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Abstract

To obtain highT;-relaxivity colloidal particles with a simultaneously high loading of amphiphilic Gd-chelates, a novel drug
dosage form based on the phase organisation of amphiphilic gadolinium chelates with cholesterol was developed.

In order to find a formulation, which exhibit both hig@i-relaxivity and gives small particles a D-optimal mixture design (exper-
imental design) was applied. Gadolinium 1,4,7-tris(carboxymethyl)-10-(2-hydroxyhexadecyl)-1,4,7,10-tetraazacyclododecane
(Gd-HHD-DO3A) and cholesterol at approximately equimolar ratio proved to form thermodynamic stable disc-like colloidal
particles as seen by cryo-electron micrograghsielaxivity of these particles was typically around 20 m\é~! and the size
below 100 nm (photon correlation spectroscopy (PCS)). The particles do most probably not interact with blood components as
no change irl;-relaxivity was observed when the particles were mixed with whole blood. The particles were stable at room
temperature for at least 6 months.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction due to the accumulation in macrophage rich tissue,
i.e. liver and spleenKabalka et al., 1991 Later, the
Particles have been extensively investigated as interest turned towards long circulating vehicles and
carriers of paramagnetic MR-contrast agents due imaging of the vascular systerStorrs et al., 1996
to site-specific delivery and/or enhanced contrast In order to ensure high contrast efficacyi{
efficacy. Most attention has been focused around relaxivity), two parameters have proved to be impor-
lipid-based systems such as liposomes, but also solidtant for particulate paramagnetic MR-contrast agents,
lipid nanoparticles (SLN) Nlorel et al., 1998 mi- high rigidity and access to bulk water. To obtain high
celles André et al., 199Pand particles of polysac- rigidity, the particle needs tight packing with a re-
charides Fossheim et al., 199%ave been widely  stricted motion of the contrast agent. Combined with
used. Initially, liposomes were considered attractive a high molecular weight of the particle this will nor-
mally increase the contrast efficacy by prolonging the
"+ Corresponding author. Tek:47-22-854-870; rotationgl correlation timerR) of the_ Gd—chglate, .i.e.
fax: +47-22-855-047. the rotation of the contrast agent in solution will be
E-mail address: christian.glogard@farmasi.uio.no (C. Glegérd).  slowed down. Simultaneously, fast exchange between
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the water molecule co-ordinated to the Gd-ion and the
bulk water ¢m) needs to be maintained. Restricted
availability of bulk water to the gadolinium will have
a negative impact on thg;-relaxivity. In order to en-
sure high access to bulk water, the Gd-chelate should
be present on the particle surface or in the case of
liposomes by using a fluid membrane, which allows
high water transport across the membrane. However,
low loading of the contrast agent and a complicated
production are major drawbacks for liposomes as
carrier for paramagnetic MR-contrast agents. Other
colloidal systems might, therefore, be favourable. For
an extensive theoretical treatment on design of param-
agnetic MR contrast agents s€aravan et al. (1999)
The phase organisation of the amphiphilic Gd-
chelates with cholesterol to form layers at approxi-
mately equimolar ratio was suggested in an earlier
paper Glagard et al., 2002 According to the theory
of phase organisation, the structure a composition of
amphiphiles prefers is determined by the packing pa-
rametersP) of the individual moleculedgraelachvili
et al.,, 1980. A single chained amphiphile with a
large hydrophilic head group, such as gadolinium
1,4,7-tris(carboxymethyl)-10-(2-hydroxyhexadecyl)-
1,4,7,10-tetraazacyclododecane (Gd-HHD-DO3A),
has aP-value less than 1 (conical shape) and prefers
to form micellar structures. In order to form bilayer
structures, the amphiphile needs to havé-salue

close to 1, which corresponds to a rectangular shape.

