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F
erritin (FRT) is a major iron storage
protein found in humans and many
living organisms. Each FRT nanocage is

composed of 24 subunits, which self-assem-
ble to form a cage-like nanostructure, with
external and internal diameters of 12 and
8 nm, respectively.1 In nature, the interiors of
FRTs are filled with iron. When expressed
artificially in iron-free conditions, the yielded
apoferritins are hollow, comprising a cavity
that can be loaded with different species. We
previouslydemonstrated thatCuradioisotopes
can be encapsulated into FRT nanocages, pos-
sibly by association with the metal binding
sites at the FRT interiors.2 Others have reported
onusing FRTs as nanoreactors to growmetallic
nanoparticles.3�5 Moreover, it was found
that metal-containing compounds, such as
Gd-DO3A,6 cisplatin,7 and desferrioxamine B,8

can be encapsulated into FRTs. Loading non-
metal-containing molecules into FRTs, on the
other hand, has seldom been reported.
Our recent investigations showed that

nonmetal-containing drug molecules can be

precomplexed with a transition metal like
Cu(II) and subsequently internalized into FRT
interiors. In particular, we found that doxo-
rubicin (Dox), a wide-spectrum anticancer
antibiotic, can be efficiently loaded onto FRT
nanocages through this method. We report
herein the first in vivo study on utilizing sur-
facemodified FRT nanocages as a drug carrier
for Dox-based chemotherapy (Figure 1a).
There are several reasons that we are inter-

ested in using surfacemodified FRTs as a drug
delivery system. (1) Biosafety: FRT is a major
iron storage protein in humans and therefore
is biocompatible and nonimmunogenic. (2)
Size: Compared with many other drug car-
riers, FRTs are much smaller in size. This may
lead to a longer circulation half-life and a
better tumor accumulation rate. (3) Unique
nanostructure: Despite the rigidness under
physiological conditions, the FRT nanocages
can be broken down into subunits in an
acidic environment (e.g., pH = 2).1 Interest-
ingly, such a process is reversible. When the
pH is tuned back to neutral, the FRT subunits
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ABSTRACT Ferritin (FRT) is a major iron storage protein found in humans and most

living organisms. Each ferritin is composed of 24 subunits, which self-assemble to form a

cage-like nanostructure. FRT nanocages can be genetically modified to present a peptide

sequence on the surface. Recently, we demonstrated that Cys-Asp-Cys-Arg-Gly-Asp-Cys-Phe-

Cys (RGD4C)-modified ferritin can efficiently home to tumors through RGD�integrin Rvβ3

interaction. Though promising, studies on evaluating surface modified ferritin nanocages as

drug delivery vehicles have seldom been reported. Herein, we showed that after being

precomplexed with Cu(II), doxorubicin can be loaded onto RGD modified apoferritin

nanocages with high efficiency (up to 73.49 wt %). When studied on U87MG subcutaneous

tumor models, these doxorubicin-loaded ferritin nanocages showed a longer circulation half-

life, higher tumor uptake, better tumor growth inhibition, and less cardiotoxicity than free

doxorubicin. Such a technology might be extended to load a broad range of therapeutics and holds great potential in clinical translation.
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will be reconstituted into a nanocage structure, and
almost in an intact fashion.2 As shown in our previous
studies, such a pH dependent disassembly and reas-
sembly can be employed to construct hybrid FRT
nanocages9 and to achieve functionality loading into
the cavity.2 (4) The surface of FRTs can be easily modified,
eithergeneticallyor chemically.Wepreviously conjugated
dyemolecules,2 quenchermolecules,9 andpeptides9onto
FRT surfaceby formingcovalentbondswith surface lysine.
Genetic modification of FRT has also been reported. In
particular, Uchida et al. introducedCys-Asp-Cys-Arg-Gly-
Asp-Cys-Phe-Cys (RGD4C), an RGD derivative, onto the
FRT surface.10 RGD is a three-amino-acid sequence with
high affinity toward integrinRvβ3, a tumor angiogenesis
biomarker that is up-regulated on tumor endothelial
cells and many types of tumor cells.11�14 Our previous
positron emission tomography (PET) and near-infrared
fluorescence (NIRF) imaging studies showed that these
RGD4C modified FRTs (RFRTs) can efficiently home to
tumors through RGD�integrin interaction and the en-
hanced permeability and retention (EPR) effect.2 These
features and observations inspired the current investi-
gation of looking into the potential of RFRTs as a drug
carrier.

