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A B S T R A C T

Micelles of self-assembling polymeric surfactant molecules are promising nanoscopic carriers for lipophilic and
toxic drugs, genes, and imaging molecules. Though it is a must for successful transport, ensuring micelle integrity
is a challenge during intravenous injection where micelles must endure abrupt dilutional effects and encounters
with native molecules. Therefore, direct observational evidence of how micelles behave during dilution is va-
luable in manipulating the designs of these carriers for a succesful drug delivery.

Morphology and stability of the barren and a drug-loaded (lipophilic probucol) micelles of a polymeric
surfactant (Pluronic® P123) were monitored during systematic re-dilution in distilled water and simulated body
fluid in the presence of a model protein (bovine serum albumin). It was observed through surface tension,
dynamic light scattering, laser velocimetry, transmission scanning and transmission electron microscopy, and
atomic force microscopy analyses that the micelles disintegrated to various degrees in all cases upon dilution.
The results indicate that dilution effects must be taken into account in designing micellar drug carriers. The
assistance of some other means of protection such as encapsulation should be considered for ensuring micelle
integrity within the bloodstream.

1. Introduction

Therapeutic compounds with low water solubility require delivery

agents for efficient inclusion and transport in aqueous body fluids.
Amphiphilic block copolymers which contain chemically tethered hy-
drophilic and hydrophobic segments have been used extensively for this
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purpose. In aqueous solutions, these polymers associate into nano-sized
core/shell structures called micelles above a critical concentration (the
Critical Micelle Concentration or CMC). The hydrophobic core section
of a micelle serves as a container for the lipophilic drug molecules
whereas the hydrophilic shell (corona) provides water solubility.
Among the wide spectrum of block copolymers, Pluronic® series of
surfactants are preferred since they exhibit excellent biodegradability,
relatively small critical micelle concentrations, and better drug loading
properties.

Theoretically, once stabilized inside the micellar cores, the prob-
ability of the drug molecules avoiding premature degradation and in-
gestion before reaching the target tissues is expected to increase.
However, it has been routinely observed that the efficiency of the mi-
celles as drug-carriers is lower than desired [1–8]. The low efficiency
has been attributed to various factors such as the micelle structure, drug
type, and degree of interaction between the drug molecules and the
micelles. Another obvious reason is the interaction of the micelles with
the native blood plasma components.

If present, such interactions may alter the conformation, size, and
surface properties of the carrier and negatively influence both the drug
holding capacity and activity at the target site. The most potent binding
partners in the blood are albumin, immunoglobulins, fibrinogen, apo-
lipoproteins, and complement cascade proteins [1,9–11]. Serum al-
bumin is a particularly important example with its ability to bind easily
to other compounds and a very high plasma concentration between
30–50 grams per liter [12]. Kabanov et al. [13] state that direct char-
acterization of the micelle stability in vivo is next to impossible due to
difficulties in discriminating micelles from the native species of the
blood plasma such as cells, proteins, and other macromolecules.
Therefore, the bulk of the data on polymeric surfactant molecules and
the stability of their micelles are limited to in vitro studies, a majority of
which is carried out in distilled water and focusing on either protein-
protein [14–21] or protein-simple surfactant interactions [21–31].
Comprehensive reviews by Owen et al. [30], Shi et al. [31], and Zhou
et al. [32] addressing these issues and suggesting strategies for sus-
tained drug delivery are present in the literature.

Another potential reason for the low efficiency of the micellar car-
riers is the unavoidable dilution the micelles encounter when in-
troduced into the blood stream. Kobanov et al. [13] suggest that dilu-
tion-related disintegration of the drug-bearing micelles may be
responsible for diminishing the amount of drug which can be success-
fully transferred by the carrier. Nevertheless, the risk of disintegration
has been played down in the literature, presuming that the rate of
micellar dissociation will be slow enough to allow sufficient transfer.

This study aims at a systematic characterization of the stability of
barren or a lipophilic drug-loaded (probucol) tri-block copolymer

micelles (Pluronic P123) under dilution conditions of varying severity
in distilled water and simulated body fluids. The effect of the presence
of a model binding agent (bovine serum albumin-BSA) was also com-
paratively examined. The micelle morphology and stability was de-
termined directly by examining the size, morphology and physico-
chemical structure of the micelles through surface tension, dynamic
light scattering, laser velocimetry, transmission scanning and trans-
mission electron microscopy, and atomic force microscopy measure-
ments. The data presented here provide a quantitative description of
the effect of dilution on the stability of micellar structures for drug
delivery applications.