However, when Gd-HHD-DO3A is combined with a

molecule, such as cholesterol, which has an opposite

shape P > 1) they should at a particular ratio be
able to create bilayers. Similar studies on lipid-based
formulations of the antifungal drug amphotericine B
have showed how the particle structure can change
with its composition illery, 1997). One interesting
structure, other than the liposome, is the lipid discs
made up of amphotericine B and cholesteryl sulfate
in molar ratio 1:1 Guo et al., 1991

In order to find a system that meets the criteria of
high contrast efficacyTj-relaxivity), small particle
size, high loading, good stability and easy prepara-
tion, the specific phase organisation of amphiphilic
Gd-chelates with cholesterol was investigated.
Palmitic acid (PA) was used to create negatively
charged particles. A D-optimal mixture design was
used to evaluate the effects of Gd-HHD-DO3A,
cholesterol and PA and find the optimum level of the
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Fig. 1. Molecular structures of Gd-HHD-DO3A, PA and choles-
terol.

components. The structures of Gd-HHD-DO3A, PA
and cholesterol are shown kig. 1

2. Materials and methods
2.1. Materials

Palmitic acid, cholesterol and glucose were obtained
from Fluka Chemical Co. (St. Louis, MO). All pur-
chased chemicals were used as received and had a
purity above 99%. Gd-HHD-DO3A was prepared ac-
cording to published procedur&lggard et al., 2000

2.2. Methods

2.2.1. Formulation and characterization of particles
Gd-HHD-DO3A, cholesterol and PA were co-
dissolved in a mixture of chloroform and methanol
(4:1, v/v) and evaporated under reduced pressure. The
Gd-chelate was added from stock solution. The thin
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film obtained was hydrated using aqueous isotonic
glucose (50 mg mit, pH 7.4). The total amount of par-
ticles was approximately 20 mgmi(0.25-3.0 mM
Gd). The resulting dispersion was heated atG0
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2.2.5. Experimental design

The design and evaluation of the statistical exper-
iments were performed using Unscrambler software
(Camo, Trondheim, Norway). In order to find a region

for 2h. The particles were irradiated using an ultra- with small particles and high;-relaxivity a D-optimal

sound probe for 10 min and dialysed against glucose
(50 mgmit, pH 7.4) overnight using Slize-A-Lyz&r
dialysis cassetteM,, cut-off 10,000) (Pirce, Rock-
ford, IL). The Ti-relaxation time (s) was measured
before and after dialysis.

The mean particle size was measured &t &gle
(25°C) by photon correlation spectroscopy (PCS)
after dilution with isoton glucose using a Coulter
DELSA plus (Beckmann Coulter Inc., Fullerton, CA).
The cryo-micrographs were recorded by G. Karls-
son, Department of Physical Chemistry, University of
Uppsala, Swedem{mgren et al., 200p

2.2.2. In vitro relaxometry

The relaxation measurements were performed at
20MHz (Minispec mq 20NMR Analyzer, Bruker
GmbH, Rheinstetten, Germany) and therelaxation
rates qeng) were obtained by the inversion recovery
method at 37C. For the temperature profile curve,
the temperature was varied between 5 and@.0

TheTz-relaxivitiy (r1) for each formulation was ob-
tained either by the relationship:

RS RY
rg = c

s

WhereRi’bs and R]" are theTs-relaxation rates (st)

of the sample and the matrix (glucose 50 mgH)
respectively, an€ is the Gd-concentration (mM), or
from a linear least squares regression analysis of the
relaxation rate R9S) versusC.

2.2.3. Sability during storage

All the samples were stored at room temperature for
6 months. The size ant;-relaxivity was measured
during storage.

2.2.4. Sability in whole blood

Human whole blood (EDTA as anticoagu-
lant) was mixed with the particles to give final
Gd-concentrations of 0.5, 1.0 and 5.0 mM. Samples
were incubated at 3C for up to 3 h. Thé-relaxivity
was monitored during this period.

mixture design was applied with a total of 17 experi-
ments. Eight different formulations were made, where
replicates were included in order to estimate the ex-
perimental error. The different formulations are shown
in Table 1 The batches were produced in a random
order.

A principal component analysis (PCA) was first per-
formed on the data set from the D-optimal mixture
design Esbensen, 2000The data was autoscaled be-
fore any statistical operations were performed. Full
cross validation was used. A partial least square anal-
ysis (PLS 1) with full cross validation was further
used to fit each response (size ahdrelaxivity) to
the variables (cholesterol, Gd-HHD-DO3A and PA)
(Esbensen, 2000The response surfaces for particle
size andT-relaxivity are based on these models.

