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I
n recent decades, there has been
increased interest in the development
of drug delivery systems including nano-

particles, polymeric micelles, liposomes,
and injectable gels. In particular, self-as-
sembled nanoparticles are attractive tools
since they possess a characteristic of encap-
sulating lipophilic anticancer agents during
the spontaneous formation of nanoassem-
bly in an aqueous solution.1 In addition,
nanoparticles have the advantages of
achieving passive targeting of the tumor
via enhanced permeability and retention
(EPR) effects and avoiding reticuloendothe-
lial system (RES) uptake due to the hydro-
philic surface.2 Various hydrophilic natural
polymers including polysaccharides and
proteins were modified into amphiphilic
polymers through the conjugation of hydro-
phobic molecules.3 Among them, consider-
able attention has been focused on gelatin
because it has been widely used in pharma-
ceutical industries due to its nontoxicity,
biodegradability, and biocompatibility. Re-
cently, recombinant human gelatin (rHG)
manufactured by splicing recombinant hu-
man collagen, one of the most abundant
proteins in the body, was used to prepare
nanoparticles for protein delivery.4 Since
rHG is nontoxic and useful for developing
nanostructures due to its nonimmunogeni-
city and the homogeneity in molecular
weight, we assumed that it was a good
biomaterial to use as a hydrophilic back-
bone for the manufacture of self-assembled
nanoparticles.
Hydrophobic molecules are key compo-

nents in the fabrication of amphiphilic poly-
mers; therefore, they should be nontoxic,
biocompatible, and nonimmunogenic in

in vivo applications. In addition, their de-
gradability and stability in the body need
to be considered since hydrophobic mol-
ecules play crucial roles in the size and
stability of nanoparticles, encapsulation
of drugs, and rigidity in nanostructures.
Alpha-tocopheryl succinate (R-TOS), one
of the vitamin analogues, is a well-known
hydrophobic molecule composed of three
domains: the functional domain, the signal-
ing domain, and the hydrophobic domain.5,6

The succinyl group in position C6 of the
chromanol ring is cleaved through ester-
ase-dependent hydrolysis, during which
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ABSTRACT A wide variety of drug delivery systems have been developed for the delivery of

anticancer agents. One of the most frequently used natural biomaterials in drug delivery systems is

polysaccharides; however, they are difficult to digest and to eliminate from the body after systemic

administration due to their high molecular weight natures and the absence of degrading enzymes.

Therefore, the development of degradable and eliminable natural biomaterials is critical for

successful in vivo applications. In the present study, we report the development of self-assembled

biodegradable nanoparticles based on recombinant human gelatin (rHG) modified with alpha-

tocopheryl succinate (TOS). The rHG-TOS nanoparticles efficiently encapsulated 17-AAG (17-

allylamino-17-demethoxygeldanamycin), a small molecular anticancer drug targeting heat shock

protein 90. The formation of 17-AAG-loaded nanoparticles was confirmed using TEM and dynamic

light scattering analysis and found to be within the size of 90�220 nm. The loading efficiency,

sustained release pattern, and stability of 17-AAG from the rHG-TOS nanoparticles were determined

using HPLC. Furthermore, the passive targeting of rHG-TOS nanoparticles to the tumor area via

enhanced permeability and retention effect was examined by noninvasive live animal imaging in a

tumor mouse model. Finally, the 17-AAG-loaded nanoparticles were nonimmunogenic and more

efficient than free 17-AAG in manifesting an anticancer effect in the tumor model. Overall, our data

demonstrate rHG-TOS as a promising tool for the delivery of 17-AAG featuring therapeutic efficacy

and biocompatibility.
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R-TOS is completely converted into R-TOH.6,7 When
rHG is conjugated with R-TOS through an amide bond,
the hydrophobic domain is exposed to the opposite
side of the hydrophilic backbone; therefore, the con-
jugate easily forms nanoparticles in aqueous environ-
ments. During the process, lipophilic anticancer agents
can be encapsulated into the hydrophobic core of the
nanoparticles. The hydrolysis may trigger the nanopar-
ticle's disassembly and facilitates drug release.
Chemotherapy is a standardized regimen for the

treatment of cancer patients after and/or before
surgery. Fluorouracil, cyclophosphamide, doxorubi-
cin, and docetaxel are well-known cytotoxic drugs
developed to inhibit DNA replication or arrest cell
cycles. Recent studies regarding cancer biology have
demonstrated that heat shock protein 90 (Hsp90) can
be a target for cancer therapy because (i) Hsp90 plays
a crucial role in the maturation and stabilization of a
wide range of oncogenic client proteins;8�10 (ii)
Hsp90 stabilizes its client proteins under the environ-
mental conditions found in tumors such as hypoxia,
low pH, and poor nutritional status;11 (iii) Hsp90
comprises as much as 4�6% of total protein in tumor
cells, in contrast to the 1�2% in normal cells;12 (iv)
Hsp90 isolated from tumor cells has an approxi-
mately 100-fold greater binding affinity to Hsp90
inhibitors than does Hsp90 derived from normal
cells;12,13 and (v) a number of Hsp90 inhibitors can
be selectively accumulated in tumor cells due to the
intrinsic properties of Hsp90.11,12 The promising an-
ticancer effects of Hsp90 inhibitors have been shown
in preclinical and clinical evaluations when it is
administered as a single agent and/or in combination
with chemotherapy.14