2. Materials and methods

2.1. Materials

A Pluronic series tri-block copolymeric surfactant (P123) was em-
ployed to form the micelles. Besides the relatively high micellar stabi-
lity within the Pluronic group of surfactants, P123 is an attractive
choice as a drug carrier due to its longer hydrophobic blocks, which
provide a more receptive environment for the drug molecules, its
commercial availability and biocompatibility [33,34]. The micelles
were initially formed in distilled water or simulated body fluids to have
micellar stock solutions at a surfactant concentration of 10−3 M P123
(see Section 2.3 below).

A strongly hydrophobic phenol (probucol) was the model drug.
Probucol is an anti-hyperlipidemic drug that functions by lowering the
cholesterol level in the blood by inhibiting cholesterol synthesis and
delaying cholesterol absorption. It is freely soluble in chloroform,
benzene, ether, acetone, ethanol, methanol and acetonitrile, but com-
pletely insoluble in water. Concentration of probucol was kept constant
at 2.0 × 10−4 M (in the micellar stock solution) when present.

Albumin from bovine serum (BSA) was used as the model protein.
This large globular protein which consists of a single polypeptide chain
is negatively charged in water and readily soluble. Its concentration
was varied in the tests by ten-fold between 10−2 M and 10−5 M (in the
micellar stock solution). Acetonitrile was employed as an environment
for co-solving the drug with the block copolymer prior to micelle for-
mation. All the chemicals were supplied by Sigma Aldrich chemical
company and their basic properties are presented in Table 1.

Ultra-pure water of 18.2 MΏ. cm−1 (DW) at the physiological pH of
7.4 was used throughout the study. The simulated body fluid (SBF) is an
electrolyte solution with an ionic strength similar to that of the human
blood plasma. It was buffered at pH 7.4 with 50 mM tris-hydroxy me-
thylaminomethane (Tris or THAM, (HOCH2)3CNH2) and 45 mM hy-
drochloric acid at 37 °C [35]. The composition of the body fluid

Table 1
A summary of the chemicals employed in the study.

Name/Formula Chemical Structure MW g/mole

Tri-block copolymer
(P123)
HO(EO)20(PO)70(EO)20H

5800

Probucol
C31H48O2S2

516.8

Acetonitrile
CH3CN

41.1

Bovine serum albumin (BSA) Single polypeptide chain consisting of 583 amino acid residues 66,463
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prepared for this study is presented in Table 2.
The carbon grids for the STEM and TEM characterization work were

provided by Micro to Nano Innovative Microscopy Supplies from the
Netherlands. The mica surfaces used in the AFM scans were provided by
WiTec in Germany. They were atomically smooth with an Ra value of
1.26 nm as determined with the AFM analysis.

2.2. Characterization studies

The morphology, size and surface charge of the micelles were
characterized both in distilled water and in simulated body fluids using
various characterization methods (Table 3). The tests were repeated
with barren and drug-loaded micelles in the absence and presence of
BSA. The solution preparations and the subsequent measurements were
carried out at a solution temperature of 20 °C.

2.3. Preparation and characterization of barren micelles

The micellar solutions were prepared in distilled water and simu-
lated body fluids by adjusting the surfactant concentration to 10−3 M.
This concentration, which is about a ten times the CMC for this sur-
factant, is high enough to ensure well-developed spherical micelles and
low enough to prevent cylindrical structures. The CMC was verified by
surface tension measurements.

The DLS measurement provided in-situ size distributions of the
micelles. The micelles were immobilized on carbon grids for STEM and
TEM, and on atomically smooth hydrophobic mica surfaces for AFM
scans by immersing these surfaces in the micelle solutions for 15 s. The
micelle-bearing surfaces were dried and kept under vacuum before the
measurements. The STEM, TEM and AFM analyses provided direct in-
formation on the size and shape of the micelles.

