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Abstract: Polyethylene glycol-phospholipid micelles form a
major class of nanocarriers in pharmacy and medicine due
to proven capability in drug solubilization, sustained drug
release, and evidence for targeted drug delivery in vivo. In
this report, we have prepared micelles composed of PEG-
block-poly(N-hexyl stearate L-aspartamide) (PEG-b-PHSA),
having nine stearic acid side chains, and have studied their
stability in the presence of serum proteins by Férster reso-
nance energy transfer (FRET) experiments. In the presence
of serum albumin, alpha and beta globulins, or gamma
globulins, there are minimal changes in FRET over two hours
in vitro, indicating integrity of PEG-b-PHSA micelles. In
contrast, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[amino(polyethylene glycol)-5000] (PEG-DSPE) micelles
lose FRET over two hours in vitro, especially in the presence
of alpha and beta globulins, indicating the disruption of PEG-
DSPE micelles and leakage of fluorescent probes. Owing to
the aliphatic nature of DSPE and PHSA, both PEG-b-PHSA
and PEG-DSPE micelles efficiently solubilize amphotericin
B (AmB), a poorly water-soluble antifungal agent used to
combat systemic mycoses. However, only PEG-b-PHSA
micelles gradually liberate AmB in the presence of alpha and
beta globulins, based on time-dependent changes in the self-
aggregation state of AmB, monitored by UV/vis spectroscopy.
PEG-b-PHSA micelles are remarkably stable in the presence
of serum proteins and a more stable alternative for poorly
water-soluble drugs, which have been solubilized by PEG-
DSPE micelles.
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Polymeric micelles have emerged as a major class of nano
drug carriers in pharmacy and medicine due to proven func-
tionality in drug solubilization, controlled drug release, and
prospects for drug targeting. Several polymeric micelles have
entered clinical trials, primarily in the cancer arena, attesting
their promise and safety.' For drug targeting, polymeric micelles
must retain their integrity in blood, entrapping drugs inside their
core regions long enough to access targeted tissues, for example
through the enhanced permeability and retention effect at solid
tumors. However, while polymeric micelles are thermodynami-
cally more stable than surfactant micelles (very low (<uM)
critical micelle concentrations (CMCs)), there are questions
regarding their kinetic stability in blood and whether they can
really function as long-circulating nano drug carriers for drug
targeting. Recent in vitro and in vivo studies have shown that
poly(ethylene glycol-block-poly(caprolactone) (PEG-b-PCL)
and poly(ethylene glycol)-block-poly(D,L-lactic acid) (PEG-b-
PLA) micelles lose their integrity in serum mimicking
conditions,>* lowering their appeal for drug targeting. There
are however also reports providing evidence of prolonged
circulation of PEG-b-PCL micelles in mice over 24 h.* PEG-
phospholipid micelles have circulation half-lives of 1 to 2 h,
sufficient to increase the tumor accumulation of paclitaxel.’
Nevertheless, it is reasonable to suspect that enhancing the
physical stability of polymeric micelles by increasing hydro-
phobicity or core cross-linking would increase circulation half-
lives and the likelihood of successful drug targeting.
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Figure 1. (a) Chemical structure of methoxy poly(ethylene
glycol)-block-poly(N-hexyl stearate L-aspartamide) (PEG-b-
PHSA). As depicted, approximately 9 L-Asp residues have
been modified with stearic acid, determined by 'H NMR
spectroscopy. (b) Chemical structure of 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-
5000] (PEG-DSPE).

