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Abstract

This work deals with the preparation and relaxometric investigations of solid lipid nanoparticles (SLN) containing [Gd—BIJFA(H
and [Gd—DOTA(HO)]". These paramagnetic chelates are commonly used as contrast agents (CA) for magnetic resonance imaging (MF
owing to their ability to strongly increase the tissue water proton relaxation rate. The amount of gadolinium(lll) (Gd(lll)) complex included
in the SLN has been evaluated and, on this basis, it has been found that the longitudinal relaxivity of these Gd(lll) chelates apparently dc
not vary, at physiological pH, following their inclusion in SLN. We are unable to establish whether this is due to the free exchange of wate
from the inner compartment containing the Gd(lll) chelate to the bulk water or whether the observed relaxation rate is essential
determined by a fraction of the complex which is close to the surface of the SLN in a region easily accessible to the bulk water. A
acidic pH values, the relaxivity of the paramagnetic SLN containing the less thermodynamically and kinetically stable [Gd—O}JPA(H
markedly increases. This effect may be ascribed to an increased immobilization and/or to an enhanced hydration of the complék on SLN
1998 Elsevier Science B.V.
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1. Introduction ciently taken up by the reticuloendothelial system. Lipo-
some-associated CA may consist of both water-soluble

Specific targeting of tissues and organs is an important agents entrapped within the aqueous inner compartment of
goal in the development of contrast agents (CA) for mag- liposomes [7] and lipophilic agents which directly partici-
netic resonance imaging (MRI). pate to form the unilamellar vescicles [8—10].

Basically, there are three ways to attain this purpose: (i)  Another ‘carrier’ system which has been considered is
to introduce chemical functionalities on the contrast agent to represented by red blood cells which may be loaded with
provide it with the suitable molecular recognition capability the CA through a procedure based on change of the osmo-
[1,2]; (i) to form covalent or non-covalent conjugates larity of the medium [11].
between the contrast agent and the bio-molecules having We are interested in exploring the use of solid lipid nano-
characteristic tropism [3—6]; and (iii) to include the contrast particles (SLN) as a targeting system since it is known that
agent in a suitable delivery system. nanoparticulates may be taken up by the membranous M

Among the latter systems, much attention has been cells in the dome epithelium of Peyer's patches [12].
devoted to liposomes because of their ability to be effi- These cells are responsible for the endocytosis of luminal

particulates to lymphoid tissue and our aim is to exploit this
Wresponding author. Dipartimento di Scienza e Tecnologia del Farm- route for the development of an SLN-based CA suitable for
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lipids [13—15] or of warm O/W microemulsions [16]. Inthis  2.2. Instruments

work we considered the latter approach and we used, as the

oil phase, low melting lipophilic molecules, such as trigly- TCF10A ultrafiltration system Amicon and Diaflo

cerides or fatty acids. Calorimetric and X-ray diffraction YM100 membrane (cut-off 100000) (Beverley, MA,

studies [17] as well as transmission electron microscopy USA), Modulyo freeze-dryer (Edwards, Crawley, UK),

(TEM) micrographs [18] support the view that these sys- Zetasizer 2¢ (Malvern, Worcestershire, UK), Stelar Spin-

tems are characterized by a solid-like behaviour. master spectrometer (Stelar, Mede (PV), ltaly), and HI
Whereas lipophilic drugs are easily included in the inter- 9321 pH-meter (Hanna Instruments, Padova, ltaly) were

nal phase of these delivery systems, it has also been showrused.

that inclusion of hydrophilic drugs is possible provided that

they are supplied under a suitable ion-paired form [18]. 2.3. Preparation of the W/O/W microemulsion

Furthermore, SLN containing small amounts of hydrophilic

oligopeptides have been prepared [19,20]. The W/O/W multiple microemulsion was prepared in
In this regard, we think it is of particular interest to pre- two steps. A warm W/O microemulsion was first prepared

pare SLN containing hydrophilic paramagnetic chelates by adding a warm aqueous solution containing the Gd(lll)

currently used as CA for MR, by following an analogous complex (0.05-0.2 M) to a mixture of molten stearic

procedure to that employed in the case of the inclusion of acid, lecithin (or AOT) and butanol (or butyric acid), at

oligopeptides.
The polyaminocarboxylate complexes [Gd—DOTA-
(H,0)]” and [Gd-DTPA(HO)]*~ (Fig. 1) have already