3. Results and discussion
3.1. D-optimal mixture design

The particles were prepared according to the ex-
perimental plan. The different compositions, the size
and theTs-relaxivity of the particles are shown in
Table 1 Ti-relaxation rate K&’% and particle size
were measured before and after dialysis. No change
was observed, indicating that the Gd-HHD-DO3A was
completely incorporated into the particles.

3.1.1. Effects of the size and the T1-relaxivity of the
formed particles

Fig. 2 shows a PCA bi-plot (loading and scores)
with the three factors (Gd-HHD-DO3A, cholesterol,
PA), the two responsesT{-relaxivity, particle size)
and all the samples (1-17). Variables close to each
other and along the same straight line through the ori-
gin covary. They are positively correlated if they are
situated on the same side of origin and negatively cor-
related if they lie on the opposite side. Variables of lit-
tle importance lie near the origin. The PCA explained
86% of the variance in the original matrix by the first
two components.
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Table 1
Different composition of the particles and the corresponding sizeTan@laxivity
Run order Formulation no. Gd-HHD-DO3A Cholesterol Palmitic acid Size (nm) Ty-relaxivity
(mol%) (mol%) (mol%) (mM-1s1
1 n 275 62.5 10.0 117 12.3
2 | 60.0 40.0 0 83.7 233
3 I 5.00 95.0 0 1850 175
4 v 5.00 75.0 20.0 785 141
5 n 275 62.5 10.0 190 115
6 I 5.00 95.0 0 1290 17.1
7 n 275 62.5 10.0 177 115
8 \ll 5.00 85.0 10.0 896 13.9
9 v 5.00 75.0 20.0 402 13.6
10 Il 5.00 95.0 0 1630 17.3
11 Vil 50.0 40.0 10.0 80.2 21.7
12 \ 325 67.5 0 261 11.6
13 | 60.0 40.0 0 89.9 23.8
14 | 60.0 40.0 0 128 22.4
15 \ 40.0 40.0 20.0 102 19.7
16 \ 40.0 40.0 20.0 157 20.9
17 \ 325 67.5 0 236 11.9

Three groups of scores may be distinguished in the shows a medium high relaxivity~17.3mM1s~1).
plot. In the lower left corner a group (formulation These particles contain high amounts of cholesterol
no. Il) is situated in direction of the particle size and and corresponding less Gd-HHD-DO3A. In the up-
hence shows large particles (>1280nm). The group per left corner a group (formulation no. Ill, IV, VI

05 — .................... g...z..E'anjclesize....

-1.0 -0.5 0 0.5 1.0
RESULT?2, X-expl: 60%,26%

Fig. 2. PCA bi-plot. Loadings (factors and responses) are shown together with the scores (samples). Three groups of scores are distinguishe:
in the plot.
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and VII) with particles of medium size (117—896 nm)
and low relaxivity (11.5-14.1 mMs~1) is located.
These particles contain medium level cholesterol. To
the right in the plot, a group is situated in the direc-
tion of the responsdj-relaxivity (formulation no.

I, V and VIII) and hence shows higfi-relaxivity
(19.7-23.8mM1s1). All these particles have small
sizes (83.7-157nm). These particles contain high
amounts of Gd-HHD-DO3A and corresponding less
cholesterol. The group is stretched out due to the
negative influence of PA on thE -relaxivity.

The correlation between size of the particles and
the T1-relaxivity is further shown irFig. 3. The plot
clearly shows that two different effects are influ-
encing theTi-relaxivity. This implies that at least
two different structures of the particles are formed
depending upon the composition. First, a strong cor-
relation is shown between the size of the particles
and theTi-relaxivity. The formulations with these
properties are the two groups to the left kig. 1
By increasing the size, a highdy-relaxivity is ob-
tained. These formulations contain medium to high
levels of cholesterol, where an increased level of
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cholesterol results in a high&¥-relaxivity. A higher
Ty-relaxivity with increased cholesterol content and
corresponding increased particle size might be due to
an increased rigidity of the particle, which results in
decreased lateral motion and thereby a prolonged
for the Gd-chelates. The overall low -relaxivity of
this group implies that the structures formed not fully
allow bulk water to experience magnetic interaction
with the Gd-chelates. Some Gd-chelates might be
located in the interior of the structures where the wa-
ter exchange rate is low. Another explanation might
be that the lateral motion on the surface is higher
which results in a shorterg for the Gd-chelates and
thereby decreasing the relaxivity. Second, the group
with the highestT;-relaxivity contains the particles
with the smallest size. This group is the same as the
formulations to the right inFig. 1 (formulation no.

