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HIGHLIGHTS GRAPHICAL ABSTRACT

o Docetaxel-loaded micelles are stable for
long time in DW and SBF solutions.

e The micelles disintegrate progressively
with increasing BSA concentration.

e BSA concentration for complete disin-
tegration is around the plasma HSA
concentration.

e Presence of lipophilic docetaxel in
micellar cores cannot prevent protein- 2 4 6 8 10 20 4
induced disintegration. Size, nanometer

e Changing docetaxel concentration in
micellar cores cannot improve stability.
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ARTICLE INFO ABSTRACT
Keywords: Polymeric micelles are promising delivery vehicles for improving the efficacy of anticancer drugs and reducing
Drug-carriers(s) their side effects. However, considering the binding ability of serum albumin, the possible interaction of micelles
Polymeric surfactants with the native plasma components in the bloodstream raises serious questions on micellar stability. The stability
I;A:OCS;EE:; of barren or drug-loaded copolymeric micelles was investigated systematically in distilled water (DW) and
Docetaxel simulated body fluid (SBF) solutions in the presence of a model protein. The copolymer was a Pluronic® series
triblock copolymer (P-123), the drug was strongly lipophilic docetaxel (DOC) and the protein was Bovine Serum
Albumin (BSA). The effect of such factors as BSA and DOC concentrations and the aging of the micellar solutions
was studied. Both the barren and drug-loaded micelles were quite stable in blank DW and SBF solutions for long
times up to 10 days. They lost integrity and showed no inclination to re-assemble when the BSA concentration
reached a critical value, which was very close to the plasma Human Serum Albumin (HSA) concentration. The
presence of DOC in the micellar cores could not prevent disintegration. The results illustrate clearly that ensuring
the stability of polymeric micelles in blood plasma should be an important design factor in their use as drug

carriers.

1. Introduction organs more efficiently. Among the various delivery vehicles studied,
micelles of polymeric surface-active agents are gaining popularity [1-3].
Drug delivery systems allow clinicians to transport and deliver the Micelles are core-shell structures formed by spontaneous aggregation of
active drug molecules to desired tissues, organs, cells, and subcellular amphiphilic surfactant molecules in aqueous solutions above a certain
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Table 1

Basic properties of the chemicals employed in the study.
Name Chemical structure MW g/

mole
Pluronic® copolymer HO(EO)20(PO)70(EOQ)20H 5800
(P-123)

Docetaxel (DOC) C43Hs53NO1 4 807.9
Ethanol (EtOH) C,HsOH 46.07
Bovin serum albumin Single polypeptide chain of 583 amino acid ~ 66,463

(BSA) residues

concentration (the critical micelle concentration, CMC). In a micelle, the
core section formed by the hydrophobic portions of the surfactant
molecules offers an environment for dissolving and storing lipophilic
active molecules [4-16] while the shell section is composed of hydro-
philic components provides necessary solubility and response charac-
teristics [17-22].

Plasma is the liquid component of blood that carries nutrients, hor-
mones, and proteins to tissues while removing their metabolic waste
products. It is composed of around 90% water and constitutes 55% of the
blood volume. The remaining plasma components are salt ions, hor-
mones, lipids, and proteins. Albumin, a protein synthesized by the liver
at the rate of about 10-15 gm per day, embodies more than half of the
total protein content of 60-80 g/L in human plasma. It is the main
transport agent in the plasma due to its affinity for binding a variety of
hydrophobic ligands such as fatty acids, lysolecithins, bilirubin,
warfarin, tryptophan, steroids, anesthetics, and several dyes [23-25].

Micellization is a reversible process. Micelle integrity is influenced
significantly when the solution surfactant concentration falls below the
CMC. Kabanov et al. [26] remarked that dilution-related disintegration
of the drug-bearing micelles may be responsible for diminishing the
amount of drug which can be successfully transferred by the carrier.
Polat et al. [27] demonstrated in a recent paper conclusively that
diluting a fully-formed micellar system below a certain solution con-
centration resulted in total micelle disintegration.