2.4. Preparation and characterization of pregnant micelles

The loading of the lipophilic drug (probucol) into the P123 micelles
was achieved by thin-film hydration procedure. Due to its amphoteric
nature which allows it to react both as a base and as an acid, P123 was
co-dissolved with the lipophilic drug in copious amounts of acetonitrile.
Subsequent evaporation of the solvent generated an organic film of the
polymer-drug composite. The composite was then hydrated in either
DW or SBF to form the micelles. During hydration, the lipophilic drug
molecules are energetically forced into the hydrophobic cores of the

micelles, which in turn dissolve in the aqueous phase. The final solution
concentrations of the surfactant and the drug were 10−3 M and 2 ×
10−4 M, respectively. These solutions were used as stock solutions for
the subsequent dilution tests.

3. Results and discussion

3.1. Characterization of P123 micelles in DW and SBF solutions

3.1.1. Surface tension measurements
The data in the literature suggest that the monomers of the Pluronic

series of surfactants are compact, possibly with the PEO chains forming
a relatively tight shell around the non-hydrated PPO core. Brown et al.
[36] determined the hydrodynamic radii of the Pluronic P85 (PEO26-
PPO40-PEO26) monomers as 1.8 nm at ambient temperature. Their
value was similar to that (2.3 nm) observed by Zhou and Chu [37] for
Pluronic P188 (PEO80-PPO25-PEO80). These measurements agree rela-
tively well with the theoretically determined gyration (1.7 nm) and
hard-sphere (1.15 nm) radii for these class of surfactants [38,39].

The monomers of the Pluronic series of surfactants start aggregating
at concentrations as low as 10−5 M by creating dimers, trimers, etc.
until they reach a concentration around 10−3 M where they form
compact, fully developed spherical micelles. This behavior is schema-
tically pictured as a representative surface tension profile in the inset
curve in Fig. 1 which consists of three distinct regions [40]. In Region 1,
the surfactant molecules are in monomeric form and strongly adsorb at
the air-water interface, surface tension decreasing linearly with con-
centration. In Region 2, the molecules start to aggregate and their
packing density at the interface is changed, causing a variation in the
slope of the surface tension curve. Once a critical concentration (CMC)
is reached, the surfactant form fully developed aggregates (micelles).
Any further concentration increase only causes the formation of new
micelles while the relative activitiy of the monomers in the solution and
at the interface remains constant. Hence, the surface tension becomes
independent of surfactant concentration in Region 3. The formation of
polymolecular aggregates in the PEO-PPO-PEO block copolymers so-
lutions have been independently demonstrated through surface tension
40., light scattering and fluorescence spectroscopy experiments
[38,41]. Brown et al. [36] reported that dynamic light scattering
measurements showed the coexistence of the monomers, micellar ag-
gregates, and micelles in relative proportions which depend critically
on temperature and concentration. Similarly, Zhou and Chu [37] with
Pluronic P68 and Polat et al. [40] with Pluronic L64, P104, and L44
observed unimer, transitions and micelle regions in their solutions.

In this study, the P123 surface tension profiles were re-created using
a surface tensiometer to accurately determine the CMC concentrations
in the DW and SBF solutions. The results are presented in Fig. 1. The
small figure in the box display the general trend discussed in the pre-
vious paragraph for illustration purposes. It can be observed that the
P123 molecules are in the monomeric form at a surfactant concentra-
tion below 10−6 M. The polymeric aggregates begin to develop after
this concentration and the micelle formation seems to be achieved at a
surfactant concentration of 1.2 × 10−4 M.

Though the CMC and the final surface tension values above the CMC
are nearly the same for both the DW and SBF solutions (1.5 × 10−4 M

Table 2
Composition of the body fluid prepared.

Reagent (added in the order listed) Amount in 1 Liter

NaCl 7.996 gm
NaHCO3 0.350 gm
KCl 0.224 gm
K2HPO4.3H20 0.228 gm
MgCl2.6H2O 0.305 gm
HCl (1 M) 40 ml
CaCl2 0.278 gm
Na2SO4 0.071 gm
Tris 6.057 gm

Table 3
Methods employed in the study in micelle characterization.