RESULTS AND DISCUSSION

We used human heavy-chain FRTs/RFRTs through-
out the study. The expression, production, and purifi-
cation of FRTs/RFRTs were reported previously.2

Sodium dodecyl sulfate�polyacrylamide gel electro-
phoresis (SDS-PAGE) studies found bands at ∼22 and
∼28 kDa for FRT and RFRT products (Figure S1),
correlating well with the molecular weights of their
subunits. The yieldswere 2.5mg/100mL cell culture for
FRTs and 0.5 mg/100 mL for RFRTs, respectively. Dy-
namic light scattering (DLS) found a larger size for
RFRTs (18.7 nm, Figure S2) than that for FRTs (8.2 nm).
This size increase has been attributed to the imparted
RGD4C sequence on the FRT surface.
Free Dox shows a relatively low loading rate with

either FRTs or RFRTs (Table 1, Supporting Information).
To facilitate the loading, we investigated using Cu(II),
Mn(II), Zn(II) and Fe(III), all of which are known to be
able to form a complex with Dox,15,16 as a helper agent.
Briefly, we incubated Dox�metal complexes with FRT/
RFRT nanoparticles. Unloaded drug was removed by
passing through a NAP-5 column. The use of Mn(II) and
Zn(II) led to a very low FRT/RFRT yield (Table 1, Sup-
porting Information). When Cu(II) or Fe(III) were used,
on the other hand, we observed a significantly im-
proved Dox loading, with Cu(II) being the more effi-
cient one (Table 1, Supporting Information). For RFRTs,
precomplexationwith Cu increasedDox loading rate to
73.49 wt %, in comparison to that of 14.14 wt % for free
Dox. Disassembling RFRT nanocages was found to be
associated with a low production yield and the ap-
proach was not used. It is noted that preincubating
RFRTs with Cu(II) can significantly block the drug

Figure 1. (a) Schematic illustration of D-RFRTs. Dox was precomplexed with Cu, and then encapsulated into RFRTs. (b) Gel-
filtration chromatography analysis of RFRTs andD-RFRTs. The samepeak at around27.4minwas observed for both RFRTs and
D-RFRTs. (c) Cumulative drug release curves of D-RFRTs in PBS (pH 7.4) and FBS.
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loading (down to 8.28 wt %; Table 1, Supporting
Information). Our previous studies with 64Cu showed
that free copper was mainly loaded into the cavity of
RFRTs, possibly by association with the interior metal
binding sites. The fact that free Cu(II) can block the
Dox�Cu loading indicates that the complex competes
for the same binding sites at the interiors of nanocages.
Therefore, it is deduced that for empty RFRTs, the drug
is mostly encapsulated into the nanocages rather than
loaded on the surface.
A gel-filtration chromatography study was per-

formed to evaluate the size change over the drug
loading. For RFRTs, we found a single peak at
27.37 min (Figure 1b). This peak was shown on the spec-
trumof Dox-loaded RFRTs (D-RFRTs) at the sameposition
(27.40 min), indicating that for the majority of the
product, the size remained unchanged. This supports
the hypothesis that Dox�Cuwas encapsulated into the
interiors of RFRTs, otherwise a decrease in retention
time would have been observed. Notably, a small peak
at 15.53 min was found on the spectrum of D-RFRTs.
This is attributed to a small portion of particle cluster-
ing that was formed during the drug loading, which,
according to chromatogram integration, accounts for
only 3.53% of the overall product. This result correlates
well with the atomic force microscopy (AFM) observa-
tion, which found a slightly increased degree of particle
clustering after drug loading, albeit an overall compar-
able size (18.32 ( 4.09 nm for RFRTs and 19.72 (
2.28 nm for D-RFRTs; Figure S3). Dynamic light scatter-
ing (DLS) analysis showed that the size of D-RFRTs was
21.03nm,which is comparable to thatof RFRTs (FigureS2).
D-RFRTs were very stable in PBS and showed no
precipitation for weeks when kept at a concentration
lower than 0.5 mg/mL.
The release of Dox from D-RFRTs was studied in PBS

at 37 �C. Unlike Cu(II) that remains bound to the
interiors of nanocages,2 Dox was found to be gradually
released from the nanocarriers (Figure 1c). We also
studied drug release in fetal bovine serum (FBS). It is
well-known that Cu-based complexes are susceptible
to transchelation in the serum for its association with
serum proteins.2,17 If Dox�Cu was immobilized onto
the surface of RFRTs, incubation in the serum would
result in a dramatically accelerated drug release com-
pared to PBS. The results, however, showed an overall
comparable release rate (Figure 1c).
We next studied the selectivity of D-RFRTs against

