
International Journal of Pharmaceutics, 103 (1994) 19-26 
0 1994 Elsevier Science Publishers B.V. All rights reserved 0378-5173/94/$07.00 

19 

IJP 03339 

Surface modification of alumina particles by nonionic surfactants: 
Adsorption of steroids, barbiturates and pilocarpine 

J. Jansen ‘, C. Treiner b, C. Vaution a and F. Puisieux a 
’ Laboratoire de Pharmacie Gal&ique, URA CNRS 1218, UniuersitP Paris-sud, Centre d’Etudes Pharmaceutiques, 5 rue J.B. Clkment, 

92290 Chatenay-Malabry (France) and b Laboratoire d’Electrochimie, URA CNRS 430, Unioersite Pierre et Marie Curie, 
4 Place Jussieu, Bat. 74, 75005 Paris (France) 

(Received 5 April 1993) 

(Accepted 8 June 1993) 

Key words: Steroid; Barbiturate; Adsorption isotherm; Alumina particle; Surfactant adsorption; Triton 
x-100 

Summary 

The sorption isotherms of several drugs (progesterone, testosterone, hydrocortisone, amobarbital, barbital, butobarbital (sodium 

salt), pilocarpine hydrochloride) on C alumina particles as a function of surfactant concentration (Triton X-100) were constructed. 

It was found that the adsorption of the drugs is considerably enhanced by the nonionic surfactant above a concentration threshold 

of the order of 5 x lo-’ mol/l, although Triton X-100 itself is poorly adsorbed on the alumina particles. The maximum increase in 

drug adsorption due to the surfactant is found to occur close to the critical micelle concentration (CMC); the increase is by a factor 

of 10 for all compounds studied. Due to the poor adsorption ability of Triton X-100, the drug mole fraction at the particle surface 

is above 0.8 for all compounds except for pilocarpine. The sorption isotherms were of two types: the more hydrophobic compounds 

displayed a plateau adsorption above the CMC; for the most hydrophilic compounds and the ionic drugs, the adsorption decreased 

from its maximum at the CMC to almost zero at higher surfactant concentration. The above phenomena seem to be the 

consequence of surface particle modifications induced by the surfactant monomers rather than an adsolubilization effect. 

Introduction 

It has been shown recently that the surface 
properties of polymeric nanoparticles which have 
been modified by the adsorption of nonionic sur- 
factants may be used as drug carriers (Harmia et 
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al., 1986; Davis and Illum, 1988; Buckton et al., 
1991; Carstensen et al., 1991; Lukowski et al., 
1993). In the course of a study on similar chemi- 
cal systems, it was found interesting to investigate 
the adsorption of model drugs on a surfactant 
coated solid mineral. Materials such as alumina 
or silica dispersions are free from residual impu- 
rities, whether polymers or surfactants, the pres- 
ence of which, in unkown amounts, may compli- 
cate the analysis of the uptake of drugs in the 
case of polymerized nanoparticles (Harmia et al.., 
1986). 
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It has long been known that surfactants adsorb 
on solid minerals. Although the adsorption pro- 
cess may vary considerably according to the type 
of mineral, the charge of the surfactants, the pH 
of the solution or the presence of salts, a simpli- 
fied picture has emerged (Levi@, 1991; Cases and 
Villieras, 1992). Small aggregates (hemimicelles) 
adsorb at low surfactant concentration. As the 
concentration is increased, the aggregates grow in 
size until complete coverage is achieved at a 
surfactant concentration close to the critical mi- 
celle concentration (CMC). Above the CMC, free 
micelles are usually formed. The adsorption of 
surfactant reaches a maximum and a plateau is 
often observed. In some cases, however, adsorp- 
tion decreases above the CMC (Mukerjee and 
Anavil, 19751. It has been shown recently using 
fluorescence decay measurements in the case of a 
nonionic surfactant, Triton X-100 adsorbed on 
silica, that the size of the aggregates at concen- 
trations close to the CMC is of the same order of 
magnitude as that of regular micelles (Levi& et 
al., 1984; Levitz, 1991). Surfactants may be used 
for the solubilization of drugs and other com- 
pounds mostly above the CMC. In the presence 
of solid dispersions, adsorbed micellar aggregates 
could solubilize hydrophobic compounds. This 
phenomenon has been coined adsolubilization 
(Harwell et al., 1985). A number of recent publi- 
cations have dealt with this phenomenon. 

