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INTRODUCTION:  Currently, meagneic  carier
technology is widdy used for bidlogical and biomedica
purposes such as cdl sorting, drug vectoring, contragt
agents in magnetic reonance imaging (MRI), and
oncologicd trestment. Many gpplications of these materids
are based on spedific receptor-efector complexes where the
latter is coupled with coated iron oxide patides The
receptor islocated on the outer monolayer of the membrane
and the effector is bonded to the partide surface through
non-toxic chdding aets  like  men23
dimercgatosuccinic add (DMSA). Moreover sucdner is
ds apalyfundtiond Bronged acid leading to five spedies,
induding amphaoteric ones whose amounts vary srongly
with pH. It is therefore surprisng that until now, the
goedidion diagran of DMSA has not been teken into
account in the nanopatide suface complexation
mechaniam of oind ferritebasad magnetic fluid. On the
other hand, it has been shown veay recertly [1] that
meagnetic fluids behave as a mixture of agrong add (bulk
digperson) and awesk dipratic acid (nanopartidle surface).
In thismodd, the charge of the particle surface, respongible
for the coloidd dability of dectric double layered
megnetic fluids (EDL-MF), is obtaned through the
aguaion reetion of med ions and the fdlowing
hydrolyssreactions

EMO‘|2+ + H,O ,_L =MOH + H30+(a;|), D
pK2 .
=MOH + H0 =—= =MO" + HO'gy.

Such equilibria lead to three kinds of supeficd dtes
where mogt of them are MOH," in strong adidic medium,
MO in drong besc medium, with MOH beng the
intermedigte  amphateric dtes (where M = superficid
med). pK; and pK; are the theemodynamic condarts of
each respective chemicd eqilibrium. Then, the surface
chage denddty S, resllts from a proton trander
mechanian bewean the patide surface and the bulk
digoerson. Therefore, the andysis of equilibria (1) and (2)
dlows the detemination of the pH dependence of the
surface charge density, and So isgiven by [1:
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where F isthe Faraday condart, A isthe totd surfece area
of patides and V is the volume of the digperson. The
total concentration of surface Stes Gr and the dissociation
condants can be esdly obtaned usng sSmultaneous
potentiometric and conductimetric titrations.
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The @m of the presart work is to explore the surface —
DMSA complexation in order to improve the synthed's of
biocompatible magnetic fluids. In this context, using our
formdiam of Bronded complex equilibria involving
amphoteric goedies, we firg obtain the quantitative pH
dependence of the superfidd dendty of charge for the case
of EDL-MF basad on cobdlt farrite nanopatides. Then, the
Spediation diagram for charged gtes of patide surface is
coupled with tha of DMSA in oder to andyse the
mechaniam of surface — DMSA complexation. Fndly, we
propose a surface reection which leads to the maximum
complexdion rate

METHODS The daboration of EDL-MF sample was
caried out usng the usud procedure CoFeQ. oxide
nanopatides weae prepared  through  hydrothermd
ooprecipitation of agueous solutions of Co(NOs)-FeCl; in
dkdine medium. Then the partides were peptized in adidic
medium by adjusment of the ionic drength, resuiting in
gable sols of high qudity. The mean nanopartide Sze was
determined by X-ray diffraction recorded from dry powder
samples, obtained by evgporation of the liquid carrier, and
was found to egua 12.0 nm. Smuitaneous potentiometric
and conductimetric titraions of 40 mL of the ferofluid
dspers'on (volume fraction F = 1.46%, corresponding to
1.7 107 patides per m’) were performed using a titrant
solution of 0.106 mal L™ sodium hydroxide. Al titrations
were repeated two times. The potentiometric readings were
obtained with a pH meter (Metrohm 713) udng a gass
doublejunction dectrode, while the conductivity was
messured with a conductomeler (Metrohm 712). Both
goparatus were gauged using gopropriate templates From
the dmultaneous titraion curves the Henderson-

Hassdbach eguation was used to determine the pK's
corregponding to bath eguilibria (1) and (2). Moreover G
was cdaulded udng the mass bdance Then, the
gpediation diagram of surface Stes was dbtained. In the
caxe of DMSA, the molar raio for each gpedes was
determined using pK vauesfrom theliterature [2].

RESULTS & DISCUSION: Hgl shows the pH
dependence of the surfece charge density for the cobelt
ferrite EDL-MF sample. The saturation vaue is equd to
0326 Cm* which corresponds to  gpproximaiey  one
charge per 0.5 nnf or about 905 sites per partide. Thisisin
excdlent agresment with reported vaues[3]. At pH vdues
of around 35 and 105, S, reaches the maximum positive
and negtive values, repectively, and the partide surfaceis
charge ssturated. This agrees with ultragtable magnetic sols
obtained experimentdly in acidic or besic media However,
for extreme vaues of pH, the high ionic Srength does nat
dlow gable ferofluid digpersons dthough the patide
surfaceis charge saturated.
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Fig. 1: pH dependence of the superficial density of charge
for EDL-MF sample.

