as expected in the pseudophase model. Indeed, partition
of the reagents and products into the small volume of the
pseudophase should increase strongly their local concentrations
and favor bond formation. In the model egs 7 and 8, the global
equilibrium constank depends on the partition constagy; of
MBTH and on the local equilibrium constari€;, in the

(32) Malpica, A.; Calzadilla, MJ. Phys. Org. ChenR003 16, 202—204.
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Table 4. Measured Rate Constants k at pH 4.6 and Equilibrium
Constant K for the Reaction of RGDH and MBTH with WA or LA
at 25 °C in Solution or Liposome Suspension

WA/buffer LA liposomes
k K k K
M~1s7Y (106 MY M~1s7h (106 M1
MBTH 1.33+0.15 0.53+ 0.07 5.6+ 0.3 15+ 5
RGDH 0.53 47+ 20 0.9+ 0.6 NDP

aDetermined with competition reaction experimemtslD: not deter-
mined.

pseudophase a¢ = K;j,Kp/(1 + KpCv). Taking into account
the small volume fraction of lipid<Cz, in most of our colloidal
preparations and the relatively high partition constégnt we

expect an increase in global equilibrium constidrdf about 2

100 - control ~
i ,/' A ]
80 -
g i f
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o L
> |
= L
2 40F
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g I
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0
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orders of magnitude between the reaction in water and at the rigure 11. Kinetics of reaction ofMBTH onto LA liposomes, in the

surface of colloids. This is in fairly good agreement with our
data in Table 2.

3.8. Grafting of Targeting Peptides onto Biological Vec-
tors. We applied the results of our study on the model reaction
to a real application: grafting of RGD peptides as molecular

presence or absence RGDH The fluorescence intensity of a suspension
of LA containing liposomes (0.3 g/L lipids, accessihl& 10 «M) at pH

4.6 and 25°C was recorded over time after addition MBTH 1 mM
(control), MBTH1 mM + RGDH1 mM (A), or MBTH 400uM + RGDH

2 mM (B). the continuous line is the best fit of eq 11 to data B; the dashed
line is the corresponding calculated course of reactiobfofvith RGDH

addresses onto onion vectors. We first compared the reactivity

of the peptide hydrazinRGDH with that of MBTH to check
how far the results obtained witiBTH could be extended to
peptide hydrazines. The reaction rii@ pH 4.6 and equilibrium
constanK of the reaction oRGDHandWAwere measured in
solution as previously described fiBTH, using UV absorption
measurement (256275 nm) instead of fluorometry (Table 4).

LA onion vectors incubated witRGDH (2393.6 [M + H™],
2415.5 [M+ Na'], exact mass 2393). Unreacted was present

in LA onion vectors incubated with or withoRGDH (1296.0

[M + Na'], exact mass 1272.5), as expected as only 10% of
LA was accessible to reaction. Trace amountRGDH were
detected only on control onion vectors incubated viR@BDH

Reaction rates on colloids could not be measured by the same1138.7 [M + H*], exact mass 1138), showing a weak
procedure though, as colloidal media absorb most of the UV adsorption ofRGDH onto lipid membranes.

light. They were evaluated by an indirect measure: a competi-
tion reaction.LA was reacted simultaneously wiliBTH and
RGDHto give productd.P andLRGDHat rate constants,stn
andkrepr, respectively:

kMBTH

LA+ MBTH——LP + H,0

ke
LA + RGDH—+LRGDH+ H,O (20)
Only the apparition of.P was observed (Figure 11), but it was
slowed and limited by the consumption bA reacting with
RGDH The reaction kinetics was modeled by the following
equation system:

P — Kyaruln — Pa—p—p)

dp

P kol ~Pa-p-p) (1)

wherep andp' are the respective instantaneous concentrations

of LP and LRGDH, andn, n’, and a, the respective initial
concentrations ofIBTH, RGDH, and accessibleA. Equations
11 can be solved numerically. The calculapeclrve was fitted

The reactivity of RGDH and MBTH were close as their
reaction ratek in solution were similar. Taking into account its
lower acidity (K, = 6.45 compared to i§; = 5.67 for
MBTH), RGDHwas actually 2 times more reactive thsiB TH
at pH 4.6. This higher reactivity was correlated with a 100 times
higher equilibrium constari for RGDH the stability of the
RGDH a-oxohydrazone at nanomolar concentrations place it
high above previously described hydrazones, whose stability
do not exceed the micromolar rangfe*

