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N
anocarriers have been largely in-
vestigated to improve the thera-
peutic efficacy and reduce the tox-

icity of cancer chemotherapeutic agents

for treatment of solid tumors.1�3 The unique

nanoscale features and innovative designs

of nanocarriers can enhance the selectivity

of drug delivery to specific tissues.4 Al-

though much effort has been directed to

deliver drugs specifically to tumors, achiev-

ing long circulation times of the nanocarri-

ers and effective delivery of drugs to tumor

cells remains a challenge.5,6 Thorough char-

acterization of nanocarriers and adequate

prediction of their behavior in a biological

environment are essential for future clinical

application of nanotechnology-based can-

cer therapy.7 Commonly, drug molecules

are assumed to be homogenously distrib-

uted in nanocarriers, and nanocarrier sus-

pensions are considered as a uniform collec-

tion of particles.7,8 In fact, a nanocarrier

system may consist of populations that

have different compositions, sizes, and sur-

face properties. The fate of individual nano-

particles in vivo might be different among

these nanocarrier populations due to this

nonuniformity. Content uniformity and

batch-to-batch reproducibility are critical

factors considered during the regulatory

approval process of nanocarrier systems

and are key parameters of the assay cas-

cade performed by the National Cancer In-

stitute’s Nanotechnology Characterization

Laboratory for novel nanoparticle-based

drug delivery systems. In order to achieve

a reliable prediction of their effectiveness in

vivo, a precise characterization of nanocarri-
ers in vitro is necessary. In addition, the
drug biodistribution is dependent on the
stability of the association of drug mol-
ecules with nanocarriers under physiologi-
cal conditions.

We previously described a solid lipid
nanoparticle (NP) containing dexametha-
sone (DEX) as an adjuvant to reduce the in-
terstitial fluid pressure (IFP) of solid tumors
and enhance the tumor uptake of chemo-
therapeutic agents.9,10 By administering a
nanomedicine containing the widely used
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ABSTRACT Nanocarrier systems are frequently characterized by their size distribution, while drug

encapsulation in nanocarriers is generally characterized in terms of an entire population, assuming that drug

distribution is uniform. Careful characterization of nanocarriers and assessment of their behavior in biological

environments are essential for adequate prediction of the fate of the nanoparticles in vivo. Solid lipid nanoparticles

containing [3H]-dexamethasone palmitate (an ester prodrug) and [14C]-stearyl alcohol (a component of the

nanoparticle matrix) were prepared using the nanotemplate engineering method for bioresponsive tumor delivery

to overcome interstitial fluid pressure gradients, a physiological barrier to tumor uptake of chemotherapeutic

agents. While particle size analysis indicated a uniform size distribution of 93.2 � 0.5 nm, gel filtration

chromatography (GFC) revealed two nanoparticle populations. Drug encapsulation efficiency was 97%, but it

distributed differently in the two populations, with average drug/lipid ratios of 0.04 and 0.25, respectively. The

difference in surface properties resulted in distinguishing protein adsorption features of the two populations. GFC

and HPLC profiles of the mixture of nanoparticles and human serum albumin (HSA) showed that no HSA was

adsorbed to the first population of nanoparticles, but minor amounts were adsorbed to the second population.

After 24 h incubation in 50% human plasma, >80% of the [3H]-dexamethasone palmitate was associated with

nanoparticles. Thus, characterization of solid lipid nanoparticles produced by this method may be challenging from

a regulatory perspective, but the strong association of the drug with the nanoparticles in plasma indicates that

this nanocarrier system has the potential for in vivo application.

KEYWORDS: nanoparticle · dexamethasone · encapsulation · stability · gel
filtration chromatography
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anti-inflammatory agent DEX, the therapeutic ratio of

several chemotherapeutic agents can be simulta-

neously improved due to the reduction of physiologi-

cal barriers to their uptake in tumors.11�13 NPs were pe-

gylated by substituting a portion of the surfactants in

the formulation with a polyethylene glycol (PEG) lipid to

secure the PEG coverage on the NP surface and reduce

their clearance by the reticuloendothelial system.9 In-

creased retention in the circulation may augment the

passive accumulation of nanoparticles in tumors

through the enhanced permeability and retention (EPR)

effect.14,15 The palmitate ester of DEX (DEX-P) was en-

capsulated in the NPs, which are expected to release

DEX in tumors by an enzymatic triggering

mechanism.10,16 High esterase activity in tumor tissues

will dramatically increase the conversion rate of DEX-P

to DEX and release the drug from NPs, but DEX-P will re-

main intact in human plasma due to its low esterase

activity.10,17 To achieve this design, the stability of drug

encapsulation in NPs in the circulation is critical. The po-

tency of the nanocarrier system largely depends on

the properties of the individual nanoparticles. In this pa-

per, we report on the uniformity of DEX-P payload in

solid lipid nanoparticles as well as the stability of the

drug�nanoparticle association in human plasma in or-

der to better predict the fate of the nanoparticles in
vivo.