Geldanamycin (GA), the first class of natural Hsp90
inhibitors, has a high binding affinity to the ATP-
binding pocket in Hsp90.15 Hsp90 captures its client
proteins inside the two N-termini of the Hsp90 dimer,
and the chaperone functions of Hsp90 occur upon ATP
binding to the binding pocket. On the other hand,
Hsp90 is not able to drive the chaperone cycles in the
presence of Hsp90 inhibitors due to the competitive
inhibition of ATP binding to the binding pocket.16 The
substitution leads to ubiquitination and proteasomal
degradation of the client proteins, resulting in cell
death.17 Despite the potent anticancer effects of GA
in preclinical studies, the high hepatotoxicity observed
in animalmodels remains an obstacle to clinical trials.18

Efforts to minimize the toxicity have resulted in the
development of a series of GA derivatives that main-
tain the activity with less toxicity. Among them, 17-
AAG (17-allylamino-17-desmethoxygeldanamycin) is
under clinical trials and shows promising anticancer
activity with an acceptable toxicity level.19,20 However,
low solubility in water and instability in solution con-
tinue to be a challenge for future clinical applications.
One of the solutions to improve the bioavailability of

17-AAG is the use of self-assembled nanoparticles. In
the present study, we developed a conjugate of rHG
and R-TOS (rHG-TOS) for the delivery of 17-AAG. The
nanostructures of rHG-TOS were characterized using
dynamic light scattering (DLS) for size measurement
and TEM for the analysis of morphological properties.
The encapsulation ability of 17-AAG, the release pat-
tern of the drug, its cellular uptake, and its anticancer
effects in cancer cells were confirmed. In addition,
in vivo distribution of the rHG-TOS nanoparticles was
visualized using noninvasive live animal imaging

Figure 1. Schematic representation of the conjugation and a diagram of drug-loaded rHG-TOS nanoparticles.
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techniques. Finally, anticancer effects and immuno-
genicities of the 17-AAG-loaded nanoparticles were
investigated in an animal tumor model. We conclude
that rHG-TOS can be a promising delivery vehicle for
17-AAG and/or other hydrophobic agents.

RESULTS AND DISCUSSION

Themost frequently used natural biomaterials in the
drug delivery systems are polysaccharides; however,
they have disadvantages of degradation and elimina-
tion in the body. Chitosan, for example, is difficult to
digest from circulation because the chitinase and
chitosanase required for decomposition exist in the
intestine but not in the blood.21 In addition, the
elimination of polysaccharide via glomerular filtration
is restricted due to its high molecular weight.22,23

Therefore, polysaccharides are considered not to be
appropriate materials for systemic drug formulation.
On the other hand, rHG is easily degraded by serum
proteins, and the degradation product may be elimi-
nated from the body through the renal route.24 Re-
cently, a wide variety of biological anticancer drugs
have been reported; however, no delivery vehicles
have been developed for those agents. Therefore, we
developed a biodegradable and bioeliminable nanoas-
sembled carrier based on rHG for the delivery of the
biologically active anticancer drug 17-AAG.
The highly water-soluble rHG was successfully mod-

ified into an amphiphilic polymer by conjugating R-
TOS as shown in the scheme of synthesis (Figures 1 and
S1). To characterize the conjugates of rHG-TOS, the
remaining amine groups in rHG-TOS modified with
various feeding amounts of R-TOS were quantitatively
determined through a TNBS assay, and the mean
diameters in each condition were determined. A ne-
gative correlation of the remaining amine groups with
the feeding amount of R-TOS was observed, and the
size results with low feeding amounts did not meet the
quality criteria (Table S1). This result was likely due to
the low rigidity of the rHG-TOS since only a small
amount of R-TOS was attached to rHG. The conjuga-
tion conditions that showed more than 60% modifica-
tion and good quality in size measurements were
further tested with regard to the encapsulation of 17-
AAG for the assessment of drug loading capacities. A
positive correlation between the substitution degree
and the loading efficiency (LE) was observed in the
modification range from 60% to 70%, and LE reached a
plateau at 70% modification. On the basis of these
results, the conjugation conditions that produced 70%
substitution were chosen as the optimal conditions for
the preparation of rHG-TOS in terms of rigidity and
loading capability. At the optimal conditions, LE and
loading contents (LC) were 65 ( 5.5% and 8 ( 0.3%,
respectively.
Critical aggregation concentration (CAC), indicating

