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ABSTRACT: Human serum albumin (HSA) improves the pharmacokinetic profile of drugs attached to it, making it an attractive
carrier with proven clinical success. In our previous studies, we have shown that Caveolin-1 (Cav-1) and caveolae-mediated
endocytosis play important roles in the uptake of HSA and albumin-bound drugs. Doxorubicin is an FDA-approved
chemotherapeutic agent that is effective against multiple cancers, but its clinical applicability has been hampered by its high
toxicity levels. In this study, a doxorubicin-prodrug was developed that could independently and avidly bind HSA in circulation,
called IPBA-Dox. We first developed and characterized IPBA-Dox and confirmed that it can bind albumin in vitro while retaining a
potent cytotoxic effect. We then verified that it efficiently binds to HSA in circulation, leading to an improvement in the
pharmacokinetic profile of the drug. In addition, we tested our prodrug for Cav-1 selectivity and found that it preferentially affects
cells that express relatively higher levels of Cav-1 in vitro and in vivo. Moreover, we found that our compound was well tolerated in
vivo at concentrations at which doxorubicin was lethal. Altogether, we have developed a doxorubicin-prodrug that can successfully
bind HSA, retaining a strong cytotoxic effect that preferentially targets Cav-1 positive cells while improving the general tolerability of
the drug.

1. INTRODUCTION
Human serum albumin (HSA) is the most abundant protein in
plasma, with a relatively long half-life of 19 days in the
circulation. HSA has been shown to improve the pharmaco-
kinetic profile of drugs bound to it1−3 and it has been well
established that HSA naturally accumulates in tumors due to
abnormal angiogenesis and leaky vasculature of solid tumors,
which is known as the enhanced permeability and retention
effect (EPR).4−6 In addition to this form of tumor targeting,
cancer cells can readily take up HSA via caveolae-mediated
endocytosis.7−12 Because of these properties, HSA is an
interesting drug carrier candidate for the development of novel
chemotherapeutic approaches to cancer treatment.

Caveolin-1 (Cav-1) is the main structural component of
caveolae and is crucial for caveolae-mediated endocytosis.
Caveolae are small (50−100 nm) flask-shaped invaginations in
the plasma membrane that are important for cholesterol
homeostasis, nutrient uptake, and signal transduction.7,13−15

Importantly, Cav-1 has been found to be upregulated in several
cancer types including pancreatic adenocarcinomas, breast
cancer, and nonsmall cell lung cancers, among others.16−22 In
addition, Cav-1 has been found to be associated with worse
clinical outcomes in certain cancer types.17−20,22−27 Finally,
previous work from our group showed that Cav-1 expression is
crucial for the uptake of HSA and HSA-bound chemotherapies,
thereby potentially serving as a biomarker for response to these
treatments.7,12,28 Recently, we and others demonstrated that
Cav-1 may serve as a biomarker for response to albumin-bound
or conjugated chemotherapy in multiple clinical cohorts.29−31

Doxorubicin is a potent antitumor agent that is effective
against a broad range of cancers.32 However, clinical use of
doxorubicin has been hampered by dose-limiting adverse
effects such as, but not limited to, myelosuppression and
cardiotoxicity.33,34 Additionally, the pharmacokinetic charac-
teristics of doxorubicin include a short half-life in circulation,
which limits its potential effects.35 In recent years, several
mechanisms have been developed to overcome these
disadvantages, particularly focusing on delivery mechanisms,
including liposomes, polymeric nanoparticles, antibody-con-
jugated drugs, and prodrugs.36−45 Here, we rationally
developed a doxorubicin-prodrug (IPBA-Dox) that can bind
albumin in the serum both in vitro and in vivo. This novel
molecule, characterized by a 4-(p-iodophenyl) butyric acid
linker, showed an improved pharmacokinetic profile over its
parental drug, while remaining a powerful antitumor agent.
Moreover, our studies suggest that IPBA-Dox preferentially
targets cancer cells that express high levels of Cav-1,
confirming the therapeutic advantage of HSA as a drug carrier
and providing additional evidence that Cav-1 may serve as a
potential biomarker for this type of therapy.
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2. RESULTS
2.1. Characterization of IPBA-Dox. The reaction scheme

for the synthesis of IPBA-Dox is shown in Figure 1A and
described in the Methods section. Following synthesis, we
characterized our newly developed molecule with a 300 MHz
1H Nuclear Magnetic Resonance (NMR) spectroscope (Figure
1B). The mass spectrum was acquired using an electrospray
ionization source (ESIMS): m/z = 972.2 [M + H+] and 994.3

[M + Na+] and matched the proposed structure (Figure 1C).
As expected, this is higher than the molecular weight of
doxorubicin (397).46 Finally, the stability of IPBA-Dox was
studied with high- and low-quality-control (QC) samples
under freeze−thaw, short-term (24 h) room temperature, and
long-term (4 week) low temperature conditions (Table 1).
The variability found in the results for these conditions is well
within the acceptable degree of assay variability (the acceptable
limit for accuracy is set as 85−115%).