integrin Rvβ3 (Figure 2a). We incubated D-RFRTs with
U87MG cells, a human glioblastoma cell line which
overexpresses integrin Rvβ3 on the surface.18�20 To
facilitate the tracking, we labeled the RFRTs with
ZW800, a near-infrared dye molecule (ex/em: 780/
800 nm).21 D-RFRTs efficiently bound with U87MG cells
and internalized (Figure 2a). Co-incubation with free
c(RGDyK) (20�) significantly inhibited the uptake
(Figure S4), indicating that the targeting was mainly

mediated by RGD-integrin interaction. While at early
time points, both RFRTs (ZW800) and Dox were distrib-
uted in the cytoplasm, Dox was found predominantly
in the nuclei at late time points (Figure S5). This is
because Dox was gradually released from the nano-
carriers and diffused into the nuclei, where it interca-
lated with DNA to induce cell death.22 MTT assays
were performed with D-RFRTs against U87MG cells,
which found a concentration-dependent cytotoxicity
(Figure 2b). It is worth mentioning that no significant
toxicity was observed with Cu(II)-loaded RFRTs
(Figure 2b). This is not surprising because the toxicity
of Cu(II) usually occurs when it is in a free form.23 As
observed in our previous studies, Cu(II) remained
bound to RFRT interiors2 and hence, would not cause
extra cytotoxicity.
We intravenously (iv) injected D-RFRTs and free Dox

(5 mg Dox/kg) into normal mice, and studied the
circulation half-lives of D-RFRTs and free Dox by ana-
lyzing the Dox contents in the blood at different time
points (Figure 2c). Free Dox showed a quick washout
from the circulation and a short half-life of 6.5 min,
which is similar to our previous observations.22 For
D-RFRTs, we observed a biphasic plasma concentration
profile with a second phase t1/2 of 27 h (Figure 2c,
simulation performed with software WinNonlin). As
mentioned above, Cu-based complexes are easily sub-
jected to transchelation in the blood.17 Such a signifi-
cantly extended half-life again supports the hypothesis
that Dox was mostly located at the interiors of the
nanocages.
We then used NIRF imaging to study the tumor

selectivity of D-RFRTs in a subcutaneous U87MG tumor
model. ZW800-labeled D-RFRTs (5 mg Dox/kg) were iv
injected and imageswere taken at selected time points
on a Maestro II system. Results from 24 h are shown in
Figure 3a. Strong activities from ZW800 were observed
in the tumor areas with a tumor-to-normal-tissue ratio
of 55. Immediately after the imaging at 24 h, the
animals were sacrificed. The tumors as well as major
organs were harvested, placed on a sheet of black
paper, and subjected to an ex vivo imaging study
(Figure 3a). We found that the activities in the tumor
were two times higher than those in the liver, and the
accumulation in other organs was low (Figure 3b).
We also studied the distribution of Dox (ex/em: 480/

570 nm). Unlike the observation with ZW800, we found
a low tumor-to-normal-tissue contrast from in vivo

imaging (0.11, Figure 3a). This was attributed to the
strong tissue autofluorescence from the animal skin as
the excitation/emission of Dox lies in the visible spec-
trum window. Indeed, ex vivo Dox imaging exhibited a
biodistribution pattern that was similar to the ZW800
results (Figure 3a). As a comparison, free Dox at the
same dose was injected in a control group. In that case,
both in vivo and ex vivo imaging found a much lower
tumor uptake (Figure 3a,b).
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Histology studies were performed with the tumor
tissues (Figure 3c). Good correlation was observed

between RFRT (ZW800) and anti-integrin β3 staining
(Cy5), suggesting that the targeting was mainly

Figure 3. (a) In vivo and ex vivo imaging results of U87MG tumor-bearingmice injectedwith ZW800-labeled D-RFRTs and free
Dox. For ex vivo studies, the organs were arranged in the following order: 1, tumor; 2, liver; 3, lung; 4, muscle; 5, heart; 6,
spleen; 7, kidneys; 8, brain; 9, intestine. (b) Columnhistograms of fluorescence activities in different organs obtained from the
ex vivo imaging data. (c) Immunohistology results from tumor sections. Good overlapwas found between RFRTs (ZW800) and
positive integrinβ3 staining, indicating that the targetingwasmainlymediatedbyRGD-integrin interaction. Dox, on the other
hand, displayed a diffusive distribution pattern, suggesting the release of Dox from the carriers. Green, Cy5.5; red, ZW800;
blue, Dox. Scale bar, 50 μm.