RESULTS AND DISCUSSION
Preparation of 3H/14C Dual-Labeled Nanoparticles. We have

developed a process referred to as “nanotemplate engi-
neering” as an inexpensive, reproducible, and scalable
nanoparticle formation process that avoids many of the
issues associated with the preparation of other nano-
carrier systems.18 This technology is based on the
entropy-driven and spontaneous formation of a micro-
emulsion that can easily be used as a nanotemplate to
form nanoparticles from the dispersed droplet phase.
After solidification, nanoparticle suspensions are trans-
lucent with visible opalescence. The particle suspension
of DEX-P NPs produced by nanotemplate engineering
containing radiolabeled drug ([3H]-DEX-P) and lipid
([14C]-stearyl alcohol (SA)) has a narrow size distribu-
tion (Figure 1). The mean particle size of the [3H/14C]-
NPs was 93.2 � 0.5 nm. Ultrafiltration (UF) and gel filtra-
tion chromatography are widely used to separate free
drugs and determine the encapsulation efficiency. Af-
ter the UF, the particle size increased to 99.6 � 0.8 nm
due to repeated concentrations and dilutions. The
membrane binding was demonstrated to be minimal
on the basis of the recovery of the free drug from ultra-
filtration (�98%). Only 2.1% and 2.7% of radioactivity
from [3H]-DEX-P and [14C]-stearyl alcohol, respectively,
was detected in the UF filtrates; thus the encapsulation
efficiency was 97�98%.

Gel Filtration Chromatography of Dual-Labeled DEX-P
Nanoparticles. In a parallel experiment, the [3H/14C]-NPs
were passed through a GFC column packed with
Sepharose CL-2B. Interestingly, the chromatogram
yielded two distinct peaks containing 3H (DEX-P) and
one peak containing 14C (SA) when PBS was the elution
buffer (Figure 2A). In contrast, when the column was
eluted with water, both DEX-P and SA were eluted in a
single peak (Figure 2B). DEX-P is extremely lipophilic; its
aqueous solubility was determined to be 1.57 �g/mL
by the filtration method and 2.08 �g/mL according to
the centrifugation method. The concentration of DEX-P

Figure 1. Size distribution of [3H/14C]-solid lipid nanoparticles.

Figure 2. GFC profile of purified [3H/14C]-NPs eluted by PBS (A) or water (B).
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in the later fractions was greater than the solubility of

DEX-P, suggesting that the second peak was not com-

prised of free DEX-P. The recovery of radioactivity from

the GFC process was greater than 98%.