Analysis Method Device

Surface Tension Dü Noüy Ring Krüss Tensiometer K10ST
Size Dynamic Light Scattering DLS Malvern Zetasizer Nano ZS
Charge Laser Doppler Velocimetry DLS-LDV Malvern Zetasizer Nano ZS
Morphology Scanning Transmission Electron Microscopy STEM Quanta 250 SEM

Transmission Electron Microscopy TEM FEI Tecnai G2 Spirit Bio Twin
Atomic Force Microscopy AFM Bruker Nanoscope8
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and 36 mN/m, respectively), the conformation of the surfactant mole-
cules seem to be different. The average parking areas of the P123
molecules on the air-DW and air-SBF interfaces estimated from the
figure using the Gibbs adsorption equation are 0.60 and 0.51 nm2, re-
spectively. It seems that the higher ionic strength of the SBF causes a
more compact monomer structure most probably through the depres-
sion of the localized electric charges on the surfactant molecules by the
stronger ionic environment. The charge suppression also seems to
promote early aggregation and lowers the transition concentration be-
tween monomers and molecular aggregates. These findings are in
agreement with the reported micellar behavior observed in other
polyelectrolyte solutions [42].

The surface tension result summarized in Fig. 1 were the basis for
selecting the optimum P123 concentration of 10−3 M to generate the
micelles for the subsequent dilution tests. The concentration selected is
high enough to ensure the formation of tight, spherical micelles
whereas it is low enough that the transition to the cylindrical micelle
form, which is known to take place after 10−2 M [43] is not allowed.

The surface tension tests in the DW and SBF solutions were repeated
in the presence of 10−4 M BSA with no observable differences com-
pared to the surface tension profiles presented in Fig. 1. It is known that
the BSA adsorbs at the air-water interface rather weakly with an
equilibrium surface tension of about 50 mN/m [44,45]. This suggests
that the surfactant molecules which are much more readily adsorbed at
the interface blanket any effects due to the larger, less surface active
protein molecules.

3.1.2. Size and surface charge measurements
The literature data states that the radii of the micelles of the

Pluronic series polymeric surfactants varies between 10–20 nm de-
pending on the relative length of the PEO and PPO chains and on the
measurement method. Raval et al. [34] and Cihan et al. [57] reported
that the apparent average radii of the P123 micelles were around 10 nm
[34,57]. According to Brown et al. [36], the hydrodynamic radii of the
micelles of the P85 with smaller hydrophobic sections were 9.3 nm at
ambient temperature. Zhou and Chu [37] observed similar values for
P188 with still smaller hydrophobic segments (PEO80-PPO25-PEO80) as
8.0 nm.

Fig. 2-a presents the size distributions of the P123 micelles in 10−3

M DW and SBF solutions obtained by the DLS measurements. Interest-
ingly, there is not a significant change in the size distributions for both
cases. The mean spherical diameters of the micelles were found to be
18.3 nm for both cases and are quite similar to those observed by Ashraf
et al. [46]. These authors observed by DLS that the hydrodynamic
diameter of P123 was 14.3 nm at 25 °C in water at a P123 concentration

of 4.2 × 10−2 M. These diameters are lower than that observed by
Raval et al. 34. who recently reported a DLS mean size of 21.7 nm for
the micelles at a P123 concentration of 1.7 × 10−3 M at 25 °C. Though
the mean sizes reported by these two groups place our measurements in
the middle, it should be kept in mind that the actual sizes of the mi-
celles must show a distribution around these means as demonstrated by
Fig. 2-a.

Our direct visual observations of the 10−3 M P123 micelles in DW
and SBF using STEM and AFM are presented in Fig. 3. The figure clearly
illustrates the spherical shapes of the micelles. A closer inspection of the
STEM figure on the right gives a size range between 20–50 nm, sup-
porting the DLS distribution presented in Fig. 2-a.

Zeta potential measurements of the P123 micelles measured in DW
and SBF at 10−3 M are presented in Fig. 2-b. The figure shows that the
charge distribution of the micelle population is wider in the case of DW
(ranging from -35 to +45 mV) with the mean zeta potential is at
around 0 mV, indicating the average non-ionic nature of the copolymer.
The charge distribution becomes narrower in the SBF solution (between
-25 and +20 mV) with the mean zeta potential is at -10 mV. The sig-
nificant shift to the negative side is most probably due to the suppres-
sion of highly charged sites on the micelles by the ionic species present
in the SBF electrolyte. Similar behavior was observed by Farace et al.
[47] with Pluronic F68 where the addition of a double-valenced CaCl2
caused coagulation of the micelles due to the suppression of the original
negative charge on the molecules [47]. The addition of NaCl was not
able to bring any stabilization, however. It seems that the suppression
of the charges in SBF solution from -35/+45 mV range to -25/+20 mV
range is not sufficient to lead to significant aggregation among the
micelles as observed by the size distribution data presented in Fig. 2-a.