In this work, we show that PEG-block-poly(N-hexyl stearate
L-aspartamide) (PEG-H-PHSA) micelles are uniquely stable in
the presence of serum proteins, contrasting with the stability
of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[ami-
no(polyethylene glycol)-5000] (PEG-DSPE) micelles, which is
readily compromised. While both PEG-b-PHSA and PEG-
DSPE each contain stearic acid as a hydrophobic moiety, we
can control the level of stearate substitution on PEG-b-PHSA,
allowing for enhanced hydrophobicity relative to PEG-DSPE,
which has 2 stearic acid moieties. Figure 1 depicts the chemical
structures of PEG-b-PHSA and PEG-DSPE. The synthesis of
PEG-b-PHSA has been described elsewhere.®” Details are also
provided in the Supporting Information. The core forming block
of PEG-b-PHSA consists of 11 repeating units, 9 of which have
been substituted with stearic acid, and the molecular weight of
PEG is 12,000 g/mol. Previous reports have looked at the effects
of PHSA block length and degree of stearic acid substitution
on the thermodynamic stability of PEG-b-PHSA micelles.” For
this study, a high number of stearic acid side chains on a
relatively short core forming PHSA block of only 11 repeating
units has been achieved, aiming to attain maximum core
hydrophobicity.
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The physical characteristics of PEG-b-PHSA and PEG-
DSPE micelles are summarized in Table 1. Both PEG-b-
PHSA and PEG-DSPE micelles have been prepared using a
solvent evaporation method,'®!'! which is similar to one that
is used to prepare conventional liposomes. Dynamic light
scattering (DLS) measurements show that PEG-b-PHSA
micelles have a hydrodynamic diameter of 66.0 £ 5.5 nm
with a polydispersity index (PDI) of 0.17 & 0.08 (n = 3).
PEG-DSPE micelles are 8.2 + 5.0 nm in diameter with a
PDI of 0.26 4 0.04 (n = 3), consistent with prior studies.’
Fluorescence studies using pyrene, according to methods
reported elsewhere,'*!” show that the CMCs of PEG-b-
PHSA micelles are lower than those of PEG-DSPE micelles
(272 versus 603 nM), indicating greater thermodynamic
stability. The /,/I; pyrene peak ratio upon partitioning of the
fluorescent probe into micelle cores is a measure of core
polarity. Both PEG-b-PHSA and PEG-DSPE micelles show
low core polarity consistent with the aliphatic nature of
stearic acid. On the other hand, PEG-b-PHSA micelles seem
to have more rigid cores (high microviscosity), based upon
a higher monomer to intramolecular excimer intensity ratio
(Iw/Ie) of 1,3-(1,1’-dipyrenyl)propane (P3P)); intramolecular
excimer formation occurs within the lifetime of the excited
state of pyrene on P3P due to a free rotation of carbon bonds,
favored in a low viscosity region, as has been described
previously.'''*!7 The higher core viscosity and the lower
CMC of PEG-b-PHSA micelles likely reflect the higher
number of stearic acids on PEG-b-PHSA versus PEG-DSPE.

To compare the integrity of PEG-b-PHSA and PEG-DSPE
micelles, Forster resonance energy transfer (FRET) experi-
ments have been employed with the lipophilic fluorescent
energy donor probe (DiOC;4(3)) and a lipophilic fluorescent
acceptor probe (DilCg(3)). FRET offers a very precise means
to measure changes in the integrity of polymeric micelles
because energy transfer efficiency is inversely proportional
to 1%, where r is the distance between donor and acceptor
probes. The excitation wavelength of DiOC4(3) is 484 nm,
and it emits fluorescence with maximal intensity at 501 nm.
DilCy5(3) is excited at 501 nm and emits fluorescence with
a maximal intensity at 565 nm. When the donor probe
(DiOC44(3)) is excited and in close proximity to the acceptor
probe (DiIC5(3)), FRET occurs. With polymeric micelles
core loaded with both DiOC4(3) and DilCig(3), FRET
occurs, and the fluorescence emission from DilCig(3) can
be detected. On the other hand, when the distance between
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ceutics 2008, 5, 98—-104.
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Table 1. Physical Properties of PEG-b-PHSA and PEG-DSPE Micelles

polymer M, (g/mol) Dy (nm)° PDI¢ CMC (nM)® I/l Il AmB loading efficiency?
PEG-b-PHSA 16,7007 66.0 £ 5.5 0.17 £ 0.08 272 1.08 17.2 96.6+ 0.6%
PEG-DSPE 6,081° 82+5.0 0.26 £+ 0.04 603 1.14 4.92 93.9+ 2.2%