Figure 2. (a) Time dependent uptake of ZW800-labeled D-RFRTs by U87MG cells. Blue, DAPI; red, Dox; green, ZW800. Scale
bar, 50 μm. (b) Viability assay results of U87MG cells with D-RFRTs, free Dox, and Cu-bearing RFRTs. (c) Plasma Dox
concentrations at different time points after iv injection of D-RFRTs or free Dox into healthy nude mice.
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mediated by RGD-integrin interaction. Notably, most
of the nanocarriers remained within the blood ves-
sels, likely caused by association with integrins ex-
pressed on endothelial cells. On the other hand, Dox
showed a more disseminated distribution pattern as
many of the activities were found outside of the
vessels. It indicates that Dox was released from the
nanocages and diffused into the interstitial space
and tumor cells.
A therapeutic study was performed in U87MG sub-

cutaneous tumor models. Briefly, D-RFRTs (5 mg Dox/
kg) were iv injected every three days for two weeks
(n = 5). In the control groups, PBS, RFRTs, and free Dox
at the same dose were injected (n = 5). Eighteen days
after the start of the treatment, D-RFRT group showed
a tumor volume of 122.02 ( 80.35 mm3, compared to
that of 924.34 ( 269.57 mm3 for the PBS group and
874.97( 253.6mm3 for the RFRT group (Figure 4). This
represents a tumor growth inhibition (TGI) rate of
89.6%, which is significantly higher than that of
74.0% for free Dox (p < 0.05). No significant weight
loss was observed with the D-RFRT treated mice
(Figure S6).
Cardiotoxicity has been one major limiting factor

in Dox-based therapy.24 To study this, we performed
caspase-3 staining on the heart tissues from both Dox
and D-RFRT treated mice (Figure 5a). A much lower
level of positive stainingwas observedwith the D-RFRT
group, indicatingmitigated toxicity by using RFRTs as a
drug carrier. Similarly, H&E staining found necrosis
in the tumors treated with D-RFRT, but no obvious
pathological abnormalities such as hemorrhage, edema,

lymphocyte infiltration and necrosis in major organs
including the heart (Figure 5b and Figure S7).

CONCLUSIONS

We showed that precomplexation with Cu(II)
can significantly improve the loading of Dox onto
RFRT nanocages. Such a metal-assisted Dox loading
has been observed previously with liposome-based
nanocarriers,25,26 though with a different mechanism.
Gel-filtration chromatography found an overall un-
changed nanoparticle size, suggesting that the drug
was mostly internalized into the cavity of the particles.
This was supported by the observations made in the
drug release and circulation half-life studies, which
found no sign of copper transchelation when exposing
D-RFRTs to serum proteins. Also, it was found that the
loading of Dox�Cu can be efficiently blocked by free
Cu(II), which is known to be encapsulated into the
interiors of RFRTs. There are both threefold and four-
fold symmetric channels present on FRT surface.27 The
threefold channel is hydrophilic and usually serves as a
pathway to transfer metal cations in and out of the
protein cage, with a potential gradient directing to-
ward the cavity of the nanocages.27 The fourfold
channel, on the other hand, has a potential gradient
in the opposite direction, and is believed to be used to
expel species from the cavity.27 The fact that the
internalization of Dox�Cu can be blocked by free Cu(II)
suggests that the complex is taken up through a similar
mechanism as free metal cations do. It is postulated
that complexation with Cu(II) provides a driving force

Figure 4. (a) Therapy studies performed on U87MG tumor-bearing nudemice (n = 5/group). On day 18, significant difference
in tumor growthwas found betweenD-RFRT treatedmice and those treatedwith PBS, RFRTs and free Dox (P < 0.05). Eighteen
days after the onset of the treatment, a TGI rate of 89.6% was observed for D-RFRTs, in comparison to that of 74.0% for free
Dox.
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that facilitates the internalization of the drug through
the threefold channel, which is otherwise not accessi-
ble by Dox.
We observed significantly improved pharma-

cokinetics of Dox by using RFRTs as a drug carrier.
These include an extended circulation half-life,
reduced cardiotoxicity, and much higher tumor up-
take. Immunostaining results confirmed the role of
RGD�integrin interaction in the tumor selectivity. In
addition to this specific interaction, we believe that
the EPR effect has also played a role. It is noted that
the gel-filtration chromatography study found a small
portion (less than 4%) of particle clustering in
D-RFRTs. The stability, cellular uptake, in vivo imaging,
and therapy study results, however, found no signifi-
cant impact of the clustering on tumor targeting and
drug delivery.
The surface engineering and drug loading techni-