3.2. Characterization of BSA in DW and SBF solutions

With 42 g/L, serum albumins are the most abundant proteins in the
blood plasma, accounting for about 60 % of the total protein con-
centration. Albumins display an affinity for binding to a variety of li-
pophilic ligands such as fatty acids, lysolecithin, bilirubin, warfarin,
tryptophan, steroids, anesthetics and several dyes [48]. Hence, they
play an important role in the transport and deposition of a variety of
endogenous and exogenous substances in the blood [49,50]. The al-
bumins are also known to strongly interact with surfactants so much so
that some ionic surfactants have been employed through different
spectroscopic techniques to elucidate details of the protein structure
and binding mechanism [48,51]. Therefore, their interactions with
drug-carrying micelles and the possible effects on the micellar stability
should be taken very seriously.

In this work, the BSA was employed to investigate its effect on the
stability of the P123 micelles. The bovine serum albumin (BSA), which
is a globular protein with the approximate shape of a prolate spheroid
of dimensions 4 × 4 × 14 nm, corresponding to an equivalent volume
diameter of 6.1 nm 44., displays biological homology to the human
serum albumin (HSA). It is widely employed as an HSA replacement in
many biochemical and pharmacological applications because of its low
cost and ready availability [52,53].

The DLS size distributions of the 10−4 M BSA in DW and SBF so-
lutions are presented in Fig. 4-a. The mean size of the BSA molecules
was measured to be 5.2 nm in DW and 7.3 nm in SBF, which is in close
agreement with the literature reported values [43,44,54]. Changing the
protein concentration to 10−2 M and 10−5 M did not have a significant
influence on the size distribution and not reported here in graphical
form.

With an isoelectric point (IEP) around pH 4.5–5.0, BSA is dom-
inantly negatively charged in neutral pH [55,56]. The zeta potential
distribution of BSA in DW obtained with DLS-LDV at the physiological
pH of 7.4 is presented in Fig. 4-b. The figure shows that the BSA mo-
lecules are charged negatively at this pH in distilled water as expected
and have a mean negative zeta potential of about −25 mV. Charging of

Fig. 1. Surface tension results of P123 in distilled water and SBF.
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BSA in the SBF solution is also presented in Fig. 4-b and presents quite
different behavior with the mean zeta potential shifting towards zero.
The observed suppression of the local negative charges on the BSA
molecules in SBF most probably is the reason for the mild aggregation
observed in the size distributions presented in Fig. 4-a.

The size and morphology of the BSA molecules in SBF were ex-
amined using AFM and STEM scanning for further analysis. The re-
presentative pictures are presented in Fig. 5. Aggregated BSA molecules
are clearly visible in the inset of the STEM picture, confirming directly
the results of the size and charge measurements presented in Fig. 4.

3.3. Micelle stability upon dilution in DW and SBF

DLS measurements were carried out to determine the influence of
systematic re-dilution of the DW and SBF micellar solutions to lower
concentrations on the micelle stability. The concentration range of the
10−3 M P123 stock solutions after dilution was between 10−3 M (no
dilution, i.e. the stock solution itself) and 10−7 M (the highest dilution).

The tests were carried out in the absence and presence of inter-micellar
(i.e. the BSA in the dilution solution) and intra-micellar (i.e. probucol
within the micelle structure) species separately or together. The results
are presented in Figs. 6 and 7, collectively.

3.3.1. In the absence of BSA (no probucol)
The results of diluting the 10−3 M P123 DW and SBF micellar so-

lutions to lower concentrations in the absence of any inter-micellar
(BSA) and intra-micellar (probucol) species are presented in Fig. 6-a
and -b, respectively.

In the case of DW, the size distribution observed at 10−3 M P123
solution gradually shifts to finer sizes (Fig. 6-a). The shift which is slow
and relatively small initially upon dilution to 10−4 M and 10−5 M
quickly becomes very fine when the solution diluted to 10−6 M and
10−7 M. The behavior is quite different when the same dilution pro-
cedure is applied to the SBF micellar solution (Fig. 6-b). Though the
micelle size in SBF is similar to that of DW at 10−3 M (see also Fig. 2),
dilution to 10−4 and 10−5 M causes a growth in the apparent size of the

Fig. 2. The size (a) and zeta potential (b) distributions of the 10−3 M P123 micelles in DW and SBF solutions. (The mean size in the figures coresspond to 16.3 nm in
both cases).