I, V and VIII). No effect of size on thd-relaxivity

is shown within this group. However, the negative
effect of PA on theT;-relaxivity is shown. The higher
Ty-relaxivity implies particle-structures, which allow
bulk water to experience magnetic interaction with
the Gd-chelates, incorporated in the particles.
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Fig. 3. Correlation between particle size (nm) ahdrelaxivity (mM~—1s™1).
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3.1.2. Optimisation of the size and Ty-relaxivity of
the formed particles

C. Glggard et al./International Journal of Pharmaceutics 253 (2003) 39-48

I, V and VIII). This can most probably be explained
by the phase organisation of amphiphilic molecules

The response surfaces constructed from the resultsprefers, alone or in mixtures with other amphiphiles

obtained in the D-optimal matrix design with size and
T1-relaxivity of the formed particles as responses are
shown inFigs. 4 and 5In addition to the main effects,
the square effect of cholesterol and Gd-HHD-DO3A
was included in the model for size whereas the interac-
tion between cholesterol and Gd-HHD-DO3A was in-
cluded in the model fof:-relaxivity. TheX-explained
variance was 92% and théexplained variance was
76% with two principal components (PC1 and PC2)
in the PLS 1 model for size. The corresponding val-
ues for the PLS 1 model for thE -relaxivity was 99
and 93%, respectively.

From the response surfacEid. 4), smaller parti-
cles can be obtained in a region of medium to low
level of cholesterol and hence medium to high level
of Gd-HHD-DO3A. The smallest size of the particles
(below 100 nm) in this design was achieved by keep-
ing the ratio between cholesterol and Gd-HHD-DO3A
between 40:40 and 40:60 (mol:mol) (formulation no.

(Israelachvili et al., 1980 Cholesterol £ > 1) has a
shape opposite of Gd-HHD-DO3AP(< 1) and when
combining these two compounds they should create
units with a packing parameter equal to 1, which cor-
responds to a rectangular shape. Only when the ratio is
approximately 1:1 the formation of the small structures
seems to be favourable. An excess of Gd-HHD-DO3A
might aim in the formation of these structures, but
as Gd-HHD-DO3A forms micelles this might not be
preferable.

As shown in the response surface ig. 5, the
highestT1-relaxivity is found in the same region of the
design as the particles with the smallest sizig(4).

A ratio between cholesterol and Gd-HHD-DO3A be-
tween 40:40 and 40:60 (mol:mol) (formulation no.
I, V and VIII) results in the highesir;-relaxivity
(up to 23.8mM1s~1), which most probably is due
to a preferable structure of the particles resulting in
high water availability for the Gd-chelates. On the

-6.305 287.978 582.261 876.543 1.71e+03 1.465e+03
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Fig. 4. Response surface obtained from the D-optimal mixture design showing the particle size (nm) as a function of Gd-HHD-DO3A

(5-60 mol%), cholesterol (40-95%) and PA (0—-20%).
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Fig. 5. Response surface obtained from the D-optimal mixture design showifig-teéaxivity (mM~1 s~1) as a function of Gd-HHD-DO3A
(5-60 mol%), cholesterol (40-95%) and PA (0-20%).

other end of the plot, medium high relaxivity is ob- compare to the liposomes where values as high as

tained due to the corresponding larger size of the 52mM-1s~! was obtained. This implies that the

particles. structures formed not fully allow bulk water to expe-
The ability of amphiphilic Gd-chelates and choles- rience magnetic interaction with the Gd-chelates or

terol to form bilayers at approximately equimolar that the lateral motion on the surface is higher which

ratio was suggested in an earlier pap&lagard results in a shortetr for the Gd-chelates.