On the other hand, the presence of lipid colloids induced no
such acceleration effect on the reaction RGDH as that
observed withMBTH. This can be explained sind@GDH is
more hydrophilic thatMBTH and should not show significant
affinity for lipidic surfaces. However, as pointed out above,
immobilizing the aldehyde reagent onto colloids should decrease
the reaction rate because of its slower motion in the reaction
medium. The similar reaction rates in solution and onto
liposomes are indicative of a very weak adsorptiorR&DH
onto lipid bilayers, as confirmed by mass spectroscopy.

3.9. In Vitro Association of Targeted Vectors to Endot-
helial Cells. RGDH was designed to mediate association of
RGDH grafted onion vectors to cells with active integrin
receptors such as endothelial or bone marrow cells. The RGD

to fluorescence data to determine the rate constants (continuousigand included inRGDH was chosen as the hexapeptide

line in Figure 11) from which the reactivity cRGDH was

GRGDSP, which is the sequence of fibronectin recognized by

deduced (dashed line). Rate constants are presented in Table 4ntegrins3* RGDHalso included a hydrophilic spacer for grafting

The formation ofLRGDH on onion vectors was evidenced
by mass spectroscopy. After incubationLd or control onion
vectors with or withoulRGDH, the vectors were washed and
dissolved in ethanol for immediate analysis by MALDI-TOF
MS (data not shownl.RGDHwas detected only in the case of

16268 J. AM. CHEM. SOC. = VOL. 125, NO. 52, 2003

on different kinds of lipid aldehyde’$. The spacer ensured a
minimum distance to the surface of the onion vectors, as it has

(33) Bonnet, D.; Ollivier, N.; Gras-Masse, H.; Melnyk, 0.Org. Chem2001,
66, 443—-449.
(34) Ruoslahti, EAnnu. Re. Cell Dev. Biol. 1996 12, 697-715.
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Figure 12. Corrected average fluorescence of live EAhy-926 cells incubated
with onion vectors (0.5 g/L lipids) fo4 h at 37°C (two independent
experiments); gray bar: neutral control vectors; green bar: cationic vectors;
yellow bars: non graftetlA vectors; red bars: RGD grafted vectors; blue
bars: RGE grafted vectors. Onion vectors grafted by ligatioRGDH
andRGEH (ligation grafted) are compared to vectors labeled with hpid
ligandsLRGD andLRGEas in ref 14 (bulk labeled).

been shown that recognition of grafted RGD peptides by their
cell receptors was inhibited if the ligands are too close to their
support3® During the synthesis, the hydrazine moiety was
provided by coupling of hydrazinoacetic acid as described by
Bonnet et al’ As a control, we also prepared an RGE containing
hydrazinoacetyl peptidRGEH which differs fromRGDHonly

in the replacement of the aspartate residue by a glutamate.

The vectors were prepared in the optimal conditions deter-

4. Discussion

4.1.0-Oxohydrazone: A Kinetically and Thermodynami-
cally Enhanced Hydrazone A highly hydrolyzable bond such
as hydrazone was not an obvious ligation bond for use in
physiological conditions: although the reaction had the advan-
tages of producing no undesirable subproduct and being
chemoselective, the known stability of hydrazone bonds was at
most in the micromolar range. For controlled modification of
our onion vectors, we required grafted ligands that would stay
in place for the duration of the cell targeting process.

The mechanism deciphered by Sayer et al. for imine and
hydrazone formation predicted a faster and more thermody-
namically favorable reaction in the case of a strong nucleophile
reacting with a highly electrophilic carbomA.This was the
case of our reagents: tloeoxoaldehydes obtained by periodate
oxidation of threonine or serine possess a strongly electron
deprived carbonyl because of the attractive vicinal carbonyl and
the nitrogen in5. On the other hand, peptide hydrazines obtained
by the Bonnet methdd are rendered even more nucleophilic
by the vicinity of the electron rich carbon of the peptide
backbone. In accordance with Sayer's model, our kinetic data
from the model reaction showed a fast and stepwise mechanism
for hydrazone formation. However, the measured rate constants
were unexpected. The rate constants of uncatalyzed or base
catalyzed steps were within the range of previously reported
data, but the rate constants of acid catalyzed steps (steps 1, 3,
and 5, Figures 3 and 4) were unexpectedly high. We assume
that acid catalysis in those steps was additionally favored by
the vicinal carbonyl which could chelate hydronium ions in close

mined above, and their cell targeting efficiency was assessedProximity to the reaction center.

in vitro using a previously described protodélBriefly, a

fluorescent dye, calcein, was incorporated into the onion vectors.