Most studies have been concerned with model 
compounds such as alcohols (Esumi et al., 1990; 
Lee et al., 19901, dyes (Nunn et al., 1982; Zhu et 
al., 1988) or organic pollutants (Klumpp et al., 
1992). The adsorption of pilocarpine salts on 
polymeric nanoparticles has also been studied 
using various nonionic surfactants (Harmia et al., 
1986). It was found that nonionic surfactants in 
the presence of various inorganic salts increased 
the uptake of the ionic drug by polyacrylate 
nanoparticles. 

In this preliminary report, alumina C was cho- 
sen as the substrate, with Triton X-100 (t-oc- 
tylphenol poly(o~ethylene)) with an average of 
9.5 ethylene groups as the nonionic surfactant; 
the drugs were barbiturates, either as acids or 
salts, pilocarpine hydrochloride and three steroids 
of different degrees of hydrophobicity. The aim 

of the present work was to study the adsorption 
isotherms of these drugs under precise experi- 
mental conditions. 

Materials and Methods 

Ma teriab 
Hydrocortisone, testosterone and progesterone 

were obtained from Sigma, barbital and amobar- 
bital from Expandia (France), butobarbital 
(sodium salt) from Cooperation Pharmaceutique 
Fransaise and pilocarpine hydrochloride from 
EGA-Chemie. Triton X-100 (TX- 100) (Packard) 
was used as received. Its CMC was measured 
using surface tension measurements at 25°C em- 
ploying a tensiometer (Kruss K 10 T). The CMC 
in pure water was 3.4 X 10e4 mol/l. In the pres- 
ence of 0.15 mol/l of NaCl, the CMC value 
decreased to 1.8 X 10m4 mol/l. In the presence 
of 10 Wt% of ethanol and 0.15 mol/l of NaCl, the 
CMC was equal to 2.5 x f0-4 mol/l (Fig. 11. 
Sodium chloride was from Merck. Alumina C (a 
gift from Degussa) had a specific B.E.T. area of 
100 rt 15 m2/g (as indicated by the manufacturer). 
Doubly distilled water was used in all experi- 
ments. 

Table 1 presents the chosen maximum UV 
absorption wavelengths for the drugs and for the 
surfactant. Experiments were conducted in dupli- 
cate so that the blank was constituted by silica + 
surfactant at the same surfactant con~ntration 
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Fig. 1. Surface tension as a function of surfactant concentra- 
tion at 25°C: (60) pure water; (0) 0.15 mol/l NaCl; t*) 0.15 

mol/l NaCl+ 10% ethanol. 
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as the drug + alumina + surfactant system of in- 
terest. Blue or red chemical shifts were noted in 
the presence of the surfactant for the maximum 
wavelength (A) of some of the drugs. Thus, the 
maximum value of A was taken as the reference 
for each surfactant concentration. The chemical 
shift was independent of surfactant concentra- 
tion. The spectrophotometer (Perkin-Elmer 
Lambda 5) was equipped with a thermostated 
jacket. The barbiturates were analyzed at pH 13. 

Sorption isotherms 
Several solid-to-solution ratios were investi- 

gated. It was found that the optimum experimen- 
tal conditions were obtained for a ratio of 0.1 g of 
alumina for 10 ml of solution. The solutions were 
equilibrated for 4 days in screw-top tubes which 
were placed in a thermostated bath at 3.5 + 1°C. 
The pH was adjusted to 4.5 for all systems. After 
ultracentrifugation at 30000 rpm for 30 min at 
the same equilibrium temperature it was found 
that the supernatant still contained some alumina 
particles. Thus, the solutions were filtrated using 
0.1 pm filters (Millipore). Longer centrifugation 
times did not improve the separation. The final 
pH of the solutions, as measured using a combi- 
nation glass electrode, were equal to 6.8 in all 
cases. The steroid solutions were protected from 
light during the equilibration process. 