ques developed in the current study can be extended
to construct other FRT-based nanoplatforms. For
instance, different targeting motifs (R-melanocyte

stimulating hormone, bombesin, folic acid, just to
name a few), or combinations of motifs, can be intro-
duced onto FRTs to allow delivery to a different
target.28 It was reported recently that many cancer cell
lines express transferrin receptor 1 (TfR1) to which FRTs
can be bound,29 suggesting the possibility of using
parent FRTs as a drug carrier. It is worth noting that the
relatively low carrier extravasation rate observed in the
current study is due to the association of RFRTs with
integrin Rvβ3 expressed on tumor endothelial cells. For
a ligandwhose target is on tumor cells instead of tumor
vasculature, we expect to see a much higher extra-
vasation rate. In addition to Dox, it is expected that
other metal-drug complexes can be loaded via a
similar route.
In summary, we showed that Dox can be efficiently

encapsulated into RFRT nanocages by using Cu(II) as
a helper agent. The drug-loaded RFRTs kept integrin
selectivity, which was confirmed by both in vitro and
in vivo imaging. Therapeutic studies on a subcuta-
neous U87MG tumor model found improved tumor

Figure 5. (a) Immunofluorescence staining of caspase-3 for myocardium from D-RFRTs, free Dox and PBS treated mice. Blue,
DAPI; green, caspase-3. Scale bar: 50 μm. (b) H&E staining results from tumors andmajor organs. More necrosis was found in
the tumors from the D-RFRT group than that from the Dox group. No obvious pathological abnormality was found in other
normal tissues for D-RFRT treated mice. Scale bar, 50 μm.
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suppression and reduced cardiotoxicity. Overall,
FRT-based drug delivery is a safe and efficient

technology and holds great potential in clinical
translation.

METHODS

Expression and Purification of RFRTs and FRTs. The protocol is
similar to the one reported previously.2 In brief, PCR was used to
amplify FRTs/RFRTs from cDNA using respective primers to
introduce NcoI and XhoI restriction sites flanking the normal
start and stop codons. The double digested PCR product was
ligated into NcoI/XhoI digested plasmid pRSF with T4 DNA
ligase and the ligation mixture was used to transform compe-
tent cells of Escherichia coli XL1-Blue by standard procedures.
The resulting pRSF/FRT (or RFRT) plasmids were screened by
appropriate restriction digests, verified byDNA sequencing, and
then used to transform the expression strain E. coli BL21(DE3).
For expression, a 1 L LB-kanamycin (50 μg/mL) culture of E. coli
BL21(DE3)/RFRT was grown at 37 �C until an OD600 of 0.8 was
reached. For induction, 1mM IPTGwas added to the culture and
the culture was heated at 37 �C for 4 h. After sonication, the cell
lysate was centrifuged at 10 400 rpm (12 930g) for 30 min to
remove cell debris. The supernatant was heated at 60 �C for 10
min and centrifuged at 13 000 rpm for 30 min to remove the
precipitates. 2-Mercaptoethanol (10mM)was added to stabilize
the product. The raw product was purified by HPLC using a
Superose 6 size exclusion column. The concentration of FRTs/
RFRTs was determined by Bradford protein assay. The purified
FRTs/RFRTs were stored at �80 �C. Gel-filtration study was also
performed on a Superose 6 column using PBS as the mobile
phase.

Dox Loading. For Dox loading, Dox (1 mg/mL) was first
incubated with Cu(II) (1 mM) at room temperature for 20 min.
The mixture was added into a RFRT solution (250 μg/mL) and
incubated at room temperature for 120 min. The products were
run through a NAP-50 column to remove free Dox and Cu(II).
The loaded Dox was quantified at pH 2.0 using a fluorescence
spectrometer (F-7000, Hitachi) by comparing to a standard
curve. The Dox loading rate in weight percent (Dox/ferritin
weight percent), was computed. The detailed of the drug
loading using other helper metals are described in the Support-
ing Information.

Labeling RFRTs/D-RFRTs with ZW800. For labeling, 5 μL ZW800-
NHS was added into 1 mL of D-RFRTs solution at 100:1 molar
ratio. The mixture was incubated at 4 �C for 30 min and purified
by a NAP-50 column. ZW800 was quantified by a UV�vis
spectrometer by comparing to a standard curve.