2Based on 'H NMR spectroscopy. © From manufacturer. ° Volume average hydrodynamic diameter 4+ standard deviation from 3 micelle
batches. 9 Polydispersity index + standard deviation from 3 micelle batches as an indication of relative variance in Z-average size assuming
a Gaussian distribution. © Determined from pyrene fluorescence emission (ratio of intensities of peak 1 to peak 3) at 22 °C. " Determined
from P3P intramolecular monomer to excimer emission at 22 °C. 9 Based on reverse-phase HPLC analysis.
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Figure 2. Time resolved FRET emission spectra of (a)
PEG-DSPE micelles and (b) PEG-b-PHSA micelles
containing DiIOC+g(3) and DilC4g(3) in the presence of 14
mg/mL alpha and beta globulins. Spectra for t = 0 min
(=), t=60 min (--+), t= 120 min (— --- —) are depicted.

DiOC 5(3) and DilCg(3) increases, the fluorescence emission
of DiOCg(3) increases and the fluorescence emission of
DiIC 5(3) decreases (565 nm).? If micelles containing only
DiOC,g(3) are mixed with micelles containing only DilCg(3),
upon excitation at 484 nm, only emission of DiOCg(3) at
501 nm will be detected, unless probe diffusion between
micelles occurs. To determine if there is exchange of
fluorescent probes between individual micelles during storage
at room temperature, a mixture of PEG-b-PHSA micelles
containing DiOC g(3) and PEG-b-PHSA micelles containing
DilC,g(3) was incubated for 24 h in water. The same was
done for PEG-DSPE micelles. Over 24 h, there was no gain
in FRET for PEG-b-PHSA micelles but there was a slight
increase of FRET for PEG-DSPE micelles (data not shown).
The rigid core environment of the PEG-b-PHSA micelles
may prevent diffusion and exchange of probes between
micelles while the less rigid core of PEG-DSPE micelles
allows some diffusion to occur.

To determine the effects of serum proteins on micellar
integrity, time-dependent changes in FRET have been monitored
in the presence of serum albumin, alpha and beta globulins, or
gamma globulins. When PEG-b-PHSA micelles or PEG-DSPE
micelles loaded with DiOCg(3) and DilC,4(3) are exposed to
average human blood levels of either serum albumin (40 mg/
mL), alpha and beta globulins (14 mg/mL), or gamma globulins
(10 mg/mL), differences in energy transfer efficiency are
observable between micelles. Figure 2 shows example fluores-
cence spectra of PEG-DSPE (Figure 2a) and PEG-b-PHSA
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Figure 3. Comparative FRET ratio (la/(lx + Ib)) of
(squares) PEG-b-PHSA micelles and (triangles)
PEG-DSPE micelles in the presence of (a) 40 mg/mL
serum albumin, (b) 14 mg/mL alpha and beta globulins,
and (c) 10 mg/mL gamma globulins. /a/(Ia + Ip) ratios of
DiOC15(3) and DilC15(3) were monitored over 2 h.

(Figure 2b) micelles containing DiOCg4(3) and DilC;g(3) in the
presence of alpha and beta globulins over 2 h at 22 °C. In the
case of PEG-DSPE micelles, the fluorescence spectrum changes
noticeably: a loss of intensity at 565 nm and a gain fluorescence
intensity at 501 nm.

We define the FRET ratio as I,/(Ip + 1), where I, and I
are the peak fluorescence intensities of DilC;g(3) and
DiOC 5(3) at 565 and 501 nm, respectively. Figure 3 shows
that, for PEG-DSPE micelles, I,/(Ip + I,) starts at 0.83 and
becomes lower over 2 h in an exponential manner, and the
rate is highest for alpha and beta globulins, followed by
serum albumin and gamma globulins. Cheng et al. have also
shown that PEG-b-PLA micelles containing DilC,g(3) and
DiOC 5(3) lose FRET most rapidly in the presence of alpha
and beta globulins, consistent with the release of DilCg(3)
and DiOCg(3) from PEG-b-PLA micelles due to a loss of
the integrity of these polymeric micelles.” Similarly, PEG-
DSPE micelles lose their integrity in the presence of serum

VOL. 7, NO. 4 MOLECULAR PHARMACEUTICS 1357



communications

Diezi et al.