TABLE 1 

Maximum UV wavelength of the compounds used in the pres- 
ence and absence of surfactant (pH 6.8) 

Compounds A (max) a 

(nm) 

A (max) b 

(nm) 

TX-100 276.5 _ 

Testosterone 248.9 246.8 
Hydrocortisone 247.5 246.0 

Progesterone 247.0 246.0 

Pilocarpine 210.0 212.5 
Barbital 238.0 _ 

Butobarbital 236.0 

Amobarbital 238.0 

a In the absence of surfactant. 

b In the presence of TX-100 (A is independent of surfactant 

concentration). 
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Fig. 2. Adsorption of Triton X-100 with equilibrium surfactant 

concentration at 35°C: (+I pure water; ( q I in the presence of 

10% ethanol. 

All experiments were performed at constant 
equilibrium solute concentration in the presence 
of 0.15 mol/l NaCl in order to increase the 
degree of adsorption of the surfactant on alu- 
mina. The initial solutions for the steroids were 
equal to 0.001 mol/l; 10 wt% of ethanol had 
been added for solubility reasons. For the other 
solutes, the experiments were performed in the 
aqueous salt solution at an equilibrium concen- 
tration of 0.01 mol/l. At these very low solute 
concentrations, it is generally agreed upon that 
the adsorption of surfactant is not modified by 
solute addition (Zhu et al., 1988). Note finally 
that the effect of temperature on the CMC of 
surfactants around room temperature is small 
enough that the results at 25°C may safely be 
applied to the sorption experiments which were 
performed at 35°C. 

Results and Discussion 

Triton X-100 isotherm 
Fig. 2 presents the variation of nonionic sur- 

factant adsorbed vs equilibrium concentration in 
the presence and absence of 10 wt% ethanol on a 
log/log scale. A classical isotherm is obtained 
with the plateau value starting at an equilibrium 
concentration close to the CMC. In the presence 
of ethanol, adsorption of the surfactant is slightly 
decreased below the CMC, but the plateau value 
was found to remain unchanged by the presence 
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of ethanol. It is noteworthy that in the case of a 
cationic surfactant, dodecyltrimethylammonium 
bromide adsorbed on a polystyrene latex (Connor 
and Ottewill, 19711, not only that portion of the 
curve below the CMC but also the whole curve 
was shifted towards lower equilibrium concentra- 
tions upon addition of the same quantity of 
ethanol. The main feature of the TX-100 isotherm 
is the very poor adsorption of surfactant even in 
the presence of added NaCl. The adsorption den- 
sity can be calculated from the relationship: 

r = ACV/ma (1) 

with 

A = l/NT (2) 

where AC is the concentration of adsorbed mate- 
rial (in mol/l), V denotes the volume of liquid (in 
0, m is the amount of solid (in g>, a represents 
the surface (m2) per g of alumina, N is Avo- 
gadro’s number and A the surface area occupied 
per monomer. In the present cast, one finds, at 
the plateau value: A,,, = 1050 A2. The Gibbs 
equation was applied to the surface tension mea- 
surements on the TX-100 solutions, which en- 
abled the calculation of the surfactant surface 
area at the liquid/vapor interface. The value 
obtained is: A,,, = 53 A2. Incidentally, this figure 
hardly varies with the addition of the 10% of 
ethanol or the 0.15 mol/l of salt (see the parallel 
slopes of Fig. 1 just below the CMC). Thus, it is 
clear that at the adsorption plateau, the alumina 
particles are far from complete coverage, the 
latter situation being the most common one ob- 
served (Levitz et al., 1984). 

Adsorption of the drugs 
Barbiturates The drugs chosen represent a 

variety of chemical compounds. Butobarbital and 
pilocarpine are respectively negatively and posi- 
tively charged ions. Amobarbital and barbital dif- 
fer in their hydrophobicity as do the three 
steroids. Figs 3-6 present the results obtained. 
The ordinate is defined by: 

A = ( C.& - C,“,J/(Ct - CX 
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Fig. 3. Adsorption of barbiturates as a function of surfactant 

concentration: (H) amobarbital; (0) barbital; (A) butobar- 

bital. 

where C& and C& are the concentrations in 
mol/l of drug adsorbed in the presence and in 
absence of surfactant, respectively, and C, the 
total drug concentration. Eqn 3 therefore de- 
scribes the increase in drug adsorption (relative 
to the initial drug concentration) due to the ad- 
sorbed surfactant. 