the nanoparticle formation ability, is considered one of

the important factors required for amphiphilic materi-
als to maintain nanostructures after systemic adminis-
tration in the body due to the dilution in blood.25,26 The
amphiphilicity of rHG-TOS drives the spontaneous
formation of nanoparticles composed of a hydrophilic
outer shell and a hydrophobic inner core in aqueous
environments. The CAC value of rHG-TOS was deter-
mined using DPH as a fluorometry probe. During the
nanoparticle formation, intercalation of DPH into the
hydrophobic core of rHG-TOS led to an increase in
fluorescence intensity, as shown in Figure 2a. The
fluorescence intensity of DPH increased dramatically
near the rHG-TOS concentration of 0.008 mg/mL. The
gradient of the plot increased sharply above that
concentration, indicating nanoparticle formation. The
formation of nanoparticles above the CAC value was
confirmed before drug loading, and the effects of drug
loading on nanoparticle formationwere examined. The
rHG-TOS nanoparticles were spherical in shape and
well-dispersed without aggregation, demonstrating
that rHG-TOS formed spherical nanoparticles in aque-
ous solution at a concentration higher than the
CAC (Figure 2b). After 17-AAG loading, no changes
were observed in the TEM micrograph (Figure 2c).

Figure 2. (a) Fluorometry probe-based CAC determination
of rHG-TOS conjugates (CAC: ∼0.008 mg/mL). TEM images
of (b) unloaded rHG-TOS nanoparticles and (c) 17-AAG-
loaded rHG-TOS nanoparticles. (d) Size distribution of 17-
AAG-loaded rHG-TOS nanoparticles (data expressed as
mean ( SD of three independent measurements).
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In addition, a micrograph of the rHG-TOS nanoparti-
cle with high magnification visualized using cryo-
TEM confirms that rHG-TOS conjugates form a filled
nanoparticle without bilayer (Figure S2). To further
characterize the nanoparticles, the mean diameters
of both nanoparticles were determined using DLS.
The sizes of 17-AAG-unloaded and -loaded nanopar-
ticles weremeasured to be 235( 41 and 239( 40 nm
with polydispersity index (PDI) values of 0.266 (
0.021 and 0.172 ( 0.019. The size distribution of 17-
AAG-loaded nanoparticles analyzed from three inde-
pendent TEMmicrographs wasmeasured to be 229(
42 nm (Figure 2c), and ∼90% of nanoparticles were
distributed in the size range from 90 to 220 nm, as
shown in Figure 2d. TEM and DLS results demon-
strated no influence of drug loading on nanoparticle
formation.
The release profile of the encapsulated drug from

the nanoparticle is crucial to the activity of the drug;
moreover, the stability of the drug has to be main-
tained after the loading and release. Figure 3a shows
the cumulative release profile of 17-AAG from the rHG-
TOS nanoparticles at physiological pH and tempera-
ture under shaking. The in vitro release pattern of 17-
AAG was biphasic and composed of an initial phase
with rapid release and a second phase with slow,
sustained release. Less than 1% of 17-AAG was re-
leased from the nanoparticles in the first 1 h, and the
release reached ∼5% for 3 h and ∼30% for 12 h,
suggesting no significant initial burst. After 24 h,
∼50% of the 17-AAG was released from the nanopar-
ticles, and up to∼70% was released within 48 h, when
the second phase began. The rHG-TOS nanoparticles
released 17-AAG for five days, achieving an∼80% total
release. When the rigidity of rHG-TOS decreased, it was
believed to facilitate the release of 17-AAG. The key
molecule associated with rigidity is R-TOS, and the
succinyl group in R-TOS is easily hydrolyzed under
physiological environments.27 Upon hydrolysis of R-
TOS, the hydrophobic tail domain inR-TOS is detached
from the rHG-TOS; hence the rHG-TOS losses its am-
phiphilicity. Consequently, the hydrolysis may lead to

the disassembly of the nanoparticle structure, resulting
in sustained release of drug. Regardless of the mecha-
nism of drug release, the release kinetic is usually
controlled by dissolution and/or diffusion.28 Factors
involved in the rate of drug release are diffusion
coefficient of drug, effective surface area in the release
media, drug solubility in the media, and the length of
the diffusion path. A general equation based on the
factors represents both the Noyes�Whitney law of
dissolution and Fick's first law of diffusion. Conse-
quently, dissolution and diffusion rate limited pro-
cesses are considered to be a general release
mechanism. The stability of released 17-AAG was con-
firmed using stability-indicating HPLC.29,30 The reten-
tion time of 17-AAG remained constant at 6.6 min with
the appearance of no other peaks representing degra-
dation products of 17-AAG (Figure 3b). The rHG-TOS
nanoparticles release 17-AAG long enough to circulate
in the blood after systemic administration and main-
tain the stability of encapsulated 17-AAG during the
release period.
Efficient cellular uptake in the disease area is a