70°C.
The W/O/W microemulsion was obtained by adding a
mixture of water, lecithin, butanol (or butyric acid) and

been used in clinical diagnosis as MRI contrast agents TDC, warmed at about 7C, to the warm W/O microemul-

owing to their favourable magnetic and pharmacokinetic sion. Both steps resulted in the formation of optically trans-

properties [21]. In fact, the presence of seven unpaired elec-parent systems. The composition of the different W/O/W

trons coupled to a long electronic relaxation time, makes microemulsions prepared in this work are reported in Table

gadolinium(lll) (Gd(l1)) ion particularly effective in redu- 1.

cing both longitudinal and transverse relaxation times of the

tissue water protons. Furthermore, these chelates display &.4. Preparation of SLN

high thermodynamic and kinetic stability which ensures a

low toxicity even if it is difficult to foresee whether these The warm (70C) W/O/W microemulsion was dispersed

favourable properties are maintained when the complexesin water at a temperature of 22@3, under mechanical stir-

are included in the SLN. ring, obtaining SLN. The ratio between the microemulsion
In addition to their application as CA for MRI, other and the dispersion medium was about 1:10.

possible applications may be envisaged for these SLN- The dispersion of SLN was purified three times by ultra-

based paramagnetic species. For instance, in the casaliafiltration, using Diaflo membranes, and both the SLN

where the SLN contain both a paramagnetic agent and adispersions and the washing waters were separately

drug, the contrast enhancement in the MRI images causedfreeze-dried.

by the former would report on the biodistribution and
release path of the latter.

2. Experimental
2.1. Materials

Stearic acid, dioctyl sodium sulfosuccinate (AOT) and
egg lecithin were purchased from Merck (Darmstadt,
Germany), butyric acid and butanol from Fluka (Buchs,
Switzerland), taurodeoxycholate sodium salt (TDC) from
Sigma (St. Louis, MO, USA). [Gd-DOTA@#®D)]” and
[Gd—-DTPA(HO)]*~ complexes both adl-methyl-gluca-
mine salts were a kind gift from Bracco (Milan, Italy).
Egg lecithin was purified as previously described in the
literature [22]. Sodium hydroxide was purchased from
Sigma (St. Louis, MO, USA). Hydrochloric acid (37% solu-
tion) and nitric acid (65% solution) were purchased from
Carlo Erba (Milan, Italy).

2.5. Characterization of SLN

The size and polydispersity of the SLN were measured by
photon correlation spectroscopy (PCS) using a Zetasizer 2c.
The wavelength of the laser light (He/Ne) was 632.8 nm.
The measurements were carried out &5The pH of the
solutions was brought to the desired value by adding small
aliquots of concentrated solutions of NaOH or HCI.

The NMR work was carried out by measuring the long-
itudinal water proton relaxation rat&(= 1/T,) of both SLN
suspension and of the washing waters. In the first case, the
samples were prepared by dispersing 80—-200 mg of the
freeze-dried SLN in 1 ml of bidistilled water. All the
NMR measurements were carried out at@%nd at a mag-
netic field strength of 0.47 T, corresponding to a proton
Larmor frequency of 20 MHz. The measurements were car-
ried out by using the inversion recovery pulse sequence
(180-—90),.

In this sequence, the spin system is first subjected to a
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Fig. 1. Schematic representation of the Gd(lll) chelates used in this work.