Fig. 3 presents the results for the three barbi- 
turates where A is expressed in mol%. In all 
cases, the extent of drug adsorption on alumina 
particles is very small at low surfactant concentra- 
tion until an adsorption threshold is observed at 
an average surfactant concentration of C,, = 5 X 

10e5 mol/l (Table 21, i.e., below the CMC. After 
an increase in adsorption a plateau value is 
reached for the two barbituric acids, just below 
the CMC, while for butobarbital, maximum ad- 
sorption is observed exactly at the CMC, followed 
by a rapid decrease at higher surfactant concen- 
tration. 

The striking features of these results is the 
considerable amount of drug adsorbed relative to 
the small quantity of TX-100 on the particle 
surface as noted above. One may quantify this 
result by calculating the maximum mole fraction 
of adsorbed drug x,,, at the particle interface 
(Table 2). Even if the amount of drug adsorbed in 
the absence of surfactant is subtracted from the 
total amount, the mole fraction of drug would be 
still above x = 0.8 in most cases. The maximum 
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TABLE 2 

Some characteristics for the adsorption of various drugs onto 
alumina surfaces in the presence of Triton X-100 at 35°C 
(plateau value: C, = 0.00016 mol/l) 

Solute X,,X C,.JdY a C,o,s b G ’ C,, * ‘I 

(AZ’, 

Testosterone 0.79 0.0005 0.00025 2~10-~ 0.001 330 

Progesterone 0.85 0.0008 0.000009 2x10v6 0.001 210 

Hydrocortisone 0.84 0.0008 0 6~10-~ 0.001 210 

Barbital 0.95 0.0020 0.00015 5x lo-’ 0.010 85 

Butobarbital 0.95 0.0030 0.00027 5x 1O-5 0.010 55 

Amobarbital 0.97 0.0064 0.00046 4x lo-’ 0.010 25 

Pilocarpine 0.15 0.00029 0.000028 7~10~~ 0.010 570 

a Maximum drug adsorption in mol/l in the presence of 

surfactant under the present experimental conditions. 

h Drug adsorption on alumina in 0.15 mol/l NaCl aqueous 

solutions, in the absence of surfactant. 

’ Surfactant concentration threshold for drug adsorption. 

’ Surface area per molecule according to Eqns 1 and 2 at 

maximum drug adsorption. 

drug uptake is about 60% of the total amobarbi- 
ta1 concentration. It is lower for the less hy- 
drophobic barbital, as expected. The extremely 
rapid increase in adsorption of amobarbital above 
Cth is surprising as it resembles that described for 
a cooperative process of lateral interactions be- 
tween adsorbed molecules such as in the case of 
surfactants. The very steep slope is not tractable 
in terms of idealized models such as Langmuir or 
Freudlich isotherms. However, as noted in Table 
2, the maximum adsorption increase due to the 
surfactant is almost identical for the three barbi- 
turates, by a factor of 10. 

An estimate of the surface area occupied by 
the barbiturates may be performed in order to 
test the validity of the present results on physical 
grounds. Applying Eqns 1 and 2 to the maximum 
uptake of the drugs leads to the results in the last 
column of Table 2. Although the A value for 
amobarbital is somewhat low, the surfaces ob- 
tained are reasonable assuming that the molecules 
sit essentially perpendicular to the particle sur- 
face as do surfactants at the vapor/liquid inter- 
face. These results imply furthermore complete 
coverage of the alumina surface. 

The curious behavior of butobarbital deserves 
some specific comments. As the drug is com- 

pletely ionized, one would not expect a high 
degree of adsorption in the nonionic admicelles. 
Micellar solubilization of salicylic acid in non- 
ionic micelles as a function of pH shows that the 
drug solubility in its ionized form hardly increases 
with surfactant concentration (Collett and With- 
ington, 1971). However, the alumina surface at 
pH 6.8 is positively charged. Thus, attraction of 
the negative barbiturate ions could occur through 
coulombic forces. This question will be addressed 
further below. 