According to the GFC profile (Figure 2A), fractions

3�5 (peak 1; elution volume � 3�5 mL) are distin-

guished from fractions 6�10 (peak 2; elution volume

� 6�10 mL). The properties of the original NPs and the

particles observed in the different GFC fractions are

summarized in Table 1. It is notable that the particles re-

covered in peak 1 had a larger mean particle size than

the particles recovered in peak 2, but both are greater

than the exclusion limit of the Sepharose CL-2B, i.e.,

70�40 000 kD. On the basis of the equation R � 0.051

� Mw
0.378, the pore size of the gel was calculated to be

7�76 nm in diameter.19 The prepared nanoparticles be-

fore GFC had a size distribution ranging from 50 to

190 nm (Figure 1). If size exclusion is the only mecha-

nism governing the retention on the column, then small

particles will enter the pores and be separated from

the particles larger than 76 nm. However, retention on

gel filtration chromatography columns can also be in-

fluenced by ion exclusion (electrostatic repulsion), ad-

sorption, or other secondary effects.20 Sepharose CL-2B

is a bead-formed gel prepared from 2% cross-linked

agarose. The gel possesses a small number of nega-

tively charged groups and has some lipophilic charac-

ter. The zeta potential of the prepared NPs in water was

�8.9 � 0.4 mV. The negative charge may result in elec-

trostatic repulsions that prevent the NPs from entering

the pore. Thus, all particles were eluted together near

the exclusion limit in water.9 After chromatography, the

zeta potential of NPs decreased to �31.0 � 2.1 mV al-

though they were still in water. A possible reason was

that the gel interacted with the NPs and altered the sur-

face properties of NPs. Caution should be applied when

gel filtration chromatography is used to purify nanopar-

ticles using a mobile phase containing no or low salt

concentration. It is likely that the increased salt concen-

tration reduced the charge effect of the NPs. The zeta

potential of the NPs in PBS was close to neutral. Electro-

static repulsion is diminished, and size-based fraction-

ation and gel adsorption became the dominant factors

in the chromatography of the NPs.21 The particles recov-

ered from peak 2 had a mean size close to the exclu-

sion limit of 76 nm but were retained on the column

longer and were separated from peak 1, possibly due

to interaction with the gel. High salt concentration can

enhance the lipophilicity of the gel and lead to a stron-

ger hydrophobic interaction with the particles. No sig-

nificant differences were observed in the GFC profiles

when Sepharose CL-4B or Sepharose 4B (separation

range 60�20 000 kD) was used in place of Sepharose

CL-2B. Two NP distributions consistently appeared

when PBS was used as the elution buffer (data not

shown). In addition, elution of the NPs with other mo-

bile phases (10 and 100 mM phosphate buffers contain-

ing 0, 50, 155, or 300 mM NaCl, saline, 10 and 100 mM

Tris-HCl buffer, and 100 mM HEPES buffer) resulted in

similar GFC profiles (data not shown).

The particles recovered from peak 1 and peak 2 ex-

hibited different properties, indicating that two differ-

ent NP populations were present in the original NP sus-

pension. The first population was comprised of larger

particles with a greater lipid content (average drug/lipid

ratio � 0.04), while the second population contained

smaller particles encapsulating more DEX-P (average

drug/lipid ratio � 0.25). When [3H]-DEX-P solution was

loaded onto the column, the elution volume was 10 mL

and the chromatogram did not overlap with the sec-

ond population of the NP chromatogram. When Sepha-

dex G-100 (separation range 4�150 kD) was used in-

stead of Sepharose CL-2B, only one peak right at the

void volume was obtained (figure not shown). These re-

sults proved that the particles recovered from both

peak 1 and peak 2 have sizes of �150 kD (�9 nm). To

ensure that the two NP populations were not generated

by the GFC column, samples from peak 1 and peak 2

were reloaded onto the Sepharose CL-2B column; GFC

profiles were the same as their initial elution (Figure 3).

These studies all point to the existence of two distinct

NP populations in the prepared NP suspension. As illus-

trated in Figure 3, the first population may be com-

posed of a large amount of lipid mixing with DEX-P.

On the basis of the previously reported rapid cleavage

of NP-loaded DEX-P to DEX, the DEX-P molecules were

expected to align in the microemulsion precursor with

the DEX group directed toward the aqueous phase and

the hydrophobic palmitate chain embedded in the oil

phase.10 The NPs were stabilized by the surface cover-

age of surfactants. When DEX-P was mixed with a lower

amount of lipid, DEX-P may have been oriented be-

tween the lipid and the surfactants. The DEX group is

less lipophilic than the lipid (SA), and it may replace a

portion of the surfactants to stabilize the NP surface. As

a consequence, the surface of the second population

TABLE 1. Properties of the Original NP and the Fractions from GFC (n � 3)

mean diameter (nm) polydispersity index zeta potential (mV) DEX-P/SA (w/w) recovery of DEX-P (%) recovery of SA (%)

original NP 93.2 � 0.5 0.045 � 0.005 �8.9 � 0.4 (water) 0.10 � 0.05
�0.3 � 0.1 (PBS)

NP-peak 1 (PBS elution) 117.2 � 0.5 0.105 � 0.018 �1.3 � 0.2 0.04 � 0.01 34.6 � 2.2 76.6 � 3.5
NP-peak 2 (PBS elution) 78.3 � 0.4 0.084 � 0.023 �3.3 � 0.5 0.25 � 0.03 60.5 � 2.5 19.8 � 1.2
NP-peak (water elution) 95.8 � 0.6 0.115 � 0.006 �31.0 � 2.1 0.08 � 0.01 94.3 � 2.1 93.9 � 2.3
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can be more lipophilic compared with the first popula-
tion. It may also be possible that DEX-P prefers an inter-
face with higher curvature, resulting in a higher drug/
lipid ratio in the second NP population.