The CMC of a given surface active agent, hence, the micelle stability,
is also affected by pH, temperature, and presence of ionic species or
other surface-active agents. Both the pH and temperature are relatively
constant properties under physiological conditions. The effect of the
presence of native plasma components on micelle stability, however, can
not be overlooked. It is well known that proteins that are composed of
various hydrophilic and hydrophobic amino acids display high surface
activity and tend to strongly accumulate at the interfaces [28,29].
Therefore, the stability may be strongly influenced by the interaction of
micelles, or of the highly lipophilic molecules they may envelop, with
the plasma proteins [28-31]. Zhang et al. [3] report that the
drug-loading capacity and formulation stability of the micellar carrier
systems are less than satisfactory in clinical applications, an issue which
is emphasized in other excellent reviews on micellar stability [32-35].
Despite such indications, studying micelle stability has been limited to
model systems due to the difficulties in discriminating micelles from the
native plasma species [32,34,36-51].

This paper aims at systematically quantifying the effect of the pres-
ence of protein molecules on the stability of copolymeric micelles in situ.
The tests were carried out with barren and strongly lipophilic drug-
loaded micelles in distilled water and simulated body fluids in the
absence and presence of a model protein.

2. Materials

The micelles were formed using a Pluronic® series triblock copol-
ymer (P-123). This copolymer is composed of two hydrophilic poly-
ethylene blocks attached to a hydrophobic polypropelene block (PEOy0-
PPO7(-PEOyp). It is commercially available and offers excellent
biocompatibility as well as providing a more receptive environment for
the lipophilic drug molecules due to the longer hydrophobic blocks [52,
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Fig. 1. The method employed for forming the micelles.

53]. Docetaxel (DOC) was employed as the drug due to its strong lipo-
philic nature and water insolubility. It has a logP of 4.1 and Pka of 10.97,
which results in poor aqueous solubility (0.025 pg/ml) and low mem-
brane permeability (1 0% cm/s) [54]. Bovine Serum Albumin (BSA) was
used as the model protein. This large globular protein is a homolog of
Human Serum Albumin (HSA) with similar ligand-binding affinities
[55]. It is negatively charged in water up to pH 4.7 and is readily soluble
in water. Ethanol (EtOH) was used as the co-solvent for the drug and the
block copolymer. All chemicals (Table 1) were supplied by Sigma
Aldrich (Turkey).

Simulated body fluid (SBF) is an electrolyte solution with an ionic
strength similar to that of the human blood plasma. It was prepared by
dissolving reagent grade chemicals of NaCl (7.996 g), NaHCO3 (0.350
g), KCl (0.224 g), K,HPO43H,0 (0.228 g), MgCly-6H,0 (0.305 g),
CaCly-2H20 (0.278 g) and NaySO4 (0.071 g) in about 500 ml L of
deionized water. The reagents were dissolved one by one in the order as
given in the previous sentence after the former reagent was completely
dissolved. Trishydroxymethyl aminomethane (CH,OH)3CNH;, (6.570 g)
was dissolved in 1 M-HCI solution (40 ml, about 90% of the total HCI to
be added) for buffering and then added to the main solution. The tem-
perature of the solution was adjusted to 36.5 °C with a water bath and
the solution was titrated to pH 7.4 with 1 N-HCL. Finally the total volume
was adjusted to 1 L [56].

3. Micelle formation and characterization

DOC loading was done by a modified thin-film hydration method
[27]. P-123 was co-dissolved with the drug in an excess amount of EtOH
followed and the solvent was evaporated. The residue was an organic
film of the polymer-drug composite which was subsequently hydrated in
water or SBF to have respective surfactant and drug concentrations of
1073 M and 10~* M. The thin film method energetically forces the
lipophilic drug molecules into micelles which subsequently dissolve in
the aqueous phase. A schematic flowsheet of the procedure is presented
in Fig. 1.