It is interesting to note that pilocarpine being 
positively charged is poorly adsorbed on alumina 
particles at the pH of operation (Fig. 4). Also, the 
very large value obtained for the surface area of 
this ion is in agreement with this result. This 
observation supports the hypothesis that coulom- 
bit forces dominate the surface adsorption of the 
ionic drugs. The reverse situation has been de- 
scribed (Harma et al., 1986) for this same drug 
which is adsorbed on polyacrylic nanoparticles. 
Here, it was assumed that the presence of an 
excess of sulfate ions induced a negative charge 
on the particles, and hence an increase in pilo- 
carpine adsorption below the CMC of nonionic 
surfactants. However, it must be stressed that 
neither butobarbital with alumina, nor pilo- 
carpine with polyacrylic nanoparticles is adsorbed 
above the nonionic surfactants’ CMC. This is an 
interesting observation as the nonionic surfac- 
tants are of very different structures: t-oc- 
tylphenol ethoxylate for the former drug, Tween, 

CMC 

o”OO 0 

0 / I / / 

-6 -5 log cs -4 -3 

Fig. 4. Adsorption of pilocarpine hydrochloride as a function 

of surfactant concentration. 
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Brij, Myrj, Pluronic for the latter. Moreover, in 
the case of the nanoparticles, surfactants are used 
in the preparation process which could alter some 
of the particles’ surface properties. This compli- 
cation evidently does not occur with alumina. 
Thus, a common cause should be found for the 
non-adsorption of the ionic drugs above the CMC. 

Steroids The situation appears even more 
complex with the three steroids. Their hydropho- 
bicity, as measured by the log P value on the 
octanol/ water scale, where P is the drug parti- 
tion coefficient between the two phases, is equal 
to 1.55, 3.29 and 3.87, respectively, for hydrocorti- 
sone, testosterone and progesterone (Yalkowsky 
et al., 19801. Progesterone and testosterone dis- 
play a similar pattern with a plateau value at- 

tained somewhat below the CMC as noted before 
with the barbiturates (Fig. 51. Note, however, the 
continuous increase in adsorption for proges- 
terone from the very dilute surfactant concentra- 
tions upwards. The adsorption of this steroid is 
increased by a factor of 100, due to the presence 
of TX-100. Moreover, as with the case of the 
barbiturates, the striking feature of these results 
is the tremendous increase in adsorption at such 
low surfactant coverage. Note that the presence 
of ethanol in the experiments with the steroids 
does not change the order of magnitude of the 
observed effects: up to 90% of the 0.001 mol/l of 
steroid is adsorbed for progesterone and the cor- 
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Fig. 5. Adsorption of steroids as a function of surfactant 
concentration in 10% ethanol solutions: (A ) progesterone; 

(0) testosterone. 

Fig. 6. Adsorption of hydrocortisone as a function of surfac- 
tant concentration in 10% ethanol solutions. 

responding mole fraction of the steroid with re- 
spect to surfactant is above 0.95. The case of 
hydrocortisone appears somewhat different (Fig. 
6). The maximum adsorption increase is almost 
the same as that of progesterone and very high 
indeed as almost all of the drug is then adsorbed. 
However, above the CMC of TX-100, a rapid 
decrease in adsorption occurs. This behavior 
seems similar to that noted for butobarbital, 
sodium salt. It is by far the most water soluble of 
the three steroids. 

The above phenomena are intriguing, not so 
much because of the order of magnitude of the 
increased adsorption (large increases in adsolubi- 
lization have been noted before, for example, 
with alkanols on alumina in the presence of 
sodium dodecyl sulfate (Lee et al., 1990)), but 
because of the very small amount of adsorbed 
nonionic surfactant. It may be pointed out that in 
the case of alcohols, hydrogen bonding between 
the protic molecules may favor the adsorption 
process. Such a possibility must be rejected with 
the molecules studied here. 