prerequisite for nanoparticles being used as a drug
delivery system. In order to monitor the internalization
of rHG-TOS, Cy5.5-labeled rHG-TOS was treated with
squamous cell carcinoma (SCC) cells. Time-dependent
trafficking of the nanoparticles was visualized using
confocal laser scanningmicroscopy (CLSM) (Figure 4a).
Cell nuclei were counterstained with DAPI, and cell
morphology was shown in differential interference
contrast (DIC) images. The nanoparticles were rapidly
internalized within 30 min and continued to localize in
the cytoplasm for up to 8 h of incubation. No difference
in cellular uptake was observed in the additional
incubation after 8 h (data not shown). The in vitro

anticancer activity of the 17-AAG-loaded rHG-TOS (17-
AAG/rHG-TOS) nanoparticles was examined in SCC
cells. Cytotoxicities of free 17-AAG, rHG-TOS nanopar-
ticles, and 17-AAG/rHG-TOS nanoparticles were deter-
mined in a 17-AAG dose-dependent manner. At an
equivalent dose of 17-AAG, 17-AAG/rHG-TOS nanopar-
ticles exhibited an ∼10% higher cytotoxicity in SCC

Figure 3. (a) In vitro release profile of 17-AAG from rHG-TOS nanoparticles at pH 7.4 and 37 �C under shaking at 100 rpm (data
expressed as mean ( SD of three independent experiments with four replicates). (b) Stability of the released 17-AAG. HPLC
was performed to quantify and evaluate the stability (red: 1 day, blue: 2 days, green: 3 days, sky blue: 4 days postrelease,
black: 17-AAG standard). The retention time of 17-AAG is around 6.6 min under the test conditions.
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cells than did free 17-AAG, while the unloaded rHG-
TOS showed an ∼10% reduction in cell viability with-
out dose dependency (Figure 4b). The anticancer
effects were evaluated to normalize in the MCF-7 and
MDA-MB-231 cell lines (Figures S3a, b). The 10% dif-
ference between free 17-AAG and 17-AAG/rHG-TOS
nanoparticles was not large; however, the effects of
nanoparticles on the drug activity should be consid-
ered in addition to the release profile. Since ∼50% of
17-AAG was released from the rHG-TOS nanoparticles
during the first 24 h, as shown in the in vitro release
profile (Figure 3a), the cytotoxicities of 17-AAG/rHG-
TOS nanoparticles might be attributed to the released
amounts of 17-AAG from the nanoparticles, even
though the release behavior of 17-AAG in cells differs
from that in the test tubes.
The advantage of nanoparticles for anticancer drug

delivery mainly lies in passive targeting to the tumor
tissue via the EPR effect.31 The distribution, passive
targeting to the tumor through the EPR effect, and the
residence time in the mouse model were observed
and visualized using a noninvasive live animal ima-
ging technique after a systemic injection of Cy5.5-
labeled rHG-TOS nanoparticles though the tail vein.
After the injection, the NIR fluorescence intensity of
the rHG-TOS was detected at predetermined points in
time. Nanoparticle accumulation in the tumor was
observed within 1 h and continued to increase up to 6
h, after which a slight decrease in the intensity was
observed at 12 h postinjection andmaintained for 1day
(Figure 5a). The intensity kept decreasing during the
observation. A quantitative analysis of the nanoparticle
distribution was performed by measuring the fluores-
cence intensities in the region of interest (ROI)
(Figure 5b). ROI intensity at 1 h postinjection was
considered as 100%, and other points were expressed

as relative intensities. In order to avoid autofluorescence
from the tumor, fluorescence intensity in the tumor was
measured before the injection. Since photobleaching of
Cy5.5 is one factor that causes continuously decreased
fluorescence intensity with time, the tumor to back-
ground ratios (TBR) were calculated as shown in
Figure 5c.32 TBR increased for one day, maintained a
stable value from one day to two days, and then
continuously declined. These results reveal rapid uptake
and long-term retentionof rHG-TOSnanoparticles in the
tumor region during the continuous elimination of the
nanoparticles in the body. Tumor targetability and
elimination of rHG-TOS nanoparticles can be confirmed
through the biodistribution study; however, it is difficult
to monitor organ distributions using the live animal
imaging.1,33 Therefore, ex vivo observations were per-
formed 24 h after a single injection. Figure 5d exhibits
the strongest fluorescence intensity at the tumor com-
pared to those of the liver, lung, kidney, spleen, heart,
and muscle. A quantitative analysis revealed at least
2-fold greater fluorescence intensity at the tumor in
comparison to other organs, supporting the tumor
targeting ability of rHG-TOS nanoparticles (Figure 5e).
On the basis of these results, it is concluded that
the rHG-TOS nanoparticles are found to passively target
the tumor tissue via the EPR effect and remain at the
tumor region for sufficient time to complete the drug
release.
Despite the importance of biodistribution, penetra-

tion through tissue, phagocytosis, and endocytosis of
nanomaterials, little is known about metabolism of
nanomaterials because of the difficulty in detection
and quantification of themetabolites of nanomaterials.
Chromatography, mass spectrometry, and NMR, the
most commonly used analytical methods, are not
critical to determine the metabolism of nanomaterials,