18C pulse (pulse length &s), along therx-axis, in order to species represents the increment of the longitudinal water
bring the net magnetization from the (equilibrium posi- proton relaxation rate per millimolar unit concentration of
tion) to the—z-axis. Following this pulse there is a delay the paramagnetic complex.

period, 7, whose length is varied as the sequence pulse is The evaluation of the amount of Gd(lll) complex
repeated r{ = 16). During this interval, the spin system included in the SLN system was performed by measuring
relaxes and returns to equilibrium. After a second 90 the Gd(Ill) content both in the washing waters and SLN

pulse (pulse length 3.ps) is applied, always alongx, in suspension.

order to detect the magnetization on thaxis. Finally, the In the first case, we dealt with the evaluation of the con-
longitudinal relaxation rate may be obtained from the expo- centration of the Gd(lll) chelate recovered in the collected
nential7 dependence of the signal intensigy: washing waters during the SLN preparation. To this aim, we

|y = 1o(1-26~R7) (1) used ther), values determined in pure water for the two
()~ e complexes (4.7 mM* s™* at 25C, pH 7 and 20 MHz for
wherel,, represents the equilibrium value, i.e. the net mag- both Gd(l1l) complexes). This determination is based on the
netization for the fully relaxed spin system. The signal assumption that the washing waters only contain the intact
intensity was obtained by averaging the first 128 data points Gd(lll) chelate.
of the free induction decay after four scans. A phase cycle Fig. 2 shows the comparison between the pH dependence
was applied on the S®mbservation pulse in order to cut off  of the longitudinal water proton relaxivity for [Gd—-DTPA
the y-scale receiver offset. A reproducibility test gave an (H,0)]?” both in washing and pure water.
uncertainty of 0.5% in the measured longitudinal relaxation ~ The profiles are very similar, being characterized by a
rate. plateau region between pH 3 and 7.5. At more acidic pH
values, there is an increase of the longitudinal water proton
relaxivity which appears to be related to an increased num-
3. Results and discussion
Table 1
We have considered three types of microemulsion (see
Section 2), basically differing in the nature and concentra-
tion of the surfactant and co-surfactant agents. Their water Components ~ W/O microemulsions
content is very similar<X70%) as well as their size, as esti-
mated from their mean diameters (about 180 nm, polydis-

Composition % of the W/O and W/O/W microemulsions

Microemulsion 1 Microemulsion 2 Microemulsion 3

persion 0.30) measured by a quasi-elastic light scattering\?\;earic acid 377(-)2 ‘;460 ie’f
technique. The determination of the Gd(lll) content in the Leiti‘;:in 053 »73 >
SLN_system_was carried out by means of the NMR relaxo- pot _ _ 13.4
metric technique. Butyric acid  30.5 - -
In fact, the value of the observed longitudinal water pro- Butanol - 21.7 -

ton relaxation rateRy,9 is dependent upon the millimolar

concentration of the paramagnetic species in solution WIOMW microemulsions

([GdL]) according to the following relationship: Microemulsion 1 Microemulsion 2 Microemulsion 3
Riobs = rp[GdL] + Ry 2 W/O 13.0 14.1 12.0

) o o Water 68.6 67.5 67.5
wherer,, is the water proton longitudinal relaxivity of the  Lecithin 4.2 4.2 8.3
Gd(lll) complex andRy is the diamagnetic contribution  Butyric acid 6.1 - 5.0
measured in the absence of the paramagnetic solute. Butanol N 6.0 -

Therefore, the longitudinal relaxivity of a paramagnetic Tbe 81 8.2 2
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10 T methods. In Table 2, the amounts of Gd(lll) chelate
C included in the SLN are reported along with the uncertainty
't related to the differences between the two approaches.

These results show that a good percentage of the supplied
[Gd-DTPA(H0)]*" has been included in the SLN and,
furthermore, no significant difference has been noticed in
the extent of the inclusion on varying the composition of
the W/O/W microemulsion. The inclusion of [Gd—DOTA
(H,0)]™ appears more difficult as only about 18% of the
supplied complex is found in the SLN. However, it is impor-

r tant to note that the absolute amounts of the paramagnetic
41 complexes included in the SLN system are rather modest, as
: the weight ratio between the Gd(lll) complexes and the