Figure 1. Characterization of IPBA-Dox: (A) synthesis steps of IPBA-Dox. The first step consists of generation of the acid-sensitive linker, which is
then bound to doxorubicin in the second step. (B) 1H NMR spectrum: proton nuclear magnetic resonance characterization of the new molecule:
1H NMR 7.89 (m, 2H), 7.62 (d, 3H), 7.02 (d, 2H), 5.36 (s, 1H), 5.22 (s, 1H), 5.00 (d, 1H), 4.42 (m, 2H), 3.97 (s, 4H), 3.28−3.24 (m, 7H), 2.81
(m, 2H), 2.56 (m, 1H), 2.34−2.03 (m, 8H), 1.81−1.43 (m, 8H), 1.16 (d, 3H). (C) ESI-MS mass spectrum using an electrospray ionization source.
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The stability of doxorubicin and prodrug in plasma samples
was investigated with high (H) and low (L) QC samples under
three conditions: freeze−thaw, short-term room temperature
(RT), and long-term low temperature (n = 4 per group). CV =
coefficient of variation.
2.2. IPBA-Dox Binds Albumin Avidly while Retaining

Cytotoxic Efficacy In Vitro. To determine the IPBA-Dox
binding efficiency, we compared the HSA binding of IPBA-
Dox to that of doxorubicin. First, we incubated the drugs with

HSA at 37 °C for 60 min and then analyzed them by gel
filtration chromatography, measuring each fraction at UV−vis
480 nm. We observed an albumin-binding efficiency of 97% for
our IPBA-Dox, in contrast to 14% for doxorubicin (Figure
2A,B). To confirm that the peaks of the drug observed
correspond to the protein-bound drug, we performed BCA
assays on the first 7 fractions (1.0 mL per fraction) to
determine protein concentrations and found that fractions 3−6
correspond to protein molecules (Figure 2C). To further

Table 1. Freeze-Thaw Cycle, Room Temperature, and Low Temperature Stability

freeze-thaw cycle 24 h room temperature 4-week at −20°C

LQC (10 ng/mL) HQC (1000 ng/mL) LQC (10 ng/mL) HQC (1000 ng/mL) LQC (10 ng/mL) HQC (1000 ng/mL)

mean 9.12 975.8 9.82 997 9.615 1026.8
DOX % CV 5.7 4.81 5.14 2.24 4.22 3.3

% accuracy 91.2 97.58 98.23 99.7 96.15 102.68
mean 9.01 901.5 9.64 1012 9.77 945.5

IPBA-Dox % CV 3.17 3.75 4.8 5.17 5.81 7.93
% accuracy 90.1 90.15 96.35 101.2 97.65 94.55

Figure 2. IPBA-Dox binds in vitro to albumin and retains cytotoxicity: (A) HSA-binding efficiency calculated for doxorubicin and IPBA-Dox using
gel filtration chromatography and measuring each fraction at UV−vis 480 nm. (B) Representative histogram of percentage of eluted drug that was
bound to protein fraction (HSA). (C) BCA protein assay on early chromatography fractions as measured by UV absorbance at 562 nm. (D)
Quantification of red fluorescent signal observed in MP2 cells after treatment with IPBA-Dox with or without preincubation with HSA prior to cell
treatment (final HSA concentration of 0.5% in well), n > 450 cells, ****: p < 0.0001. Representative microscopy images shown below. Scale bar, 50
μm. (E−G) Cell viability assays of MP2, PANC1, and KPC cells treated with IPBA-Dox in complete medium for 72 h. (H) Colony formation assay
of MP2, PANC1, and KPC cells treated with IPBA-Dox for 48 h in complete medium, normalized to mean colonies under control (vehicle)
conditions.
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validate that IPBA-Dox can bind HSA, we compared the
uptake dynamics of IPBA-Dox with or without HSA
preincubation in MIAPaCa-2 (MP2) cells using confocal
microscopy to evaluate the autofluorescent signal intrinsic to
doxorubicin. We found that in cells cultured in serum-free
media to prevent competition from bovine serum albumin
(BSA), cells treated with IPBA-Dox that were not preincubated
with HSA had the highest levels of doxorubicin uptake at up to
3 h, suggesting free drug transit of IPBA-Dox across
membranes (Figure 2D). As expected, cells treated with
IPBA-Dox that were preincubated with HSA (final HSA
concentration in well = 0.5%) had a reduced uptake signal,
suggesting that the uptake mechanism had changed from
passive transit of free drug to a protein-mediated uptake
mechanism (Figure 2D). Notably, we observed a time-
dependent increase in the doxorubicin autofluorescence signal
from 1 to 3 h.