8
T . °
Ef 0.7
= 0.6
0.5
04 + T T T T T |
0 20 40 60 80 100 120
Time (min)

Figure 4. Comparative FRET ratio (la/(lx + ©b)) of
PEG-b-PHSA micelles under different incubation
conditions: (squares) 50 mg/L polymer solution at 37 °C
in water, (triangles) 50 mg/L polymer solution at 37 °C
in alpha and beta globulins, (diamonds) 2.5 mg/L
polymer solution (below CMC) at 22 °C in water, and
(circles) 2.5 mg/L polymer solution (below CMC) at 37
°C in water.

proteins, most noticeably with alpha and beta globulins,
according to a loss of FRET. We speculate that this disruptive
action of serum proteins on PEG-DSPE micelles, particularly
alpha and beta globulins, is a major factor in the 1 to 2 h
circulation half-lives of PEG-phospholipid micelles in vivo,
contributing to a drug loss in plasma circulation and a
reduction accumulation at target tissue.

For PEG-b-PHSA micelles containing DilC4(3) and
DiOC 5(3), by contrast, there are only minor changes in the
fluorescence spectrum and the I,/(Ip + I) over 2 h (Figures
3), regardless of the serum protein. For PEG-b-PHSA
micelles, I/(Ip + I,) starts at 0.90 and goes slightly lower
with no significant differences between serum albumin, alpha
and beta globulins, or gamma globulins. Thus, PEG-b-PHSA
micelles retain DilC,g(3) and DiOC3(3) in their cores in the
presence of serum proteins, contrasting with the behavior
of PEG-b-PLA and PEG-DSPE micelles. In comparison with
PEG-DSPE micelles, this enhanced stability of PEG-b-PHSA
micelles in the presence of serum proteins is probably due
to the added number of stearic acid side chains (9 versus 2),
which enhances the hydrophobicity of the core-forming
block, which in turn lowers the CMC value and increases
core viscosity. Notably, it is straightforward to adjust the
degree of stearic acid substitution on PEG-b-PHSA, allowing
for adjustable stability and perhaps control over the phar-
macokinetics of PEG-b-PHSA micelles. In summary, PEG-
b-PHS A micelles are stable in the presence of serum proteins
according to FRET analysis, and we expect to see major
pharmacokinetic differences between PEG-b-PHSA and
PEG-DSPE micelles.

To further show that PEG-b-PHSA micelles can retain their
integrity in serum mimicking conditions, PEG-b-PHSA micelles
have been incubated at 37 °C in alpha and beta globulins, as
these proteins appear to be the most destabilizing to micelles.
We did not repeat this experiment for PEG-DSPE micelles as
they already show a lack of stability at room temperature in
the presence of alpha and beta globulins. Figure 4 shows that
at physiological temperature, PEG-b-PHSA micelles still do not
lose any FRET efficiency at 50 mg/L. When diluted below their
CMC (2.5 mg/L), PEG-b-PHSA micelles do appear to lose their
integrity at 37 °C under aqueous conditions. This low concen-
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tration could not be used in the presence of alpha and beta
globulins, as the FRET signal is too weak. The loss of integrity
at such low concentrations is however of little concern, as the
very low CMC of PEG-b-PHSA micelles indicates that blood
polymer concentrations will stay above the CMC for a while
in circulation.

While DilC;5(3) and DiOC;5(3) can be considered to be
poorly water-soluble model drugs, it is important to show
that PEG-H-PHSA micelles can be stable in the presence of
serum proteins after the incorporation of a poorly water-
soluble drug at levels that are therapeutically relevant, as
opposed to the tracer levels used for FRET experiments.
AmB is a polyene macrolide that is the drug of choice for
the treatment of life-threatening systemic fungal diseases,
e.g. candidiasis, and a good candidate for polymeric micelle
mediated drug delivery, owing to its poor water solubility
(ca. 1.0 mg/L) and dose-limiting renal toxicity. PEG-b-PHSA
and PEG-DSPE micelles efficiently solubilize AmB in water
(Table 1), reaching AmB levels of ca. 1.0 mg/mL (data not
shown). AmB is a heptaene chromophore, and its UV/vis
absorption spectrum depends on its self-aggregation state.'*
Thus, we have monitored the time-resolved UV/vis absorp-
tion spectrum of AmB loaded in PEG-b-PHSA and PEG-
DSPE micelles at a 2:1 polymer:AmB molar ratio in the
presence of serum proteins as a measure of drug release,
informed from the earlier FRET experiments. It must be
noted that, at this ratio, the concentrations of PEG-b-PHSA
and PEG-DSPE are above their respective CMCs. This
experiment has been done at room temperature under
constant stirring on a CARY 50 BIO (Varian, Palo Alto,
CA), fitted with a fiber optic dip probe coupler.