Fig. 3. The appearance of the 10−3 M P123 micelles in DW using AFM (left) and in SBF using STEM (Right).

Fig. 4. The size (a) and the zeta potential (b) distributions of the 10−4 M BSA in DW and SBF solutions.
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micelles in the SBF solutions. The growth in size in these dilutions may
be indicative of extensive swelling as reported by Alexandridis and
Hatton [38] that dynamic light scattering detects the micelle hydro-
dynamic radius which includes the water hydrating the EO segments.
The lowered local charges observed in the case of SBF (see Fig. 2) may
be the cause of a loose aggregation which leads to the swollen micelles
with mean sizes reaching upto 60 nm. Further ten-fold dilution to 10−6

M causes a precipitous drop in the micelle size, a clear indication of the
disintegration of these swollen structures. Another ten-fold decrease in
concentration brings the mean size (diameter) down to 4 nm. This
observed radius of 2 nm is nearly the same as the molecular radii re-
ported by Raval et al. [34], Brown et al. [36], Zhou and Chu [37] and
Mortensen et al. [39]. The dilution test results show clearly that the
compact micelles observed above the CMC will break up to primary
constitutive molecules when dilution reaches below the onset con-
centration for forming the molecular aggregates (dimers, trimers, etc).
The results further demonstrate that the compact micelles swell sig-
nificantly before unfolding and eventually disintegrating into in-
dividual molecules in the case of the simulated body fluids.

3.3.2. In the presence of 10−4 M BSA (no probucol)
The dilution of the 10−3 M P123 DW and SBF micellar solutions

tests were repeated in the presence of 10−4 M BSA to observe the sole
effect of inter-micellar protein molecules on micellar stability. This
concentration of the protein was selected since it is close to the body
concentration which ranges between 4.5 × 10−4 and 7.5 × 10−5 M
[12]. The results are presented in Fig. 7-a and -b for DW and SBF so-
lutions, respectively. Though the size distributions of the full-grown
micelles at 10−3 M stock solution of P123 are very similar to those
observed for the no BSA case (see Fig. 6-a and -b) for both the DW and
SBF solutions, the results show significantly different behavior in the
presence of BSA compared to the dilution tests carried out in the ab-
sence of BSA. In the case of DW solutions, the micelles disintegrate to
primary molecules more quickly starting at 10−5 M and further dilution
does not cause any more effect. It seems that both the surfactant mo-
lecules and BSA retain their individuality. In the case of SBF, however,
dilution starts its effect at 10−4 M and the mean size decreases to
around 7 nm and remains nearly constant with further dilution. This
size is similar to the mean size of the BSA aggregates observed in SBF
solutions (see also Fig. 4). The absence of a peak at around 4 nm (size of
a single P123 molecule) suggests that the unfolded P123 molecules are
in contact with the larger protein molecules most probably due to the
charging state of both molecules favoring closer approach (see Figs. 2
and 4).

Fig. 5. The appearance of the 10−4 M BSA molecules observed using AFM and STEM.

Fig. 6. The size distributions of the barren and drug-loaded P123 micelles in DW and SBF solutions after dilution in the absence of BSA.
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Lowering the BSA molar concentration to 10−5 resulted in similar
behavior with the difference that the micelle integrity was disrupted at
a higher dilution ratio. Increasing the molar concentration of the BSA to
10−3 M where it had 1:1 M ratio with the P123 molecules led to an
opposite behavior. It seems that at 10−3 M BSA (which is above the
higher end of the body concentration) the integrity of the formed mi-
celles was disrupted to the degree that micelles seem to disintegrate
even without any dilution. For the sake of clarity, the figures for dif-
ferent BSA concentrations are not presented here.

3.3.3. In the absence of BSA (with 10−4 M probucol)
The tests in the above paragraphs were repeated with probucol

loaded micelles in DW and SBF solutions in the absence of the protein to
determine the effect of intra-micellar species on micelle stability. A re-
presentative TEM image of the P123 micelles in DW loaded with pro-
bucol is given in Fig. 8. The photograph clearly shows that the drug was
successfully incorporated into the micellar cores.