Figure 4. (a) Cellular uptake and distribution of rHG-TOS nanoparticles monitored using CLSM. The rHG-TOS nanoparticles
were labeled with Cy5.5 dye (red, top), cell morphologies were visualized in DIC images (gray, second from top), nuclei were
counterstained with DAPI (blue, third from top), and the images were merged (bottom). (b) Anticancer effects of 17-AAG-
loaded rHG-TOS nanoparticles in SCC cells (data expressed as mean ( SD of three independent experiments with four
replicates). (1) rHG-TOS; (O) free 17-AAG; (b) 17-AAG-loaded rHG-TOS.
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even though they are general methodologies for
micromaterials. Therefore, nanoparticles require an
additional technique to detect and quantify the meta-
bolized products. Continuous studies have proposed
that the surface characteristics of nanoparticles are
closely relatedwith exposure and uptake, translocation
and metabolism, and elimination of nanoparticles in
biological systems.34 The toxicity of nanoparticles is
detoxified through an activation of the liver, and most
nanoparticles are eliminated via a glomerular filtration
if their overall molecular weight is lower than the renal
cutoff. As shown in Figure 5d, the intensity of rHG-TOS
was slightly high in the liver and kidney in comparison
with other major organs except the tumor, demon-
strating that the rHG-TOS nanoparticles might be
eliminated through the kidney and detoxified in the

liver. The liver and kidney toxicity after the systemic
administration of rHG-TOS nanoparticles should be
further evaluated, although the total amount of nano-
particles seems not to be overdosed.
The effects of the nanoparticles on the efficacy of 17-

AAG were investigated in terms of the administration
dose and frequency. For preparation of the injection
solution, free 17-AAG was first dissolved in DMSO and
diluted with PBS, and the unloaded nanoparticles and
17-AAG/rHG-TOS nanoparticles were suspended in
PBS. The administration doses for free 17-AAG and
17-AAG/rHG-TOS nanoparticles were 10 and 5 mg/kg
per mouse, respectively. PBS was injected as vehicle,
and unloaded rHG-TOS nanoparticles were used as a
negative control. All of the samples were systemically
injected into the tumor-bearing mice three times per

Figure 5. (a) Distribution of Cy5.5-labeled rHG-TOS nanoparticles in the tumor-bearingmice after a single systemic injection.
(b) Relativemean fluorescence in the tumor tissue determined according to themean fluorescence in the ROI (data expressed
as mean( SE, n = 5). (c) Residence time and elimination of rHG-TOS of the tumor (data expressed as mean( SD). (d) Ex vivo
examination to visualize the tumor targeting ability of rHG-TOS nanoparticles. Major organs, muscle, and tumor tissue were
isolated one day after administration (liver, lung, kidney, spleen, heart, muscle, and tumor; left to right). (e) Quantitative
analysis of rHG-TOS nanoparticles in themajor organs (*p< 0.001, ANOVA, tumor vs other organs andmuscle; data expressed
as mean ( SD).
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week. After the sixth injection, the tumor volume in the
group of free 17-AAGwas increased 20 times relative to
the initial volume, whereas that of 17-AAG/rHG-TOS
nanoparticles was increased 15 times (Figure 6). In

order to evaluate whether the use of nanoparticles
reduced the administration frequency, we injected 17-
AAG/rHG-TOS nanoparticles every four days at a 17-
AAG dose of 10 mg/kg. At the end of administration,
the tumor volume increased 7 times, which is one-third
compared to the free 17-AAG after the injections at the
same dose of 17-AAG. As shown in Figure 6, 17-AAG/
rHG-TOS nanoparticles exhibited strong anticancer effects
evenwitha lowdoseof 17-AAGanda long-term interval in
comparison with the effects of free 17-AAG. This is in part
due to the passive targeting ability of nanoparticles
through the EPR effects, through which 17-AAG may be
accumulated at the tumor region at high local concentra-
tion even with low doses and low frequency.
Since it has been reported that natural killer cells (NK

cells), a component of the innate immune system, play a
crucial role in tumor rejection, changes in NK cell popula-
tion in tumor, blood, and draining lymph node (DLN)
were monitored.35 The percentage of NK cells did not
change significantly after administration of 17-AAG/rHG-
TOS nanoparticles (Figure 7a), demonstrating that the
retarded tumor growthwas due to the anticancer activity
of 17-AAG, but not through NK cell activation. To deter-
mine the immunogenicity of rHG-TOS nanoparticles, the
percentage of lymphocytes in the blood, tumor, andDLN
was measured using flow cytometry. Investigation of