In the presence of serum albumin, AmB at 20 mg/L exists
initially in a self-aggregated state based on a broad peak at
340 nm, but quickly deaggregates based on the spectral
features of monomeric AmB at 368, 392, and 418 nm (Figure
5a). On the other hand, AmB exists in a self-aggregated state,
i.e. soluble aggregates, in the presence of alpha and beta
globulins, or gamma globulins over ca. 2 h (Figures 5b and
5c). At a 2:1 polymer:AmB ratio in PEG-DSPE micelles,
AmB appears to exist in a monomeric state based on its UV/
vis absorption spectrum at time 0 min upon addition to
protein solutions, noting the absence of a broad peak at 340
nm and the characteristic peaks of monomeric AmB at 367,
387, and 416 nm (Figure 6).

In the presence of serum albumin or gamma globulins,
the spectral features of AmB in PEG-DSPE micelles remain
largely unchanged. There is a slight increase in monomeric
peak intensities of AmB in PEG-DSPE micelles in the
presence of serum albumin. As serum albumin is capable of
deaggregating AmB,'” the monomeric peak increase indicates
dissociation of AmB from PEG-DSPE micelles. This effect
of serum albumin on AmB loaded PEG-DSPE micelles has

(14) Lavasanifar, A.; Samuel, J.; Sattari, S.; Kwon, G. S. Block
copolymer micelles for the encapsulation and delivery of ampho-
tericin B. Pharm. Res. 2002, 19, 418-422.
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Figure 5. Effects of serum proteins on the

UV-absorbance spectrum of AmB: (a) AmB in 40 mg/
mL serum albumin, (b) AmB in 14 mg/mL alpha and
beta globulins, and (¢) AmB in 10 mg/mL gamma
globulins. Spectra for t = 0 min (—), t = 15 min
(——-), t =60 min (--+), t = 120 min (— -+ —) are
depicted. AmB concentration was 20 mg/L.

been shown previously.'® The spectral features of AmB in
PEG-DSPE micelles in the presence of alpha and beta
globulins change dramatically, quickly adopting the spectral
features of self-aggregated AmB, characteristic of AmB in
the presence of alpha and beta globulins (Figure 6b). By
monitoring the absorbance of AmB at the peak around 416
nm, we can see that AmB solubilized by PEG-DSPE micelles
aggregates within 15 min of exposure to alpha and beta
globulins (Figure 8). Thus, PEG-DSPE micelles quickly
release AmB in the presence of alpha and beta globulins
and slowly release AmB in the presence of serum albumin.
These findings are fairly consistent with the earlier FRET
experiments, which noted the same trend in the stability of
PEG-DSPE micelles in the presence of serum albumin and
alpha and beta globulins. AmB loaded PEG-DSPE micelles
do not however appear to be disrupted by gamma globulins,
while the FRET study does indicate an effect of gamma
globulins on PEG-DSPE integrity. It is speculated that this
difference in experimental outcome of AmB loaded versus
FRET probe loaded PEG-DSPE micelles may be due to the
proportionally greater amount of hydrophobic AmB in the
micellar core, compared to FRET probe amounts used. This

(15) Aramwit, P.; Yu, B. G.; Lavasanifar, A.; Samuel, J.; Kwon, G. S.
The effect of serum albumin on the aggregation state and toxicity
of amphotericin B. J. Pharm. Sci. 2000, 89, 1589—-1593.
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Figure 6. Effects of serum proteins on the aggregation
state of AmB solubilized by PEG-DSPE micelles: (a)
PEG-DSPE/AmB micelles in 40 mg/mL serum albumin,
(b) PEG-DSPE/AmB micelles in 14 mg/mL alpha and
beta globulins, and (c) PEG-DSPE/AmB micelles in 10
mg/mL gamma globulins. Spectra for t = 0 min (—), t =
15 min (— — —), t=60 min (+++), t =120 min (— +-- —)
are depicted. AmB concentration was 20 mg/L.

greater hydrophobic core content may be helping to stabilize
the PEG-DSPE micelles.