et al., 2002. In this paper amphiphilic Gd-chelates

were incorporated into the liposomal lamella. The 3.2. Sability of the formed particles

present drug dosage form allows higher incorpora-

tion of amphiphilic Gd-chelates compared to lipo- 3.2.1. Sability on storage

somes. Concentrations of the amphiphilic Gd-chelate, The size and th&@j-relaxivity of the formed parti-

Gd-HHD-DO3A, was successfully included in li- cles during 6 months storage is shownTable 2 Of

posomal formulation up to 10mol%, compared to the selected formulations (I, V and VIII), only formu-

40-60 mol% in the present study. Higher loading of lation no. | and VIII proved to be stable during this

Gd-HHD-DO3A in liposomes results in instability of  period. As excess Gd-HHD-DO3A is not preferable

the colloidal structure and has also shown to reduce and a negative charge might be valuable for long-term

the Ty-relaxivity (Glggard et al., 2002 Another ad- stability, formulation no. VIIl was selected as lead for-

vantage is the simpler preparation method for these mulation for further work.

particles and the possibility to prepare higher con-  For the other formulations, an increase in particle

centrations compared to liposomes. Unfortunately, size most often resulted in a decreasd irrelaxivity

the T1-relaxivity is lower for the novel drug system due to formation of particle-structures, which do not
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Table 2
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Size andT;-relaxivity of the formed particles during 6 months storage at room temperature

Run order Formulation no. Size (nm) Ta-relaxivity (mM~—1s™1)
To 3 weeks 3 months 6 months To 6 months

1 11l 117 118 122 121 12.3 13.8

2 | 83.7 84 83 85 23.3 23.3

3 Il 1850 1800 1645 1500 17.5 12.0

4 \Y 785 801 836 110 14.1 12.9

5 1] 190 185 187 189 115 11.3

6 1l 1290 1130 1600 2430 17.1 15.8

7 1 177 184 171 165 115 12.5

8 Vil 896 903 1030 1800 13.9 15.3

9 v 402 396 408 441 13.6 13.2
10 I 1630 1500 1650 1700 17.3 11.7
11 VIl 80.2 90 83 79 21.7 20.6
12 VI 261 256 243 159 11.6 22.8
13 | 89.9 88 102 nd 23.8 nd
14 | 128 132 129 nd 22.4 nd
15 \% 102 155 306 495 19.7 131
16 \Y 157 180 1175 695 20.9 13.4
17 \ 236 233 230 229 11.9 12.1

nd, not determined due to microbial growth in the sample.

allow water to experience magnetic interaction with
the Gd-chelates incorporated in the particles.

3.2.2. Sability in blood

No change in th@;-relaxivity was observed when
formulation no. VIII was mixed with whole blood
and incubated (37C) up to 3h. This shows that
the particles, most probably, do not interact with

tion a few liposomes/veshicles and in the background
of the micrograph some small spots that might be
globular micelles can be seen.

The mean size of the particles (formulation no. VIII)
measured by PCS was 80 nm, which corresponds well
with the size of the discs showing the face-on orien-
tation in the image. Estimating the edge thickness of
the particles from the cryo-TEM image indicates that

the blood components. The data also suggest thatthey are less than 5nm thick.

the Gd-HHD-DO3A form thermodynamically stable
colloidal particles with cholesterol as no dilution ef-

Similar disc-shaped particles are characteristics for
Amphocif® containing amphotericin B and sodium

fect was observed. Also the size-measurements pointcholesteryl sulfate in a 1:1 molar rati&(o et al.,

in this direction as no change was observed dur- 1991; Hillery, 1997 and other cholesterol rich formu-
ing measurements of the diluted samples. This is an lations with amphiphilesEdwards et al., 1997 Guo
advantage compare to micellar systems where the and co-workers suggested that the interaction with am-

thermodynamic equilibrium depends largely on the
critical micellar concentration and rapid dilution leads
to instant instability.