Figure 6. Anticancer effects of 17-AAG-loaded rHG-TOS
nanoparticles in SCC tumor-bearing mice (p < 0.001,
ANOVA, free 17-AAG vs 17-AAG-loaded rHG-TOS; data ex-
pressed as mean ( SE, n = 5). Symbols on the plots
represent one day postadministration (redb) PBS (vehicle);
(orange b) rHG-TOS; (1) free 17-AAG, three times per week
at 10 mg/kg; (blue 9) 17-AAG-loaded rHG-TOS, three times
per week at 5 mg/kg; (purple 9) 17-AAG-loaded rHG-TOS,
every four days at 10 mg/kg.

Figure 7. Immunogenecity of 17-AAG-loaded rHG-TOS nanoparticles in SCC tumor-bearing mice. (a) Percentage of CD3-
DX5þNK cells in blood, tumor, andDLN at one and twoweeks after the administration of 17-AAG/rHG-TOS nanoparticles was
measured by flow cytometry. (b) CD8þ and (c) CD4þ T cell populations in blood, tumor, and DLN at one and two weeks after
administration of 17-AAG/rHG-TOS nanoparticles were measured by flow cytometry. The nanoparticles and vehicle were
injected every 4 days at a 17-AAG dose of 10 mg/kg.
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CD8þ and CD4þ (Figure 7b,c) populations revealed that
rHG-TOS was nonimmunogenic when injected systemi-
cally. Taken together, these data demonstrate that rHG-
TOS is a safe and nonimmunogenic biomaterial when
utilizedas adrugdelivery system for 17-AAG, primarily via
the increase in targeted delivery of 17-AAG at the tumor
sites and allowing sustained drug release.

CONCLUSION

New self-assembled nanoparticles based on rHG for
17-AAG delivery were successfully developed through
the introduction of hydrophobic R-TOS. The rHG-TOS
nanoparticles exhibit advantages of enhancing the
therapeutic efficacy of 17-AAG through the passive
targeting of the tumor with long residence time and
reduction in the administration dose and frequency. In

addition, rHG-TOS is a biocompatible and bioeliminable
material in terms of its degradability and nonimmuno-
genicity. Consequently, rHG-TOS has the potential to
deliver hydrophobic anticancer agents with high load-
ing efficiency and stability. To our knowledge, this is the
first study to use rHG for hydrophobic drug delivery and
Hsp90 inhibitor, 17-AAG, as an anticancer agent. Despite
future challenges regarding the mechanisms of the
anticancer effects, optimization of administration dos-
age, evaluation of liver and kidney toxicity, and the
nanoparticles' stability in blood, the present data pro-
vide promising applications of rHG-TOS as an efficient
and safe anticancer drug carrier. Current work will
promote further applications of rHG-TOS for versatile
anticancer drug delivery and of biologically active anti-
cancer agents in other drug delivery systems.

METHODS
Materials. RHG (100 kDa) was purchased from Fibrogen, Inc.

(San Francisco, CA). EDC (1-ethyl-3-[3-dimethylaminopro-
pyl]carbodiimide hydrochloride), NHS (N-hydroxysuccinimide),
R-TOS (D-R-tocopheryl succinate), DPH (1,6-diphenyl-1,3,5-
hexatriene), KBr (potassium bromide, FT-IR grade), and DMSO
(NMR grade) were obtained from Sigma-Aldrich Co. (St. Louis,
MO). 17-(Allylamino)-17-demethoxygeldanamycin (17-AAG)
was from LC Laboratories (Woburn, MA); acetonitrile and
methanol (HPLC grade) were from Fisher Scientific Korea
(Seoul, Republic of Korea); SCC (squamous cell carcinoma),
MDA-MB-231, andMCF-7 were from the American Type Culture
Collection (Rockville, MD); cyanine 5.5 NHS ester (Cy5.5) was
from Amersham Biosciences (Piscataway, NJ); the dialysis mem-
brane was purchased from Spectrum Laboratories, Inc. (Rancho
Dominguez, CA); the C3H mice were from Orient Bio Inc.
(Seongnam-Si, Gyeonggi-Do, Republic of Korea). Allophycocya-
nin (APC)-conjugated anti-CD8 (53-6.7) and PE-conjugated anti-
CD4 (GK1.5) mAbwere purchased from eBioscience (San Diego,
CA). The ultrapure deionized water (DW) was produced using a
Millipore purification system. All other reagents were of analy-
tical grade.