For AmB solubilized by PEG-b-PHSA micelles at a 2:1
ratio, there are only minor changes in its spectral features in
the presence of serum proteins (Figure 7). AmB exists in a
monomeric state and stays that way, indicating that the drug
stays predominately inside PEG-b-PHSA micelles for 2 h
as opposed to being released and adopting a self-aggregated
state in the presence of alpha and beta globulins. Similarly,
there are only minor changes in the UV/vis spectra of AmB
in the presence of serum albumin or gamma globulins,
indicating that there is little release of AmB from PEG-b-
PHSA micelles over 2 h. While this experiment has serum
mimicking conditions, that is, the presence of major serum
proteins, we note one limitation that the experiment is done
above their respective CMCs. Thus, this experiment does
not fully mirror in vivo conditions where at some time point
the concentrations of PEG-b-PHSA and PEG-DSPE micelles
will fall below their respective CMCs. Nonetheless, the
results are encouraging and suggest sustained release of AmB
from PEG-b-PHSA micelles in the presence of serum
proteins instead of dose dumping.

In summary, photophysical studies on PEG-b-PHSA micelles
suggest that they are remarkably stable in the presence of serum

VOL. 7, NO. 4 MOLECULAR PHARMACEUTICS 1359
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Figure 7. Effects of serum proteins on the aggregation
state of AmB solubilized by PEG-b-PHSA micelles: (a)
PEG-b-PHSA/AmMB micelles in 40 mg/mL serum albumin,
(b) PEG-b-PHSA/AmB micelles in 14 mg/mL alpha and
beta globulins, and (c) PEG-b-PHSA/AmB micelles in 10
mg/mL gamma globulins. Spectra for t = 0 min (—), t =
15 min (—— =), t= 60 min (--+), t = 120 min (— == —)
are depicted. AmB concentration was 20 mg/L.

proteins. Minimal changes in FRET occur for PEG-b-PHSA
micelles in the presence of serum proteins, even in the presence
of alpha and beta globulins, which can disrupt PEG-b-PLA and
PEG-DSPE micelles in vitro* and presumably in vivo. Even
after the incorporation of AmB at levels required for antifungal
drug therapy, PEG-b-PHSA micelles are stable, evidenced from
the minimal changes observed in the UV/vis spectrum of AmB
in the presence of serum proteins. By contrast, AmB incorpo-
rated in PEG-DSPE micelles quickly takes on the spectral
features of self-aggregated species in the presence of alpha and
beta globulins, indicating rapid drug release. Thus, while both
PEG-b-PHSA and PEG-DSPE micelles can solubilize AmB in
water in a monomeric state, only PEG-b-PHSA micelles are
fairly stable in the presence of serum proteins for 2 h, pointing
to prospects as a long-circulating nanocarrier for poorly water-
soluble drugs with a circulation half-life greater than 1 to 2 h,
determined for PEG-DSPE micelles.” We hypothesize that
PEG-b-PHSA micelles will gradually liberate AmB in vivo in
a monomeric state, reducing its renal toxicity by sustained drug
delivery as well the action of monomeric AmB, which is
selective for fungal cell membranes over mammalian cell
membranes.'® We also speculate that aliphatic drugs solubilized
by PEG-phospholipid micelles can be solubilized by PEG-b-
PHSA micelles due to the aliphatic nature of their cores, raising
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Figure 8. Comparative UV absorbance at 416 nm of
(diamonds) free AmB, (triangles) PEG-DSPE/AmB
micelles, and (squares) PEG-b-PHSA/AmB micelles in
the presence of (a) 40 mg/mL serum albumin, (b) 14
mg/mL alpha and beta globulins, and (c) 10 mg/mL
gamma globulins. Absorbance changes of AmB were
monitored over 2 h.
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prospects for prolonged circulation in blood and progress in
targeted drug delivery.
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