The size and surface charge of the micelles were measured in-situ in
solution using Dynamic Light Scattering (DLS) and Dynamic Light
Scattering with Laser Doppler Velocimetry (DLS-LDV, Malvern Pan-
alytical, UK). The size distribution measurements were repeated
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Fig. 2. In-situ size distributions of the BSA molecules in DW and SBF solutions (left) and STEM picture of BSA in DW (right).

multiple times until a stable size distribution curve was obtained, by
preparing a new fresh micelle solution if necessary. The distributions
reported are the results of those stable distributions. Moreover, such a
stable size distribution measurement is an average of the 3 repeats the
device automatically carries out. Since such size distribution curves are
very close, only the average of the three is presented for clarity.

Micelle morphology was observed by Scanning Transmission Elec-
tron microscopy (STEM, FEI QuantaTM 250 FEG, USA) under vacuum
after drying an aliquot of the micelle solution on carbon grids. A carbon
grid is a flat disc which contains holes on which a thin section of a
specimen is placed. The holes in the grids allow the electrons to pass
through the specimen and provide a better detail.

Fourier Transform Infrared Spectroscopy (FTIR, Perkin Elmer Spec-
trum Two U-ATR, USA) was employed using for indirectly determining
how micelles, proteins, and the drug molecules interact. The Universal
Attenuated Total Reflectance Accessory (UATR) is an internal reflection
accessory, used for simplifying the analysis of solids, powders, pastes,
gels and liquids. In this technique, a sample is placed on top of a crystal
with a high refractive index. An infrared beam from the instrument is
passed into the accessory and up into the crystal. It is then reflected
internally in the crystal, and back towards the detector which is housed
in the instrument. When the beam is reflected within the crystal, it
penetrates into the sample by a few microns.

4. Results and discussions
4.1. Characterization of BSA

BSA is a globular protein with dimensions 4 x 4 x 14 nm with an
equivalent volume diameter of 6.1 nm [57]. Being a biological homolog
of HSA with similar ligand-binding properties, it is widely employed as a
replacement in many biochemical and pharmacological applications
[54,58,59].

Left-hand-side graphs in Fig. 2 present in-situ size distributions of the
protein molecules in DW and SBF at 107>, 10™* and 10~> M BSA
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concentrations. The mean size does not change appreciably with con-
centration and is around 3.0 nm in DW, which is in agreement with the
literature reported values [57,60,61]. The size of the molecules are
larger in SBF solutions as predicted by Curtis et al. [62] who reported
that high salt concentrations should lead to aggregation of the protein
molecules. The slight decrease in size at higher BSA concentrations
could be caused by the compaction of the protein molecules due to
double-layer compression. A STEM photograph given in the
right-hand-side of Fig. 2 shows that the protein molecules in DW have
the expected globular morphology.

Since the isoelectric point (IEP) of BSA is known to be between pH
4.5-5.0, it is negatively charged at neutral pH [27,63-65]. We observed
using DLS-LDV that the mean surface charge was — 25 mV in DW at
natural pH and shifted to zero in SBF solution, most probably due to
suppression of the double layer around the molecule at high salt content.
This supports the aggregation-related size increase observed in SBF so-
lutions mentioned above.

4.2. Characterization of barren (unloaded) P-123 micelles

4.2.1. In the absence of BSA

Barren micelles formed in DW and SBF solutions which contain 103
M P-123 were characterized using DLS and STEM. Fig. 3 (left) presents
the size distribution of the fresh micelles in DW and SBF solutions. The
mean micelle size is around 16 nm in both cases, which is in good
agreement with previous observations [27,66-70]. The spherical shapes
of the micelles can be clearly observed in the STEM photograph also
given in Fig. 3 (right). Size distribution of the micelles did not change
significantly after 10 days of aging under ambient conditions, indicating
that the micelles were quite stable both in DW and SBF.

Zeta potential measurements of the P-123 micelles showed that the
charge distribution of the micelle population was wider in DW (between
—40 and +40 mV) with the mean zeta potential lying around zero, most
probably due to the average non-ionic nature of the co-polymer [27].
The charge distribution became narrower in the SBF solution (between

Fig. 3. In-situ size distributions of the fresh barren P-123 micelles (10~> M) in DW and SBF solutions (left) and STEM images of the barren micelles in DW (right).
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Fig. 5. Size distributions of the barren P-123 micelles (10~ M) in-situ in DW
and SBF solutions in the absence and presence of 7.5 x 10~* M BSA.