Preparation of rHG-TOS. The conjugate of rHG-TOS was pre-
pared through formation of amide bonds between the primary
amine of rHG and the carboxyl group of R-TOS via the EDC/NHS
reaction as previously reported.1 In order to activate the carbox-
ylates, EDC was dissolved in an activation buffer (0.1 M MES, 0.5
M NaCl, pH 6.0) at a final concentration of 500 mM, and R-TOS
was prepared in methanol at a final concentration of 100 mM.
The stocks of EDC andR-TOSwere dilutedwith 5-fold volume of
the activation buffer and 3-fold volume of methanol, respec-
tively, and then they were mixed at a volume ratio of 6:4 for
preparing a mixture containing 50 mM EDC and 10 mM R-TOS.
After 30min of reaction, NHSwas added at a final concentration
of 5 mM, and the mixture was reacted for 4 h with slow stirring.
To inactivate EDC, 2-mercaptoethanol was added at a final
concentration of 20 mM, and the solution was mixed with 2 �
PBS (0.2 M, 0.3 MNaCl, pH 7.4) containing 50 μM rHG at a ratio of
1 to 1. The resulting solution was stirred for 16 h at room
temperature. After the reaction, the conjugate was purified
through 24 h of dialysis (MWCO 1 kDa) against 40% methanol
and an additional 48 h with continuously decreasing methanol
until the buffer reached 100% water. The purified rHG-TOS was
freeze-dried and stored under vacuum at �20 �C until use.

Characterization. Critical Aggregation Concentration. DPH
was dissolved in methanol to prepare a 0.4 mM stock solution,
and rHG-TOS was dissolved in water with serial dilution from
125 to 0.49 μg/mL. The stock solution of DPH was mixed with

the samples of rHG-TOS at a final DPH concentration of
0.004 mM prior to sonication at 30% amplification for 20 s. As
a negative control, samples were prepared through the same
procedure in the absence of DPH. After 24 h at room tempera-
ture, fluorescence intensities of the samples were measured
with excitation at 355 nmand emission at 428 nmusing a UV/vis
fluorescence spectrophotometer (SpectraMax M2e, Molecular
Devices; Sunnyvale, CA). The differences between the samples
with and without DPH were considered based on the mean
fluorescence intensities.

TEM. Samples were prepared from an aqueous solution of
rHG-TOS at concentrations greater than the CAC and were
dispersed by sonication. One drop of the solution was dried
on a carbon grid and stained with osmium tetroxide. The
morphological characteristics of rHG-TOS were visualized using
a TEM (Philips CM-30, Philips Electron Optics; Eindhoven,
Netherlands).

Size. The mean diameters and size distributions were de-
termined with dynamic light scattering using a Zetasizer
(NanoZS, Malvern Instruments; Worcestershire, UK). The rHG-
TOS nanoparticles were dissolved and dispersed in DW at a
concentration of 0.5 mg/mL.

Preparation of 17-AAG-Loaded Nanoparticles. DMSO was chosen
as a cosolvent to dissolve rHG-TOS and 17-AAG, which were
then separately dissolved in DMSO. The rHG-TOS solution was
first sonicated at 30% amplification for 20 s and mixed with 17-
AAG. The mixture was sonicated again with the same condi-
tions, and the resulting mixture was dialyzed (MWCO 1 kDa)
against water for 5 h with frequent exchange of pure water.
After that, the 17-AAG-loaded rHG-TOS nanoparticles were
lyophilized and maintained under vacuum at �20 �C until
use. The loaded amount of 17-AAG in the nanoparticles was
determined using HPLC (1525 dual pump, Waters; Milford, MA)
equippedwith a UV detector and a C18 column. The columnwas
equilibrated with a mobile phase (31% ACN, 43% methanol,
26% water), and the samples were eluted in an isocratic
condition of the mobile phase at a flow rate of 1 mL/min and
detected at 254 nm. LC% and LE% were calculated as LC% =
mass of 17-AAG in nanoparticles/mass of 17-AAG-loaded nano-
particles � 100 and LE% = mass of 17-AAG loaded in nanopar-
ticles/mass of 17-AAG added � 100, respectively.3

17-AAG Release Study. The dialysis method was used for the
in vitro 17-AAG release experiments. The 17-AAG-loaded rHG-
TOS nanoparticles were dissolved in PBS at a final concentration
of 3 mg/mL, and the solution was sealed in a dialysis bag
(MWCO 1 kDa), which was immersed into 10 mL of PBS (0.1 M,
0.15 M NaCl, pH 7.4) in a conical tube. The tube was placed in a
shaking water bath at 37 �C and shaken horizontally at 100 rpm.
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The release buffer in the tubewas replacedwith fresh PBS at the
predetermined points in time. The released 17-AAG contents
were quantified using HPLC as described above.