Interaction of Nanoparticles with Human Serum Albumin.
The stability of nanoparticles and the retention of the
therapeutic agent in the NPs while in the circulation is
a critical factor, especially in light of the fact that there
appear to be two populations of particles in the NP sus-
pension. The physiological environment in plasma is
complex. Opsonin proteins in plasma may adsorb onto
the NPs and stimulate phagocytosis, thus affecting the
particle biodistribution, biocompatibility, and therapeu-
tic efficacy.22,23 These blood proteins come into con-
tact with nanoparticles typically by random Brownian
motion. Once sufficiently close to the surface of a par-
ticle, attractive forces such as van der Waals, electro-

static, ionic, hydrophobic/hydrophilic, and oth-
ers can be involved in the binding of proteins to
the surface of nanoparticles.23 The interaction of
proteins with NPs may also affect the integrity of
the NPs. In order to simplify the study of NP sta-
bility in plasma, a NP suspension was added to
solutions of human serum albumin (HSA), the
most abundant protein in plasma. HSA concen-
trations were determined using the BCA assay,
and it was confirmed that NPs did not cause in-
terference with this assay at low NP concentra-
tion (�5 times dilution of the original NP suspen-
sion). The GFC elution profile of the mixture of
NPs and HSA on the Sepharose CL-2B column is
shown in Figure 4.

After mixing the HSA solution with the NP sus-
pension, the HSA elution profile appeared to
overlap with [3H]-DEX-P and [14C]-SA chromato-
grams when the sample was eluted with water.
The shift of the HSA elution profile after mixing
with NPs indicated that the protein may interact
with the NPs in water. However, when eluting the
column with PBS, HSA was completely sepa-
rated from the first DEX-P NP population and

eluted immediately after the second population. Appar-
ently no protein adsorption occurred with the first NP
population, but, due to the lack of separation between
HSA, the NP-HSA complex, and the second NP popula-
tion, it was unclear if HSA remained free in solution or if
it was bound to the second NP population. High-
performance liquid chromatography (HPLC) was used
to elucidate this using a TSK-GEL G3000 SW column,
chosen because of its separation range of 10�500 kD.
We expected that nanoparticles would be eluted in the
void volume, but the retention time of HSA would be
greater. HSA was eluted at 15.5 min (dimer) and 17.5
min (monomer), while the NPs had a retention time of
only 11.2 min as indicated by DEX-P (Figure 5). Only one
NP peak was observed with this column separation. Im-
mediately following the mixing of HSA and NPs, the

Figure 3. GFC profile of peak 1 and peak 2 reloaded onto the Sepharose CL-2B
column using PBS as elution buffer.

Figure 4. Sepharose CL-2B GFC profile of HSA and NP mixture with PBS (A) and water (B) elutions. The radioactivity of [3H]-
DEX-P and [14C]-SA was plotted in terms of disintegrations per minute (DPM). The concentrations of HSA alone and in the NP
suspension were determined by the BCA assay.
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HPLC profile of each component in the mixture showed
no significant difference from the individual HPLC
curves (Figure 5A). After a 2 h incubation, the NP peak
area was statistically different from that observed be-
fore incubation (Figure 5B). On the basis of the absor-
bance scan from 200 to 800 nm, the maximum absor-
bance for the NPs shifted from 240 to 245 nm,
demonstrating the effect of protein adsorption. How-
ever, the amount of HSA associated with NPs was so low
that no HSA loss was identified on the basis of the free
HSA concentration. The results of both the gel filtration-
HPLC (Figure 5) and GFC studies (Figure 4A) indicated
that there may have been a slight amount of HSA ad-
sorbed onto the second population of NPs but that no
protein was bound to the first NP population. This may
be due to a slight increase in the lipophilicity of the sur-
face of the second population.

Stability of Nanoparticles in Human Plasma. Although there
appear to be two particle populations with different
drug and lipid content, in the presence of HSA, only
minimal protein adsorption was observed. The major-
ity of drug may be expected to remain associated with
NPs. Our previous study on the in vitro release of DEX-P
from solid lipid NPs demonstrated that �4% of DEX-P
was detected in the UF filtrate when the NPs were incu-
bated in PBS or human plasma at 37 °C for 24 h.10 Con-
versely, the release of DEX-P from NPs when incubated
in mouse plasma was very rapid due to its high es-
terase activity, resulting in the cleavage of DEX-P to
the less lipophilic DEX.10 However, we could not con-
clude that the NPs were intact and that the DEX-P re-
mained associated with the NPs after a 24 h incubation
in plasma. The possibility exists that the drug was ini-
tially stripped from the NPs by serum proteins. If this
was the case, in plasma with low esterase activity (e.g.,
human plasma), the DEX-P would be recovered in the
retentate following ultrafiltration due to the formation
of drug aggregates or a drug�protein complex. Thus, it
would not be possible to distinguish between radiola-
beled DEX-P associated with NPs and protein-bound