3.3. Structure and size of the colloidal particles

A cryo-electron micrograph of formulations no.
VIl is shown in Fig. 6. The sample contains mainly
disc-like structures of different sizes. The discs ap-
pear with a face-on orientation or edge-on orientation
in the cryo-TEM image. The sample contains in addi-

photericin B and sodium cholesteroyl sulfate results in
rigid and tightly packed lipid layers that are unable to
bend sufficiently to form closed vesicular structures.
Amphotericin B probably forms a shield at the disc
edges, orientated to expose the seven hydroxyl groups
to the polar aqueous environment. These disc-shaped
particles do not have any entrapped aqueous volume.
A possible structure in this case is that Gd-HHD-
DO3A and cholesterol are arranged in a 1:1 interdig-
itated complex, in which the polar head group of the
Gd-chelates and the hydroxyl group of cholesterol
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Fig. 6. Cryo-electron micrographs of Gd-HHD-DO3A, cholesterol, PA in the molar ratio 50:40:10.
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shield the lipidic chain of the Gd-chelate and the Caravan, P, Ellison, J.J., McMurry, T.J., Lauffer, R.B., 1999.

cholesterol backbone from the aqueous environment. Gadolinium(lll) chelates as MRI contrast agents: structure,
dynamics, and applications. Chem. Rev. 99, 2293-2352.

Edwards, K., Johnsson, M., Karlsson, G., Silvander, M.,

3.4. Effect of temperature 1997. Effect of polyethyleneglycol-phospholipids on aggregate
structure in preparations of small unilamellar liposomes.
The temperature profile of formulation no. VI Biophys. J. 73, 258-266.

is shown in Fig. 7. The observed decrease in Esbensen, K.H., 2000. Multivariate data analysis in practice, 4th

Ty-relaxivity with increase in temperature is probably Fosiflé%am(’sﬁskéﬁ;’ NlimlévaylMénsson S. Colet. J-M

due to a_shortening QfR- The rf'z‘laXiVity peak aro_und Rongved, P., Fahlvik, K., Klaveness, J., 1999. Investigation of
55°C might be explained by increased hydration of lanthanide-based starch particles as a model system for liver
the particles. Alternatively, the increase in relaxivity contrast agents. J. Magn. Reson. Imaging 9, 295-303.

might be accounted for by the small amounts of li- Glggard, C., Hovland, R., Fossheim, S.L., Aasen, A.J., Klaveness,

. J., 2000. Synthesis and physiochemical characterisation of new
posomes present in the sample. The water exchange amphiphilic gadolinium DO3A complexes as contrast agents

across the liposome membrane increases at higher o Ry J. Chem. Soc. Perkin Trans. 2, 1047—1052.

temperatures allowing Gd-chelates present on the Glagard, C., Stensrud, G., Hovland, R., Fossheim, S.L., Klaveness,

inner side of the bilayer to contribute more to the J., 2002. Liposomes as carriers of amphiphilic gadolinium

overall relaxivity. chglates: the e'ffecF of memb_rgne composition on incorporation
efficacy and in vitro relaxivity. Int. J. Pharm. 233, 131-
140.

. Guo, L.S.S., Fielding, R.M., Lasic, D.D., Hamilton, R.L., Mufson,

4. Conclusions D., 1991. Novel antifungal drug delivery: stable amphotericin

B-cholesteryl sulfate discs. Int. J. Pharm. 75, 45-54.

Novel h|gh re|axivity partic]es based on the phase Hillery, A.M., 1997. Supramolecular lipidic drug delivery

organisation of amphiphilic gadolinium chelates ~ SYStéms: from laboratory to clinic. A review of the recently
ith cholesterol are developed. At an approximatel introduced commercial liposomal and lipid-based formulations
wi ped. pp Yy of amphotericine B. Adv. Drug Deliv. Rev. 24, 345-363.

equimolar ratio, thermodynamically stable discs of |sraelachvili, J.N., Marcelia, S., Horn, R.G., 1980. Physical
colloidal sizes are formed. This novel drug dosage principles of membrane organization. Q. Rev. Biophys. 13,
form allows high loading of amphiphilic Gd-chelates 121-200.

and proved to be stable both in whole blood and upon Kabalka, G.W., Davis, M.A., Moss, T.H., Buoenocore, E., Hubner,
K., Holmberg, E., Maruyama, K., Huang, L., 1991. Gadolinium
long-term storage.

labeled liposomes containing various amphiphilic Gd-DTPA
derivates: targeted MRI contrast agents for the liver. Magn.
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