In Vitro Studies. Cell Culture. SCC cells were maintained in
RPMI 1640, 10% FBS, and penicillin (100 IU/ml)/streptomycin
(100 μg/mL) at 37 �C with 5% CO2 and cultured to 80%
confluence.

Cellular Uptake. Cy5.5was conjugated to the residual amine
groups of rHG-TOS through an amide bond according to the
manufacturer's protocol. SCC cells were seeded onto 60 mm
dishes at a density of 1 � 106 cells/dish and then incubated for
24 h. After the incubation, Cy5.5-labeled rHG-TOSwas treated to
the cells at a final concentration of 50 μg/mL, and the cells were
washed three times with PBS at the predetermined points in
time. Then, the cellular uptake was observed using a con-
focal microscope (LSM510 META NLO, Carl Zeiss Jena GmbH,
Germany; Korea Basic Science Institute, Chuncheon Center,
Chuncheon, Korea).

In Vitro Studies. SCC cellswere seeded onto 24-well plates at
a density of 1 � 104 cells/well. After 24 h of incubation, the
culture media was replaced with 500 μL of fresh media contain-
ing 17-AAG-loaded rHG-TOS nanoparticles, free 17-AAG, or
unloaded nanoparticles. The 17-AAG-loaded nanoparticles
were serially diluted in the media to produce a final 17-AAG
concentration range from 10 to 0.1 μg/mL. As controls, equiva-
lent doses of free 17-AAG and unloaded nanoparticles were
administered to the cells. After 24 h of incubation, the cells were
washed with PBS and the cell viability was determined using an
MTT assay. The cell viabilities were measured three times with
four replicates.

Biodistribution. Tumor Model. All animal experiments were
conducted under an animal protocol approved by the Institu-
tional Animal Care and Use Committee at the Hanyang
University, Korea. SCC cells grown to 80% confluence were
trypsinized and suspended in PBS at a concentration of 4.0 �
107 cells/mL. Fifty microliters of cells was inoculated into the left
hind flank of six-week-old C3H mice after anaesthetizing with
ketamine and xylazine (100 mg/kg). Tumor volume was calcu-
lated as V = 0.5ab2, where a and b are the longest and shortest
diameters, respectively, of tumors measured using vernier
calipers.36

Cy5.5-rHG-TOS Injection. The tumormodel was prepared as
described above, and the mice were randomly separated into
control and test groups when the tumor volumes reached
∼200 mm3. Cy5.5-labeled rHG-TOS was injected through the
tail vein at an administration dose of 1mg suspended in 100μL
of PBS.

Body Distribution. The distribution of nanoparticles was
visualized and quantitatively analyzed using a Kodak Image
Station at the predetermined time points (Kodak Image Sta-
tion 4000MM, Eastman Kodak Company, Scientific Imaging
Systems; New Haven, CT). The mean fluorescence intensity
(MFI) at the tumor was determined in the ROI and was
expressed as MFI/cm2. The tumor to background intensity
(TBI) was calculated as TBI = MFI in the ROI of tumor/MFI in
the ROI of skin � 100.

Ex Vivo Examination. The tumor tissue and internal organs,
including liver, lung, kidney, spleen, heart, and muscle, were
isolated 24 h post intravenous injection of Cy5.5-labeled rHG-
TOS nanoparticles. The MFIs of the tumor and organs were
measured and calculated using the equation described above.

In Vivo Anticancer Effects. When the tumor volumes reached
∼70 mm3, the mice were randomly divided into six groups of
PBS, unloaded rHG-TOS nanoparticles, free 17-AAG (1), and 17-
AAG/rHG-TOS nanoparticles (2 and 3): (1) three times per week
at a 17-AAGdose of 10mg/kg; (2) three times per week at a dose
of 5 mg/kg; and (3) every four days at a dose of 10 mg/kg. All
treatments were injected into the mice through the tail vein.
The tumor volumes were measured and calculated with the
equation provided above.

Immune Profiling. Draining lymph nodes were minced with
frosted glass slides, and tumor mass was taken out and passed
through a 70μmpore-size nylon cell strainer (BD Falcon 352350;
BD Biosciences, Bedford, MA) using a 15 mL syringe plunger to
disperse clumps to remove debris. Isolated single cells were

resuspended in 100 μL of FACS buffer (PBS containing 2% FBS
and 0.02% sodium azide) and incubated with anti-CD16/CD32
mAb to block FcγRIII/II. Without washing, cells were incubated
with mAb for 20 min at 4 �C. After washing with FACS buffer,
cells were fixed with 200 μL of 1% paraformaldehyde in PBS.
Flow cytometry was performed using FACSCalibur (BD Bios-
ciences, San Diego, CA), and the data were analyzed with
CellQuest software (BD PharMingen, San Jose, CA). Fifty thou-
sand lymphocyte populations gated by forward-/side-scatter
were analyzed.
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