A comparison of Fig. 6-a and -c shows that the presence of the drug
in the full-grown micelle structure at 10−3 M P123 concentration does
not influence the size of the micelles. The behavior for the DW solutions
in the absence of protein is similar to whether the micelles were loaded
with the drug or not except for the dilution concentration of 10−5 M
P123 where large aggregates seem to be forming. The aggregation trend
continues with the P123 solution of 10−6 M, but to a lesser extent. The
final dilution concentration of 10−7 M creates single P123 molecules
irrespective of whether probucol was present in the system.

The dilution response of the micelles was, however, grossly different
if the probucol loaded micelles were in SBF solutions (Fig. 6-b and -d).
Though the size distributions of the full-grown micelles were very si-
milar at 10−3 M P123 concentration, at dilution levels below 10−5 M
nearly micron-sized structures develop in SBF solution when probucol
is present. It may be possible that the lipophilic drug acts as a binder for
the P123 molecules as they unfold from the micellar structure at high
dilution (where it is known that micelles start to disintegrate), creating
loosely connected P123 polymeric structures. The observed loose ag-
gregation behavior does not hide the fact that micelle disintegration
upon dilution is not affected by the presence of a lipophilic drug in the
micelle structure.

3.3.4. In the presence of 10−4 M BSA (with 10−4 M probucol)
The size of the full-grown micelles in 10−3 M P123 solution was not

affected when probucol was loaded into the micelles whether in DW
and SBF solutions in the presence of 10−4 M BSA (Fig. 7-c and d). In the
SBF-BSA solutions (Fig. 7-b and -d), the effect of dilution is similar
whether the micelles were loaded with the drug. The dilution starts its
effect at 10−4 M and the mean size gradually decreases to around 7 nm
as in the case of barren micelles at 10−7 M P123, which is the mean size
of the BSA aggregates observed in SBF solutions (see Fig. 4). The ab-
sence of a peak at around 4 nm (size of a single P123 molecule) suggests
that the unfolded P123 molecules are in contact with the larger protein
molecules.

The behavior of the loaded micelles upon dilution in the presence of
DW-BSA solutions is surprising (Fig. 7-a and -c). Again, the size de-
creases with dilution but the effect is drastic at dilution levels below
10−4 M P123. The interesting observation is that the mean of the size
distribution of the P123/BSA/probucol system is around 4.0 nm at
P123 dilution concentrations between 10−5 M and 10−7 M, which is
about the size of the single P123 molecule and the effect of the BSA
molecules do not show in the overall distribution.

Nevertheless, similar to the case with the no BSA, the above results
demonstrate unequivocally that dilution leads to the disintegration of
the micelles in the presence of BSA and whether a lipophilic drug was
present in the micellar cores. The findings of the study demonstrate that
dilution effects must be taken into account in devising drug carriers
from polymeric surfactant aggregates and that the presence of lipophilic
drug acting as a binder in the hydrophobic core may not always be
sufficient to hold the micelles intact during dilution as suggested by
previous studies [1,13,58–60]. The one solution to the problem would
be the encapsulation of the micelles within a sturdier shell as demon-
strated by the authors of this paper in previous work [57,61] where
spherical chitosan nano-shells were employed to envelop micelles for
solvation and safeguarded delivery of a strongly lipophilic drug.

4. Conclusions

In this study, the effect of systematic re-dilution of the P123 micelles
from 10−3 M micellar stock solutions to lower concentrations (ranging
between 10−3 M and 10−7 M) on the micellar stability was

Fig. 7. The size distributions of the barren and drug-loaded P123 micelles in DW and SBF solutions after dilution in the presence of 10−4 M BSA.
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investigated. The tests were carried out in the absence and presence of
inter- and intra-micellar species, the protein BSA, and the lipophilic
drug probucol, respectively. Characterization of the micelles was car-
ried out using DLS, AFM, STEM, and TEM.

The findings of the study demonstrated unequivocally that

• The formed micelles from the 10−3 M P123 stock solution show
varying degrees of disintegration upon dilution.
• the presence of inter (the protein BSA in solution) or intra (the drug
probucol within the core) micellar species could not prevent the
disintegration of the micelles upon dilution. The same was true
when the BSA and the probucol were simultaneously present.
• Increasing concentration of the protein BSA seems to cause disrup-
tion at lower dilution levels such that above a certain value the
micelles disintegrate even without dilution.
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