DEX-P, as there is no reliable method to separate nano-
particles from plasma protein. The nanoparticles we
produced have an average density of 1.05 g/cm3. Cen-
trifugation at 40000g for 4 h cannot completely sedi-
ment the NPs. Use of GFC as a separation method is af-
fected by the complexity of plasma, including its salt
and metal components, and may produce confound-
ing results. Thus, we developed a stepwise filtration
method to evaluate the stability of drug association
with NPs in human plasma. We hypothesized that
nanoparticle-encapsulated DEX-P will exist in three
forms after incubation with human plasma: (1) DEX-P
encapsulated in NPs, (2) DEX-P solubilized in plasma (in-
cluding protein-bound DEX-P), and (3) drug aggre-
gates (unsolubilized drug). The encapsulated DEX-P
and the soubilized DEX-P will both pass through a 0.2
�m filter, while drug aggregates would not be expected
to pass through the filter. Protein-bound drug can be
separated from free drug using ultrafiltration (MWCO 10
kD). The concentration of DEX-P in the filtrate repre-
sents free (unbound) DEX-P. The ratio of bound to un-
bound drug is constant when protein concentration is
much greater than drug concentration. It is assumed
that the stearyl alcohol component of the nanoparti-
cles would exist in the same three forms as DEX-P.

When DEX-P and SA solubilized in PBS were sub-
jected to ultrafiltration, their recoveries were �98%.
Both DEX-P and SA were observed to be highly pro-
tein bound (64% and 90%, respectively) under the con-
ditions of this experiment. The amounts of DEX-P and
SA associated with the NPs in a pilot study were above
82%. After incubating the NPs with human plasma at 37
°C for 24 h, �8% of the DEX-P or SA formed aggre-
gates that were not able to pass through a 0.2 �m fil-
ter and �10% of the solutes were released from the
NPs. DEX-P and SA were consistent in terms of the per-
centage of aggregates and release.

The two NP populations were compared in terms
of the recovery of DEX-P from microfiltration (0.2 �m),
release of DEX-P from NPs, and association of DEX-P

Figure 5. Gel filtration-HPLC profile of HSA and NP mixture before and after a 2 h incubation at 37 °C. It was conducted on
a TSK G3000 SW column at 280 nm. The mobile phase was 0.1 M phosphate buffer containing 0.1 M Na2SO4, pH 6.7, and the
flow rate was 0.5 mL/min.
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with NPs during the 24 h incubation in PBS or 50% hu-
man plasma (Table 2). The results reveal that, after a
24 h incubation in PBS, greater than 96% of DEX-P was
associated with NPs, while after incubation of the NPs in
human plasma, more DEX-P aggregates formed and a
greater percentage of the drug was released from the
NPs. According to the ANOVA one-way test, there was
no significant difference between NPs in PBS and NP-
peak 1 in plasma within the 24 h incubation. For NPs in
plasma and NP-peak 2 in plasma groups, the differ-
ence in NP-associated DEX-P between 0 and 2 h incuba-
tion was not significant, but the aggregates and
amount of DEX-P released increased and the NP�drug
association was significantly different at the 24 h time
point (P � 0.05). The NP-associated DEX-P was signifi-
cantly different among the four groups after a 24 h in-
cubation (P � 0.05). NPs isolated from peak 1 showed
better stability than NPs isolated from peak 2; however,
in both populations, DEX-P was predominantly associ-
ated with the NPs in the challenging plasma
environment.

Particles with a diameter of approximately 90 nm
were observed by TEM after incubating NPs in PBS and
human plasma at 37 °C for 24 h (Figure 6). These TEM
images supported the stability data and indicated that
most particles remained intact in human plasma after a
24 h incubation. The dark background in the image of
the NPs in human plasma results from the presence of
plasma proteins and other components.