Cultured cells from the endothelial cell line EAhy-926 were
incubated ove4 h with onion vectors at 37C. Cells were

Although the chemoselectivity was not inquired directly in
this study, no competing reaction was observed with the usual
reactive groups present in biological macromolecules. In
particular, the intramolecular primary amine of the lysine residue

thoroughly washed, and their fluorescence was measured byin WA could have been a competitor to hydrazines for reaction

flow cytometry (Figure 12). The fluorescence due to calcein

with the aldehyde. But this was not observed because hydrazines

was corrected by the intrinsic fluorescence of each type of onion are far stronger nucleophiles than amines, as was already shown

vector, measured independently. As in our previous Wotke
adhesion ability of RGD onion vectors was compared to those
of neutral and cationic onion vectors. The first showed no
affinity, and the latter, high affinity for the cell surface (Figure
12, controls). Neutral onion vectors containing unreadtéd
behaved mostly like control neutral onion vectors. RGD grafted
onion vectors proved to associate strongly with EAhy-926 cells
compared to those controls. Also, when the RGD ligand

for amidation reaction®.Similarly, the guanidinium group of
the arginine residue iIRGDH could have produced a stable
intramolecular bond with the 1,2 dione in theoxoaldehyde
moiety. No evidence of a competition of this reaction with the
hydrazone formation was recorded, not surprisingly given the
higher nucleophilicity and lower basicity of hydrazines. Fur-
thermore, a ligation reaction was performed in saturated
saccharose solution, and no competition from the sugar alde-

sequence was changed for a RGE sequence, the affinity ofhydes was observed.

association to cells was lost, showing that interaction of RGD
onion vectors with cells was mediated by molecular recognition
of the grafted ligands by their receptors at the cell surface.

Onion vectors grafted using the-oxohydrazone ligation

Not only the reaction kinetics was surprising but also the
thermodynamics. Hydrazones of our model reagetBTH
already showed a stability as high as the best reported carba-
zones. The product of reaction of the peptide hydraRG®HH

strategy were compared to onion vectors containing presynthe-with the peptide aldehyd#/A proved even more stable with

sized lipid-ligandsLRGD and LRGE with the same RGD or
RGE peptidé?* Both types of grafted vectors were very similar
in their behavior toward cells. The presencexadxohydrazone
products or unreacted-oxoaldehyde moieties had neither an
inhibitory effect on binding nor a detectable cell toxicity.

(35) Kantlehner, M.; Finsinger, D.; Meyer, J.; Schaffner, P.; Jonczyk, A
Diefenbach, B.; Nies, B.; Kessler, Angew. Chem., Int. EdL999 38,
560—-562.