R I s E S S e freeze dried SLN is in the range 0.1-0.3%.
2 3 4 5 6 7 8 Once the Gd(lll) content in the SLN is known, it is pos-
sible to evaluate the longitudinal relaxivity of these systems
pH from the observed longitudinal water proton relaxation rate.
In regard to this, it has been necessary to assess the diamag-
]'fig-[éaCS?SZEE?)]E?t;'r:ee&;“@;;'r‘:P::g?:ctﬁeoiv";::ﬁ; va‘;g’tzrf.e;axwity netic contribution to the water relaxation rate in the pre-
c?)rllected during the SLN F|:))reparation (microemulsion 1)°(29520 MHz). Se.nce of th? SLN. For this rea.son’ we first prepared SLN
without adding the paramagnetic chelates and then we mea-
ber of water molecules coordinated to the paramagnetic sured the dependence of the water proton relaxation rate
centre as a consequence of a decreased stability of the chefRy) versus the SLN concentration. The interaction between
late [23]. The close similarity between the two profiles sup- solvent water molecules and the solid nanoparticles, and the
ports our assumption that the intact [Gd—DTPAH* consequent decrease of their molecular tumbling, results in
is present in the washing waters. Indeed, in the case ofan increase of the observed relaxation rate. The correlation
[Gd-DOTA(H,O)] ", no change in relaxivity was observed betweenRy and the SLN content was linear in the SLN
upon changing the pH of the solution down to pH 1, as concentration range used in this work (0—200 mg/ml).
expected on the basis of the much higher thermodynamic The diamagnetic contribution is, thus, computable, at a
(and kinetic) stability of this complex. given SLN concentration, from the slope of the resulting

Once the concentration of the Gd(lll) complex in the straight line. Interestingly, the diamagnetic contribution is
washing waters is known, it is possible to determine its not affected by the type of the microemulsion used in the
content in the SLN by knowledge of the amount of the SLN preparation.
chelate initially added during the W/O/W microemulsion Table 3 shows that the longitudinal water proton relax-
preparation. ivity values obtained for the Gd(lll) chelates included in the

In the case of the direct determination of Gd(lIl) content SLN are very similar to those determined for these com-
in the SLN suspension, we first transformed all the Gd(lll) plexes in pure water.
present in the system into Gd(lll) aquoion. This procedure  Two possible explanations may be forwarded to account
was carried out by treating the suspension with a concen- for this result. (i) The whole amount of the Gd(lll) complex
trated (2.6 M) solution of HNQ is included in the inner compartments of the SLN and the

Then, the quantitation of Gd(l11) aquoion was obtained by water molecules of these compartments are in fast exchange
comparing the measured relaxivity with the relaxivity deter- with the outer bulk water. Support for this view comes from
mined for Gd(lll) aquoion at the same pk,(= 13.0 mM ! the observation that the free induction decay of the proton
s !at 25C, 20 MHz). magnetization in each relaxation rate measurement shows a

A definite agreement about the Gd(lIl) content in the SLN mono-exponential behaviour. In the case where the water
has been found from the data obtained following the two

Ry, (mM s)"

Table 3

Table 2
Comparison between the longitudinal relaxivity for Gd(lll) complex in

Percentage of Gd(Ill) complexes recovered in SLN system with respect to SLN system and in pure water (25, pH 7, 20 MHz)
the initial value