CONCLUSION
Drug encapsulation in nanocarrier systems is gener-

ally characterized in terms of an entire population of

nanoparticles, assuming that drug distribution is uni-

form and the NP population is homogeneous. In this

study in which solid lipid nanoparticles were prepared

containing labeled drug ([3H]-DEX-P) and lipid ([14C]-

sterayl alcohol), two NP populations were revealed from

a GFC separation using Sepharose CL-2B. The drug ap-

peared to be deposited differently in the two NP popu-

lations. The first population contained larger particles

with an average drug/lipid ratio of 0.04, and the second

contained smaller particles with an average drug/lipid

ratio of 0.25. The GFC and HPLC profiles of the mixture

of NPs and HSA solution proved that the first popula-

tion had no HSA adsorption, but there may have been

a slight amount of HSA adsorbed onto the second

population of NPs. After incubation in 50% human

plasma at 37 °C for 24 h, �80% of DEX-P appeared to

be associated with NPs. The first population of NPs

showed better stability in human plasma, but both

populations demonstrated relatively strong drug�NP

association against the harsh plasma environment. The

second population of NPs contains higher drug content

and, thus, is more desirable from a payload delivery per-

spective. Characterization of these nanoparticles may

be challenging from a regulatory perspective, but the

strong association of DEX-P with the NPs in plasma in-

dicated that this nanocarrier system has the potential to

deliver a prodrug DEX-P to tumors and to release the

chemotherapy adjuvant DEX in a bioresponsive man-

ner in order to enhance the effectiveness of subse-

TABLE 2. Association of DEX-P with NPs during a 24 h
Incubation in PBS or 50% Human Plasma

sample
incubation

time (h)
unaggregated

DEX-P (%)a

released
DEX-P (%)b

NP-associated
DEX-P (%)c

NP in PBS 0 98.4 � 0.5 0.8 � 0.5 97.6 � 0.6
2 97.8 � 1.4 1.2 � 0.2 96.6 � 1.3

24 97.8 � 1.5 1.6 � 0.1 96.2 � 1.6
NP in plasma 0 98.1 � 2.3 3.0 � 0.2 95.2 � 2.2

2 98.1 � 3.0 4.2 � 0.5 93.9 � 2.7
24 93.2 � 1.2 7.7 � 0.6 85.5 � 1.8d

NP-peak 1
in plasma

0 97.8 � 2.0 1.4 � 1.2 96.4 � 3.2
2 98.0 � 2.2 2.4 � 1.9 95.5 � 3.8

24 96.6 � 1.8 3.5 � 1.5 93.0 � 1.1
NP-peak 2

in plasma
0 97.4 � 4.2 1.6 � 0.7 95.8 � 3.9
2 99.2 � 0.3 5.2 � 1.0 94.1 � 0.7

24 88.1 � 3.5 8.7 � 1.6 79.4 � 1.9d

aCalculated from the recovery of DEX-P after microfiltration using a 0.2 �m syringe
filter. bCalculated from the percentage of DEX-P in the filtrate of ultrafiltration
(MWCO: 10 kD) and corrected based on 98% membrane recovery (in PBS) and 64%
protein binding (in plasma). cCalculated from the following equation, NP-associated
DEX-P (%) � a � b. dSignificantly different from 0 and 2 h time points of this
sample.

Figure 6. TEM of NPs in PBS (A) and human plasma (B) after 24 h incubation at 37 °C.
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quently administered chemotherapeutic agents. In vivo

studies will determine if there is a therapeutic differ-

ence between these NP populations and will serve as a

guide when designing future nanocarrier systems.

MATERIALS AND METHODS
Materials. Tritiated dexamethasone [6,7-3H(N)] (specific activ-

ity � 35�50 Ci/mmol) and [14C]-stearyl alcohol (octadecanol
[1-14C]; specific activity � 50�60 mCi/mmol) were purchased
from American Radiolabeled Chemicals Inc. (Saint Louis, MO,
USA). Stearyl alcohol, polysorbate 60, and Brij78 were obtained
from Uniqema (Chicago, IL, USA). PEG6000 monostearate
(PEG6000 MS) was a gift from Stepan (Northfield, IL, USA). Cen-
trifugal filter devices (Microcon YM-10 and Microcon YM-50)
were purchased from Millipore (Bedford, MA, USA). Sepharose
CL-2B and Sephadex G-100 were purchased from GE Healthcare
(Piscataway, NJ, USA). Human plasma containing sodium heparin
as the anticoagulant was purchased from Innovative Research,
Inc. (Novi, MI, USA). The BCA protein assay kit was purchased
from Thermo Fisher Scientific Inc. (Rockford, IL). Liquid scintilla-
tion cocktail Optiphase HiSafe 3 was purchased from PerkinElmer
(Waltham, MA, USA).