It may be noted, however, that in contrast to 
the case of the alkanols, the adsorption of several 
of the drugs on alumina in the absence of surfac- 
tant is not negligible (see Table 2). Thus, it ap- 
pears that the small number of adsorbed surfac- 
tant molecules per particle is enough to modify 
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the surface so that it becomes even more favor- 
able to drug adsorption. 

An estimation of the surface area occupied by 
the various steroids was carried out using Eqns 1 
and 2 and the data of Table 2. The results should 
evidently be considered as approximate values. 
Using a standard method of calculation of surface 
areas (Bondi, 1964) one finds for testosterone, 
progesterone and hydrocortisone, respectively, the 
following values: 163, 180 and 191 A*. Compari- 
son of experimental and calculated values shows 
that the results are reasonable and compatible 
with a model of complete coverage of the alu- 
mina particles by the steroids (except for testos- 
terone which is clearly less adsorbed than the 
other two compounds), the molecules lying flat 
on the solid surface. 

Whether this situation can still be described by 
the so-called adsolubilization phenomenon is not 
certain. As noted before, TX-100 is poorly ad- 
sorbed on alumina. Even if hemimicelles are 
formed, they should be of a small size; a model of 
adsolubilization in the case of such large 
molecules as the steroids needs either large or 
continuous surfactant structures. Neither seems 
to be possible in the present situation. Thus, it 
appears that the adsorption of the drugs is more 
closely related to the change in the properties of 
the alumina surface induced by the surfactants 
than to a solubilization phenomenon, the occur- 
rence of which implies the participation of a large 
number of molecules or ions forming a pseudo- 
phase. 

Finally, one may speculate as to why the ionic 
drugs need some surfactant molecules to be ad- 
sorbed at the particle surface if coulombic forces 
are playing the dominant role. The following 
mechanism may be put forward involving three 
interrelated phenomena: (a> The experiments are 
performed in the presence of a relatively high 
concentration of NaCI. In the absence of surfac- 
tant, the excess of chloride ions concentrate in 
the particle electrical double-layer, preventing the 
negatively charged barbiturate ion from ap- 
proaching the mineral surface. (b) As the surfac- 
tant concentration threshold is reached, small 
micelles are formed on the mineral surface (Cases 
and Villieras, 1992), displacing some chloride ions 

and allowing the drug ion to approach the parti- 
cle surface. (c) As a result of the favorable 
coulombic interaction between barbiturate ions 
and alumina particles, desorption of surfactant 
monomers occurs. As the CMC is then reached, 
surfactant monomers may participate in the for- 
mation of regular free micelles; chloride ions 
adsorb again on the particles, hence the decrease 
in adsorption of this barbiturate. The same rea- 
soning with the reversed electric charges should 
apply for pilocarpine hydrochloride which ad- 
sorbs in the presence of surfactants on polyacry- 
late nanoparticles only below the CMC of a vari- 
ety of nonionic surfactants (Harmia et al., 1986). 
In the case of alumina, repulsive coulombic forces 
prevent any adsorption of the positively charged 
pilocarpine ion. 

In conclusion, drug molecules may be ad- 
sorbed to a large extent on alumina surfaces at a 
pH of 6.8 with added salt, in the presence of very 
small quantities of the nonionic surfactant TX- 
100. The various types of isotherms observed 
suggest different adsorption mechanism for the 
various drugs studied. For the barbituric acids 
and the steroids alike (except for the most hy- 
drophilic, hydrocortisone), the more hydrophobic 
the molecule the greater the adsorption. Up to 
90% of progesterone present can thus be ad- 
sorbed. For both types of drugs, the adsorption 
starts above a surfactant concentration threshold, 
and a plateau value is reached somewhat below 
the CMC and is maintained above this surfactant 
concentration. For more ionic drugs, coulombic 
forces play a dominant role as expected; as a 
consequence, at the pH of the experiments, buto- 
barbital is adsorbed at the CMC, while hydro- 
chloride pilocarpine is not adsorbed to a great 
extent. For most compounds studied, the mini- 
mum surface area occupied per molecule is com- 
patible with close to complete coverage of the 
alumina particles. 
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