—20 and +20 mV) and the mean charge shifted to — 10 mV. This
behavior was similar to that previously observed with Pluronic® F-68 in
the literature [70]. The reason for the narrowing of the distribution can
be attributed to the suppression of the double layer around the molecule
in the SBF solution. The shift to the negative side may have been caused
by asymmetric folding of the positively and negatively charged sections
of the molecule during such suppression.

4.2.2. In the presence of BSA

The FTIR spectra of the P-123 micelles and BSA and of a BSA + P-123
solution in DW are presented in Fig. 4. It can be seen that P-123 shows
strong peaks corresponding to the C-H stretching and bending vibrations
in 2850-3000 cm ™! range and at 1460 cm ™. The peaks at 1377 and
1350 cm ™! are assigned to the stretching modes of C-O-C on P-123. For
BSA, the major characteristic peak at 3299, 1656, and 1535 em™! are
assigned to the stretching vibration of O-H, amide I, and amide II bands,
respectively. When the spectra of the P-123 micelles is obtained in the
presence of BSA, it can be seen that both the P-123 and the BSA peaks are
clearly visible. This indicates that the interactions between the P-123
micelles and BSA molecules do not include chemical bonding, as sug-
gested by Liu et al. [30].

An aliquot of protein solution was injected into fresh DW and SBF
micelle solutions such that a final BSA concentration of 7.5 x 10™* M
was obtained without causing appreciable dilution. The BSA concen-
tration selected was within the range of plasma protein concentration of
5x 1074 M to 9 x 10”* M. Fig. 5 presents the size distribution of the
fresh micelles following protein injection along with the size distribu-
tion of the micelles when there was no BSA (from Fig. 3).

Fig. 5 shows plainly that when the fully-formed barren micelles in
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DW or SBF solutions are brought in contact with the BSA molecules,
there is a significant reduction in micelle size. The reduction is much
more pronounced in DW (from 16 to around 3 nm) compared to that in
SBF (from 16 to around 7 nm).

It should be noted at this point that size of the P-123 monomers
cannot be reliable observed with the DLS technique. The signal never
stabilizes into a well-defined distribution curve, most probably due to
the dynamic anisotropic geometry of the monomers. Hence, the well-
defined distribution curve with the mean size of 3 nm is probably the
signal from the globular BSA molecules (see Fig. 2), indicating that the
micelles have been completely disintegrated into monomers when they
co-exist with BSA in DW. The size distribution in SBF reinforces this
observation. The micelle size of 16 nm observed in blank SBF solutions is
reduced to around 7 nm when the micelles are brought into contact with
the protein molecules. Since 7 nm is the mean size of the protein mol-
ecules in the SBF solutions (see Fig. 2), it is obvious that the presence of
protein molecules causes complete micelle disintegration into monomer
species in the SBF solutions as well. We observed that aging the protein-
doped micellar solutions up to 10 days did not lead to any re-assembling
of the surfactant molecules once disintegrated in the presence of the
protein molecules.

In another test, the micelles were formed by placing the P-123 thin
films directly in protein solutions instead of injecting the protein into
pre-formed micelle solutions. The fact that no micelle formation could
not be observed illustrates that micelles cannot even begin to form in the
presence of protein molecules.

These results show that the presence of a specific concentration of
BSA has a destructive effect on micelle integrity. Whether the presence
of strongly hydrophobic drug molecules in the micellar core can mitigate
this effect will be discussed in the following sections.
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Fig. 7. In-situ size distributions of the DOC-loaded (10~* M) P-123 micelles (10> M) in DW and SBF solutions 1 h after they have been formed (left) and STEM
images of the loaded micelles in DW (right). TEM pictures of the drug-loaded micelles in a greater detail in DW (bottom raw left and right).