Preparation of 3H/14C Dual-Labeled Nanoparticles. All NPs were pre-
pared using the “nanotemplate engineering” technique. The
procedures to prepare radiolabeled DEX-P NPs have been previ-
ously described.2,3 Briefly, [3H]-DEX-P was synthesized by the re-
action of [3H]-DEX and palmitoyl chloride. Nanoparticles were de-
rived from a microemulsion comprised of 14C-stearyl alcohol
and nonlabeled stearyl alcohol (2 mg/mL), [3H]-DEX-P and nonla-
beled DEX-P mixture (0.2 mg/mL), polysorbate 60 (0.5 mg/mL),
Brij78 (3.5 mg/mL), and PEG6000MS (3.5 mg/mL). Addition of
warm DI water (pH 7.4, 70 °C) to the melted mixture of lipid, drug,
and surfactants yielded a microemulsion. After stirring in a 70
°C water bath for 1 h, the warm microemulsion was cooled to
25 °C, resulting in the formation of nanoparticles. Particle size dis-
tribution and zeta potential were measured in triplicate by pho-
ton correlation spectroscopy using a Zetasizer Nano ZS (Malvern,
Worcestershire, UK). The nanoparticle suspension was purified
using a 0.2 �m filter to remove large particles and using an ultra-
filtration filter (MWCO 50 kD) to remove free surfactants and
drug. The retentate was washed four times and resuspended in
DI water. Solubilized [3H]-DEX-P and [14C]-stearyl alcohol ob-
tained from the UF filtrate were refiltered using a new UF filter
to determine the membrane binding. The radioactive content of
the nanoparticle suspension was quantified by mixing the NP
suspension with 5 mL of liquid scintillation cocktail and count-
ing using a Tri-Carb liquid scintillation counter (LSC; Perki-
nElmer). The corrected specific activity of [3H]-DEX-P and [14C]-
stearyl alcohol was calculated by dividing radioactivity by total
mass.

Gel Filtration Chromatography of Dual-Labeled DEX-P Nanoparticles.
Gel filtration chromatography was performed by using a col-
umn (10 � 1.0 cm) packed with Sepharose CL-2B, Sepharose CL-
4B, Sepharose 4B, or Sephadex G-100. The bed volume was 8
mL. Two hundred microliters of prepared [3H/14C]-NPs were ap-
plied to a pre-equilibrated column and eluted with either DI
water or 5 mM sodium phosphate buffer (PBS, containing 0.155
mM NaCl, pH 7.4) at a flow rate of 30 mL/h. Fractions (1 mL) were
collected, and radioactivity in 100 �L aliquots was counted. The
particle size and zeta potential of the fractions were determined
in the same way as described above. To confirm that the chro-
matography process did not alter the NPs or create new peaks,
the peak fractions were reloaded onto the column and eluted
with PBS. [3H]-DEX-P was applied to the column and eluted with
PBS to locate the free drug peak. Similar procedures were used
in the elution of NPs with other mobile phases (pH 7.4), includ-
ing 10 and 100 mM phosphate buffers containing 0, 50, 155, or
300 mM NaCl, saline, 10 and 100 mM Tris-HCl buffers, and 100
mM HEPES buffer. The mass of DEX-P and SA in each fraction was
calculated by dividing the amount of radioactivity in the frac-
tion by the corrected specific activity. Drug/lipid ratios were de-
termined by the mass ratios of DEX-P to SA.

The solubility of DEX-P in PBS was determined by dissolving
a mixture of DEX-P (0.5 mg) and [3H]-DEX-P (8.4 �g, 0.94 �Ci) in

chloroform. The chloroform was evaporated in a 75 °C water
bath, and 2 mL of PBS was added following by vortexing of the
mixture. The suspensions were subsequently incubated at room
temperature for 24 h. Three hundred microliters of the DEX-P
suspensions were centrifuged at 20000g for 60 min. The remain-
der of the suspensions was passed through two 0.2 �m sterile fil-
ters in sequence, and the amount of radioactivity in 100 �L ali-
quots of each filtrate was quantified by liquid scintillation
counting. The second filtration demonstrated that the mem-
brane binding was less than 2%. The solubility of DEX-P in PBS
was determined on the basis of the measured radioactivity in the
filtrates or supernatant.