an equilibrium constant 2 orders of magnitude higher. Further-
more, even at lower concentrations, bond hydrolysis was very
slow. Indeed, the hydrolysis rate constants estimated at pH 7.4
and 25°C give for our ligation products half-lives of 23 to 800
days. Even at 37C, the half-lives should be long enough for
grafted vectors to touch and attach to their cell target in vivo.
Therefore, thex-oxohydrazone ligation strategy exceeded the
expectations of high reactivity and high stability compared to
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usual hydrazones and finally met the basic requirements for its 2-fold excess of ligands to increase the rate of reaction but could
use as a ligation for biological applications. have been done in stoichiometric conditions if allowed to react
4.2. Further Enhancing the Stability Using Lipophilic Self- overnight. Second, as a consequence, problems of chemical
Assembly.We intended to use the-oxohydrazone ligation in incompatibility or mutual exclusion inside the onion vector
onion vector suspensions, which could affect the kinetics of the between the ligand and the encapsulated active compound would
reaction and the stability of the bond. Therefore, effects of self- be avoided. Third, ligands to graft would be a lot more variable
organized media on the reaction were still to be investigated. because hydrazinoacetyl peptides are a lot easier to synthesize
The hydrazone bond formation proved even faster when than lipid—ligands. Fourth, the ligation strategy would allow
involving the mildly lipophilic MBTH and the lipophilic more complex surface modifications, like the concurrent grafting
aldehydeLA trapped onto colloids. The increase in global of several ligands at the same time. Finally, let us note that no
reaction kinetics was not due to a catalysis by colloids (the cytotoxicity was observed, either fax-oxoaldehyde onion
activation energy rather increased in colloidal suspension) butvectors which had not been ligated or by ligation grafted onion
to concentration inhomogeneity in the reaction medium. A vectors.
pseudophase model could successfully be applied to our data
not only for micellar media, for which it has mainly been 5. Conclusion

" .
(_jeveloped’, but a_Iso for more complex collo!ds S_UCh as Our study on a model reaction of the kinetics and thermo-
liposomes ar_ld onion vectors. ”? accordan_ce with this mod_el, dynamics ofa-oxohydrazone bond formation has shown that
the strong anls_otroplc_ concentrgtlon effects in those SUSPENSIONgyis reaction is an efficient ligation reaction. Submicromolar
resulted also in an increase in the apparent stability of the stability was achieved as well as half-lives of several weeks
hydrazone prpduct. - . for ligation products in solution. When the ligation was
Although this constructive lipophilic self-assembly was absent performed in self-organized media, the kinetics and stability

(;ergry wea||< intthte lfasz of tthe Iiga]:t_ito_n of our pf?ptiéj(; Iigand were enhanced thanks to autoassociation of the reagents. The
H we plan to take advantage of it in more refined designs. ligation of ligands onto colloidal biological vectors can therefore

::'rzt the ligation Igfblarglje hﬁdl;c’pﬂi"f macrgmolfecr:Jles onto prove more efficient and favorable than the ligation of soluble
Iltpl |ck\j/etftoriwo;]1 I €s sze éft f argehr lee ?ﬂF /E;. rea?ﬁpt_ molecules. Those results could be extended to the reagents of
could aiso be challenged by a displaced nydrophilic/ipopiilic . aragt namely targeting peptides grafted as molecular ad-

:)alt:?]nce, more falworzi\ble iﬁ anttlzqhor tSOLL_'b'It'_Zat'O?t'Q water thanl|<s dresses onto onion vectors. At last, specific cell association tests
0 the macromolecule rather than to fixation of the macromol- proved the biological relevance of this approach.

ecule onto the colloid? Lipophilic self-assembly could be used NN
pop y Our efforts now turn to the use of this ligation strategy for

here. For example, a short aliphatic chain could be provided to . . . . o
the macromolecule together with the hydrazin xoalde- grafting more complex ligands. The high chemical specificity
of a-oxoaldehyde/hydrazine reactivity allows us to use this

hyde moiety prior to grafting. Such modifications are now . ° . . .
accessible even on recombinant protéifisAutoassociation Ilgat|on.for any kind of protein, glycosylated or ridklydrolysis
of the ligation bond was both unfavorable and very slow; but,

would also be of great interest in the formation of structured as has been developed for disulfide coupfiriggould also be
ide | h f f s ith I I . -~ -
peptide loops at the surface of vectors: indeed it has been largely ned for directed hydrolysis in endosomes, where the acidic

emphasized that prestructured peptide ligands have stron e}u I N
affirﬁ)ities for their ?eceptor%‘? Pept)tidpe Ioopg could be easilyg pH catalyzes hydrolysis. Finally, the ligation of macromolecules

produced in our ligation strategy by providing the peptide ligand coqld be enhanced in terms Of. I.(|net|cs as W.e”. as stability by
with an aliphatic chain at the nongrafted end. taking advantag_e of the lipophilic gutoa5300|athn process we
4.3. a-Oxohydrazone Ligation Proved Efficient on Cells have observed in our model reaction. Preparation of peptide

in Vitro. In our cell association test, RGD onion vectors loops on lipidic colloids are currently under study.
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