In the pH range corregponding to physological medium,
the suparfidd charge dendty goproaches zero and the
fearrofluid digperson flocculaes showing that uncoated
partides cannat be used for biologicd purposss.

Table 1 ligsthe expaimentaly determined thermadynamic
condants assodiated with the equilibria between the
patide surface and the bulk digperson. The molar raio
vaues of patide surface stes can then be cdculated and
plotted as fundtion of pH a shown in Hg. 2. This
Speciation diagram gives a quantitative destription of the
patide surface illudraing the domeains of protonation of
aurface dtes At low (high) pH vaues in addic (besic)
medium (typically pHE 35 and pH3 105), the patide
surfaceis charge saturated. For amdl pH ranges around the
pK vaues, FHg. 2 shows the coexigence of dharged and
neutrd Stes.

Table 1. pK; and pK, values and the modulus of the
maximum superficial density of charge for the EDL-MF

sample.

pK: pK- [So"|(Cm")

52 86 0326

Close to the neutrd region (physdogicd medium), the
molar ratio of charged dtes drongly decressss, and,
contrary to the expected reult, the cobdt farite ferrofluid
solution does not present any paint of zero charge Sncethe
molar raio of the amphoteric Stes does not reach the unity
vaue However, anisodectric point is found and is reedily
rdaed to the equilibrium condants for the surface Stes
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Fig. 2: Speciation Diagram of particle surface sites.

% MOH,"; % MOH; - --MO"~

Table 2 ligs the pK vaues corresponding to the eqilibria
involving the five DMSA species often abbreviated HiL,
ML, HL*, HL® and L*. The firgt and ssoond stepsiin the
dissodiaion processinvolve successve loss of protonsfrom
the two caboxylic groups the third and fourth geps
invalve dissociaion of the protoneted thiol groups



Table 2. Values of equilibrium constants of meso 2,3 -
dimercaptosuccinic acid [ 2].

pKc: pKe:2 pKs pPKs

271 343 9.65 1205

The eight curves platted as afundtion of pH in Hg. 3 show
the five mdar ratios for DMSA containing pecies coupled
with the three curves for nanopatide supefidd Stes
Since the fird two condants of DMSA are of the same
order of magnitude, it suggedts that the fird two protons
dissodate from oppodte ends of the molecule As a
consquence of thar physcd sgpardtion, the negetive
charge aregted by the fird dissodaion does nat gredly
dfect the removd of the sscond proton. Thus around
pH=3 the three firda DMSA gedes coexid. The
dissodaion of the other two protons, rdative to the thiol
groups is mare difficult since they are much doser to the
negdively charged carboxylate ions cregted by the initid
dissociaion.
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Fig. 3: Coupled speciation Diagrams of superficial sites
and DMSA
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Moreover, it is wdl known thet carboxylate acid groups
form remarkably gable chdaes with many metd ions in
olution [4]. In this context, the daboration of DMSA-
coded megneic nanopatides by complexation  of
supafidd med ions should be contralled by the pH which
adso monitor the supeficid dendty of charge Then, it is
therdfore necessry to andyze the coupled Secidion
diagrams of partide supafidd dtesand DMSA. Bassd on
the free metd ion complexation equilibrium, the most
probable surface reaction can bewritten as:

=MOH," + Ligand —— =M"-Ligand + H,0 (4)

snce the exchange of ligand for OH superfidd groups is
thermodynamicaly less favared [4]. In dkdine medium,
both partides and DMSA ions are negativdy charged (see
Fg. 3) and no complexation would occur. From these

condderations, one can eadily condude that the best pH to
coat megneic nanopatides by DMSA is aound 3.
Although the pH range of the maximum molar raio for
MOH," superfidd stes goes from strong acid medium to
pH=3, HL and H.L* only resch ther maximum vaues
for this pH. Once the DM3A is coated to the patide
auface, the dability of the magznetic =0l in bidlogicad
buffersis obtained through the HL™ gpecieswhoseoneend
is bonded to the surface and the ather enauresthe charge.

CONCLUSONS Magntic fluids behave as amixture of
adgrong add and awegk dipratic acid. The thermodynamic
condants of the chemicd eqilibria involved between the
buk dsegon ad the nenopatide suface ae
expaimentaly determined. Then, the pH dependence of the
nenopatide surface charge dendty of EDL-MF based on
cobdt nanopatides is obtained. From the coupled
goediation diagrams of both partide surface and DMSA
one can predict the optimd pH for DMSA surface
complexation and cdloidd  gability in physologica
medium.
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