4.3. Characterization of DOC-loaded P-123 micelles

A strongly hydrophobic anticancer drug (DOC) was encapsulated
within the P-123 micelles by the modified thin-film hydration method
described. The final concentration of the drug in the micellar solution
was fixed at 10~* M unless intentionally varied. The spectra of the P-123
micelles and DOC are presented in Fig. 6. DOC gave a broadband at
3331 cm ™! due to N—H bond and O—H bond overlapping and a peak
around 2972 cm™! due to C-H stretching. Also, a characteristic C=C
bending vibration at 800 cm™! can be clearly observed. Furthermore,
the drug displays another strong C-O stretch peak at around 1050 em .
The spectrum of P-123 micelles in water, loaded with 10~* M and 1072
M DOC, displayed the major P-123 peak between 1000 and 1100 cm ™!
strongly. It is important to note that the DOC C—=C bending peak at
800 cm ! and C-O stretch peak at around 1050 cm ™! have completely
disappeared when the micelles were in water. Actually, the spectrum of
the DOC-loaded P-123 micelles did not show any characteristic peaks
related to the drug, suggesting that DOC was encapsulated in the micelle
structure. The figure gives the spectrum of the same DOC-loaded P-123
micelles after they have been placed in EtOH solution. It is obvious that
the micelle disintegration in EtOH should lead to the release of the
encapsulated DOC molecules if any is present in the micelle structure.
The spectra display the characteristic DOC C—C bending vibration
peaks at 800 cm ! and the C-O stretch peaks at 1050 cm ™ also appear
along with the characteristic P-123 peaks. These observations are
further indications of the successful encapsulation of the drug molecules
within the P-123 micelles.

4.3.1. In the absence of BSA

The size distributions of the fresh DOC-loaded micelles in DW and
SBF solutions are presented in Fig. 7 (top raw left) in the absence of BSA.
It can be seen that the behavior of the drug-loaded micelles is very
similar to that of the barren micelles for both the DW and SBF solutions
(see Fig. 3). Further testing showed that the size of the micelles was
observed to be constant with aging up to 10 days in both DW and SBF
solutions. A STEM photograph of the DOC-loaded fresh micelles in DW
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25 inDW 10" M Docetaxel
4
P1234BSA P23 7.5x10" MBSA
in SBF insBp  P-123
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Fig. 8. Size distributions of the docetaxel-loaded (10~* M) P-123 micelles
(10~ M) in-situ in DW and SBF solutions in the absence and presence of
7.5 x 107 M BSA.

solution in the absence of BSA is also presented in Fig. 7 (top raw right).
Fig. 7 also presents the TEM pictures of the drug-loaded micelles in a
greater detail (bottom raw left and right).

4.3.2. In the presence of BSA

Similar to the case with the barren micelle solutions, an aliquot of a
protein solution was injected into fresh DOC-loaded micelle solutions to
have a final BSA concentration of 7.5 x 10~* M. Care was taken that the
addition of the protein solution did not cause appreciable dilution in the
micellar solution. Fig. 8 presents the size distribution of the fresh drug-
loaded micelles following protein injection in DW and SBF solutions
along with the size distribution of the drug-loaded micelles in the
absence of BSA from Fig. 7. The figure displays clearly that the addition
of the protein causes drug-loaded micelles to disintegrate and that the
behavior is very similar to that observed with the barren micelles (see
Fig. 5). It is obvious that micelles disintegrate when a certain protein
concentration is present even in the presence of a strongly lipophilic
drug in the micellar cores.
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Fig. 9. Size distributions of the DOC-loaded (10~* M) P-123 micelles (10~2 M) in-situ in DW (left) and in SBF (right) solutions in the presence of varying con-

centrations of BSA.
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Fig. 10. Size distributions of the DOC-loaded (10~* M) P-123 micelles (10~2 M) in-situ in DW (left) and in SBF (right) solutions in the presence of 7.5 x 104 M BSA

as a function of the age of the micellar solutions.
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Fig. 11. Size distributions of the DOC-loaded (10~* M) fresh (left) and aged (right) P-123 micelles (103 M) in-situ in SBF solutions in the presence of 7.5 x 107*M

BSA as a function of varying DOC concentrations.