Interaction of Nanoparticles with Human Serum Albumin. Two hun-
dred microliters of an aqueous HSA solution (10 mg/mL) was
mixed with 200 �L of [14C/3H]-NPs and incubated at 37 °C for
2 h. After incubation, 100 �L of the mixture was loaded onto a
Sepharose CL-2B column and eluted with water or PBS. Fractions
(1 mL) were collected, and the protein concentration in each
fraction was determined using the BCA assay. The radioactivity
in each sample was quantified by liquid scintillation counting. In
order to rule out the interference of NPs in the BCA assay, a so-
lution of HSA of a known concentration (500 �g/mL) was mixed
with various dilutions of NP suspensions, and protein concentra-
tion was measured using the BCA assay.

In order to achieve baseline separation of NPs from HSA, a
Shimadzu Prominence Ultra Fast Liquid Chromatography (UFLC)
system equipped with a gel filtration-HPLC column, TSK-GEL G
3000 SW (7.5 mm i.d. � 30 cm), and a diode array detector was
used. The mobile phase was 0.1 M Na2SO4 in 0.1 M phosphate
buffer, pH 6.7. DEX-P NPs containing no radiolabels were pre-
pared using the same method as radiolabeled NPs but without
the addition of radiolabeled DEX-P and SA. NPs and HSA solution
(10 mg/mL) were mixed at 1:1 (v/v) ratio and incubated at 37 °C
for 2 h. The mixture at time 0 and 2 h, 2� diluted HSA solution in
PBS (5 mg/mL), and 2� diluted NPs in PBS were injected onto
the HPLC column with an injection volume of 20 �L. The elu-
tion was monitored at wavelengths of 240 nm for DEX-P and 280
nm for HSA.

Stability in Human Plasma. To determine the protein binding ra-
tio in human plasma, radiolabeled DEX-P and SA solutions in hu-
man plasma were prepared by mixing DEX-P (0.5 mg)/[3H]-DEX-
P and SA (0.5 mg)/[14C]-SA with 2 mL of human plasma. The
mixtures were filtered through a 0.2 �m sterile filter, and 100
�L of each filtrate was measured for radioactivity. Three hun-
dred microliters of each filtrate was centrifuged at 8000g for 30
min in an ultrafiltration tube (MWCO 10 kD) in duplicate, and 50
�L of the UF filtrates were measured for radioactivity. Two hun-
dred microliters of the UF filtrates were again centrifuged at
8000g for 30 min in an ultrafiltration tube (MWCO 10 kD), and
100 �L of each UF filtrate was measured for radioactivity. The
binding of the solute to the UF membrane was determined on
the basis of the loss of radioactivity in the filtrate before and
after the second ultrafiltration. The recovery from the filtrations
and the percentage of free drug in human plasma were calcu-
lated accordingly and recorded as membrane recovery and pro-
tein unbound ratio, respectively.

To mimic the in vivo condition, 50% human plasma was
used to study the NP stability. [3H/14C]-NP suspensions were
mixed with PBS or 50% human plasma (1:14, v/v) in a final vol-
ume of 1.5 mL and then filtered through a 0.2 �m filter. The fil-
trates were incubated at 37 °C for 24 h, followed by filtration
through a 0.2 �m filter. The loss of radioactivity after the filtra-
tion (0.2 �m) was assumed to be due to the precipitation of ag-
gregates. Two hundred microliters of the filtrates was centri-
fuged at 8000g for 30 min in an ultrafiltration tube (MWCO 10
kD), and 100 �L of the UF filtrates were measured for radioactiv-
ity. The NP suspension and NP peak 1 and peak 2 fractions (elu-
tion volume � 4 and 8 mL, respectively) were mixed with 50%
human plasma and incubated at 37 °C for 24 h. The percent of
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the DEX-P or SA associated with NPs (% NP associated) was cal-
culated using the equation

Transmission electron microscopic (TEM) images (85 000� mag-
nification) of the mixture of NPs in PBS or human plasma were
obtained after a 24 h incubation. A drop of the NP/plasma sus-
pension was deposited on a copper mesh carbon-coated grid
and allowed to settle for 2 min at room temperature. After re-
moval of excess fluid, the grid was air-dried for 2 h before obtain-
ing the TEM image (ZEISS EM900, Jena, Germany).

Statistical Analysis. Data are presented as mean � standard de-
viation (n � 3). Groups were compared using analysis of vari-
ance (ANOVA) one-way test with SigmaStat 3.5 software (Systat
Inc., San Jose, CA). Differences were considered statistically sig-
nificant when P � 0.05, and the Holm�Sidak method was used
to perform pairwise multiple comparisons on significant effects
and interactions.
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