SLN from rp G&-DTPA (MM ' s™Y)  r,, Gd-DOTA (mM™* s}

SLN from % Gd-DTPA % Gd-DOTA microemulsion

microemulsion SLN Water SLN Water
1 57.6+ 3 18+ 2 1 4.8 47 4.9 4.7

2 47.6% 2 - 2 5.1 4.7 - 4.7

3 49.7+ 4 - 3 5.0 4.7 - 4.7
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molecules were in slow exchange between the two compart- Fig. 3 reports the relaxivity profiles obtained for SLN
ments, a bi-exponential decay would have been observed(prepared from microemulsion 1) containing [Gd—DOTA
The fast component, i.e. the one characterized by a short(H,0)]”~ or [Gd—DTPA(HO)]*~ on varying the pH of the
transverse relaxation time, would refer to the inner compart- suspensions from 2.5 to 8.0.
ment containing the paramagnetic species, whereas the slow The results obtained for microemulsion 2 and 3 are very
component, characterized by a long transverse relaxationsimilar to that reported for microemulsion 1.
time, would represent the almost pure bulk water contribu-  Whereas the longitudinal water proton relaxivity of the
tion. (ii) There is no exchange (on the NMR time scale) solution containing [Gd—DOTA(KD)] ™ is almost constant
between the inner and outer compartments and, thereforeover all the pH range, the behaviour of [Gd—DTPAM*~
the Gd(lll) chelate in the inner compartment does not con- is remarkably different, being characterized by a strong
tribute at all to the observed relaxivity. Only the portion of relaxivity increase at pH< 5.5. The achieved relaxivity
the Gd(lIl) complex close to the surface of SLN (i.e. in sites value £28.0 mM* s™%) is maintained down to pH 2.5.
accessible to the bulk water) is responsible for the observedAs the pH is lowered beyond pH 2.5, the relaxivity is further
relaxation enhancement. In this case, the relaxation en-increased to a small extent. The overall behaviour is fully
hancement caused by this fraction of the complex is much reversible.
higher with respect to that of the free chelate, as it is likely ~ The relaxivity shown by the [Gd—DTPA@)]>~ SLN
that it represents only a minor part of the whole amount of system at pH< 5.5 is significantly higher than the one
the chelate included in SLN. High relaxation rates may be measured for free Gd(lll) aquoion in the presence of SLN,
expected as a consequence of a binding interaction of thethus ruling out the possibility that the observed relaxation
Gd(lll) complexes with the components of the SLN. enhancement has to be related to the release of free Gd(lll)
In fact, according to the well established theory [24,25], ions.
the contribution to the longitudinal proton relaxivity arising The observed relaxation enhancement at acidic pH values
from water molecules in the inner coordination sphere of a might be the consequence of an enhanced immobilization of
Gd(lll) complex present in molar concentration [GdL], is the paramagnetic species included in the SLN system and/or

determined by: an increase of the overall hydration shell around the para-
, q[GdL] magnetic centre.
S = 3 One may envisage that a strengthening of the binding

R et S
P 55.56(Tw *7) interaction in the ternary adduct [Gd—DTPA®)]*~ SLN
whereq is the number of water molecules involved in this might occur at acidic pH values through the stabilization of
interaction, Ty is their longitudinal proton relaxation time  hydrogen bond interactions between protonated components
andry is their mean residence time in the first coordination present on the SLN and the carboxylic oxygens of DTPA
sphere of the metal. In the presence of a fast exchangeligand. The reasons why this happens with [Gd-DTPA
between the inner-sphere water molecules and the bulk(H,0)]*" and not with [Gd—DOTA(HO)]~ might lie on
ones, the inner-sphere relaxivity is dominated Tay and the higher residual negative charge of the former complex.
the value of this parameter is given by the following equa- Another possible explanation involves the displacement of
tion: one or more coordinating acetate arms of the chelate, pro-
moted by the high kD concentration, eventually replaced

1
m O Df (7¢, @i, ws) 4) s

whereD represents the dipolar constant relative to the inter-
action between the water protons and the paramagnetic
centre, 7. is the correlation time of this process ang
and w, are the electron and proton Larmor frequencies,
respectively. Finally, at the observation frequency of 20
MHz and for small-sized Gd(lll) chelates like those con-
sidered in this workyz. usually corresponds to the molecu-
lar reorientational timeg. Thus, the interaction of a Gd(lll)
chelate with the components of the SLN might cause a
lengthening ofrg which would result in a shortening of
T and, consequently, in an increase of the inner-sphere
relaxivity term. 5 3 . s
As anticipated in the introduction, one of the potential
applications of these SLN-based CA may be in the targeting
of the lymphatic system by oral administration. Therefore, it Fig. 3. pH Dependence of the longitudinal proton relaxivity rate for

was thought useful to evaluate their relaxivity over an |Gd-poTA(H0)]” (@) and [Gd-DTPAHO)*~ (M) included in SLN
extended range of pH values. system prepared from microemulsion 1 {2520 MHz).

204
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