The effect of the protein was tested further by varying the amount of
BSA in DW and SBF solutions and the results are presented in Fig. 9. The
tests were carried out at several protein concentrations ranging between
107%to 1073 M, changing. The data for 10> and 10~® M BSA were very
close to that of the no BSA case and are not shown in the figures for
clarity. For the DW case (left), the presence of low concentration of BSA
(10~* M) does not cause a significant micelle disintegration but
increasing the BSA concentration to 7.5 x 10~* M completely disinte-
grates the micelles. It seems that the presence of the protein has a drastic
effect on micelle integrity after a critical protein concentration is
reached. For the case of SBF, the effect seems to be more gradual, but the
micelles still completely disintegrate at the BSA concentration of
7.5 x 107* M. Fig. 10 gives the size distribution of the drug-loaded

micelles which have disintegrated at the BSA concentration of
7.5 x 10~* M (see Fig. 9) after 10 days of aging. It can be seen that the
aging of the micelles did not bring about reaggregation or any appre-
ciable change in size.

The effect of the BSA on the micelle integrity was tested further at
varying DOC loading amounts between 107> M and 10~> M for fresh
micelles and the results are presented in the left-hand-side graphs in
Fig. 11. The figure shows that the micelle break-up takes place even
when the concentration of the strongly lipophilic DOC was increased or
decreased by 10-fold. The right-hand-side graph in Fig. 11 gives the size
distributions of the same solutions after 10 days of aging. It can be seen
that the drug-loaded micelles behave similarly to the barren.

It is obvious from these results that the presence of BSA disrupts the
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micelle integrity even in the presence of the strongly hydrophobic drug
molecules in the micellar core. The data suggests that the disintegrated
micelles do not show any re-aggregation with time if BSA is present.
They further show that the presence of a hydrophobic drug present in
the micellar core does not have an appreciable effect in preventing
disintegration even at high concentrations. The fact that the BSA con-
centration which leads to disintegration is close to the plasma HSA
concentration suggests that a similar disruption is quite possible in
actual applications of micellar drug carriers.

5. Conclusions

In this study, the effect of the protein BSA on the stability of the
barren and DOC-loaded P-123 micelles was investigated in DW and SBF
solutions under changing protein and drug concentrations and at
different aging times. Characterization tests were carried out employing
DLS measurements, STEM imaging, and FTIR analysis. The study
demonstrated clearly that:

e The barren and DOC-loaded micelles are quite stable in DW and SBF
solutions when there are no protein molecules.

Introduction of protein molecules into micellar solutions affects
micelle stability in DW or SBF solutions significantly. The micelles
disintegrate completely when the protein concentration in the solu-
tion is around 103 M.

Protein-induced micelle disintegration can take place in the absence
of any dilution. The disintegrated micelles show no inclination to re-
assemble in concentrated protein solutions for long times.

The presence of a strongly lipophilic drug (DOC) in the micellar cores
cannot prevent micelle disintegration irrespective of the drug con-
centration once the protein concentration reaches around 1073 M.
e The protein concentration where micelles disintegrate is close to the
HSA concentration in blood plasma. Therefore, the stability of
polymeric micelles as drug carriers should be serious concern in the
presence of native plasma components and must be aided by some
other means of protection to assure stability.

The interaction between the protein molecules and the micelles
seems to be physical. The micelle break up above a certain protein
concentration may be due to physical factors such as protein mole-
cules interfering with the micellization/de-micellization process.

The paper shows conclusively with a model amphiphilic block
copolymer that presence of protein molecules can affect micelle stability
significantly. Combined with the information that dilution also causes
micelle break up [27], the results point out to the possible reasons for
the less-than-expected efficiency of micellar drug carriers. The work
could be pursued further to determine the degree to which the drug is
freed, the possible means to inhibit such disintegration (grafting,
encapsulation, etc.) and the mode of interaction between the micelles
and the protein molecules by other methods such as atomic force mi-
croscopy, molecular simulations, etc.
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