Drug Release. Dox release from D-RFRTs was studied with a
slide-A-lyzer dialysis device (10KMWCO, Pierce). In detail, 0.5mL
of D-RFRTs was loaded onto the device and the device was
immersed in 15 mL of PBS (pH 7.4 and pH 5.0). At selective time
points, 0.5mL of releasingmediumwas taken from the tube and
replaced with 0.5 mL of fresh medium. The Dox concentrations
in the sample solutions were measured by fluorescence spec-
trometry by comparing to a standard curve. Experiments were
performed in triplicate. Drug release in FBS and a DTT solution
was studied similarly.

Cellular Uptake and Viability Assays. U87MG human glioblasto-
ma cells were cultured in MEM supplemented with 2 mmol/L L-
glutamine, 1.5 g/L sodium bicarbonate, 0.1 mmol/L nonessen-
tial amino acids, 1.0 mmol/L sodium pyruvate, and 10% fetal
bovine serum at 37 �C in a humidified atmosphere with 5% CO2.
For cellular uptake, 105 U87MG cells were seeded onto eachwell
of a 4-chamber slide (Lab-Tek) one day prior to the studies. For
cellular imaging, D-RFRTs were added into the chambers to
reach a final concentration of 20 μg RFRT/mL. In the control
groups, free c(RGDyK) at a 20�molar concentration was added
1 h prior to the addition of ZW800 labeled D-RFRTs. At selective
time points, the incubation was stopped and the cells were
rinsed 5 times with PBS (pH 7.4) and fixed with 75% ethanol at
4 �C. The slides were mounted with DAPI containing mounting
medium (Vector, Inc.) and imaged under an Olympus X71
fluorescence microscope. The cell viability was assessed by

MTT assays using a gradient of D-RFRTs (Dox concentrations
of 1, 5, 10, 25, 50, and 100 μg/mL). For controls, free Dox and
Cu(II)-bearing RFRTs were studied.

Animal Models. Animal studies were performed according to
a protocol approved by the Institutional Animal Care and Use
Committee (IACUC) of University of Georgia. The U87MG tumor
models were generated by subcutaneously injecting 5 � 106

cells in 100 μL of PBS into the right shoulders of 4�6 week old
athymic nude mice (Harlan).

Circulation Half-Lives. To determine the circulation half-lives,
D-RFRTs and Dox (5 mg Dox/kg) were iv injected into healthy
nude mice. At selected time points, 2�10 μL of blood was
collected from the tail vein and dissolved in heparin solution
(1000 U/mL in PBS). The Dox was extracted by acidified 2-pro-
panol, and the content was detected on a microplate reader by
comparing to a standard curve. The results were plotted as the
Dox level against time. The circulation half-lives were evaluated
by fitting the results into a two-phase decay model.

In Vivo Imaging Studies. The imaging studies started when
tumors reached a size between 200 and 500 mm3. D-RFRTs and
Dox at the sameDox dose (10mg/kg)were injected into U87MG
bearingmice (n = 3). Images were taken on aMaestro II imaging
system (PerkinElmer) at 1, 4, and 24 h post injection (p.i.) time
points. After the 24 h scan, all the mice were sacrificed. Tumors
aswell asmajor organswere harvested, weighed, and subjected
for ex vivo imaging. The images were unmixed by the vendor
provided software. ROIs were circled around the organs, and the
optical intensities (in total scaled counts/s) were read by the
Maestro software. After the imaging, the tumors were snap-
frozen in O.C.T. (Tissue-Tek) and stocked in a�80 �C freezer. The
tumors were sectioned into 10 μm slices and subjected to
integrin β3 staining.

Therapy Studies. For therapy studies, 20 U87MG tumor bear-
ing mice were randomly divided into 4 groups and iv injected
with D-RFRTs (5 mg Dox/kg), free Dox (5 mg Dox/kg), RFRTs and
PBS every three days for 2 weeks (n = 5, initial average tumor
size was 29.45 mm3). The tumor size and body weight were
inspected every three days. The tumor size was calculated with
the formula: tumor volume = length � (width)2/2. Measured
values were presented asmean( SD. The one-tailed Student's t
test was used for comparison among groups, with P-values of
0.05 or less representing statistical significance. After therapy,
major organs as well as tumors were collected and snap-frozen
in O.C.T. at �80 �C. These tissues were sectioned into 10 μm
slices for Caspase 3 and H&E staining. The anti-caspase 3
antibody (Abcam) detects only the cleaved p17 fragment, but
not the precursor form.
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