Next, in order to verify that our modification of doxorubicin
still possessed significant cytotoxic properties to tumor cells,
we not only examined the cell viability of human pancreatic
cancer cell lines MIA-PaCa2 (MP2) and PANC1, but also
murine KRASG12D Trp53R270H PDX1-Cre (KPC) cells, isolated
from mouse pancreatic tumors in our laboratory, after

treatment with IPBA-Dox. We observed that the compound
was highly efficient in promoting cytotoxicity, resulting in IC50
values of 898.1, 2178, and 2076 nM, respectively (Figure 2E−
G). Lastly, in order to confirm the cytotoxic effects, we
performed colony formation assays by treating MP2, PANC1,
and KPC cells with increasing doses of IPBA-Dox for 48 h. We
observed that IPBA-Dox was cytotoxic in dose- and cell-line-
dependent manners (Figure 2H). Taken together, our results
indicate that our novel IPBA-Dox avidly binds HSA with
substantially higher affinity than the parental drug while
retaining a highly efficient cytotoxic profile.
2.3. IPBA-Dox Shows Enhanced In Vivo Pharmacoki-

netics. To establish the pharmacokinetic profile of IPBA-Dox,
a highly sensitive and robust LC−MS/MS assay was
established for the simultaneous measurement of doxorubicin
and IPBA-Dox concentrations in mouse plasma over a period
of 48 h (Figures 3A and S1−S3, Supporting Information). The
plasma concentrations of doxorubicin and IPBA-Dox (dosed at
equivalent molar doses) were assessed over time (Figure 3B),
in which a steep distribution phase was initially observed
followed by a long terminal elimination phase. The
comparative pharmacokinetic parameters analyzed by using
the two-compartment model are presented in Figure 3C.

Figure 3. Pharmacokinetic study of IPBA-Dox: (A) representative chromatogram of the LC−MS/MS analysis method developed on IPBA-Dox
(DOX-Prodrug) and doxorubicin (DOX) in mice plasma, with daunorubicin (DNR) as control. (B) Pharmacokinetic profiles of doxorubicin and
IPBA-Dox in mouse plasma over time. Curves represent the plasma concentration of the drug over time. (C) Comparative pharmacokinetic
parameters analyzed using a two-compartment model.
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IPBA-Dox produced an approximately 10-fold higher AUC,
T1/2α of 5.4 min and T1/2β of 17.5 h, while free drug (parental)
generated T1/2α of 2.7 min and T1/2β of 3.21 h. The terminal
plasma half-life of the prodrug was 5.5-fold more than that of
the free drug. The steady-state volume of distribution (Vss)
with the prodrug was 77.6 L/kg compared to 102.6 L/kg with
the free drug or about 1.5-fold less than that of free
doxorubicin, while the clearance rate was substantially lower
with the prodrug. This data suggest that the IPBA-Dox can
bind albumin with high affinity in vivo, thereby improving its
pharmacokinetic profile.
2.4. IPBA-Dox Shows In Vitro Selectivity for High Cav-

1-Expressing Tumor Cells. In our previous work, we
established the importance of Cav-1 and caveolae-mediated
endocytosis for HSA uptake and consequently HSA-bound
drugs.7,12 In these studies, we have shown that drugs bound or
conjugated to HSA have a higher uptake and subsequent
cytotoxic effect on cells expressing relatively higher Cav-1
levels, nominating Cav-1 as a potential biomarker of this class
of therapeutics. To confirm whether these previous observa-
tions would extend to molecules that would independently
bind to albumin, we studied the cytotoxic effect of IPBA-Dox
in PANC1 and MP2 cells with genetically depleted Cav-1
levels by shRNA. We also complemented these studies in
pancreatic cancer cells isolated from pancreatic tumors arising

in KRASG12D Trp53R270H PDX1-Cre genetically engineered
mice, either with Cav-1 (“KPC”) or without Cav-1 (“KPC-
Cav1−/−”). Human and mouse pancreatic cancer cell lines were
treated with increasing doses of IPBA-Dox for 72 h, and
cleaved caspase-3 levels were assessed by Western blotting as a
marker of apoptosis induction. As expected, we observed that
cells that had relatively higher levels of Cav-1 demonstrated
higher levels of cleaved caspase-3 (Figure 4A−C).

To further investigate our findings, we performed live-cell
imaging using a fluorescent reporter for Annexin V (an early
marker of apoptosis). We similarly observed that cells
expressing higher Cav-1 had a higher fluorescent signal,
confirming higher levels of apoptosis in the Cav-1-proficient
cells compared to the Cav-1-depleted cells (Figure 4D,E).
Taken together, these results suggest that cells expressing
relatively higher levels of Cav-1 are more sensitive to IPBA-
Dox in vitro, in agreement with previous studies we performed
on other albumin-bound chemotherapies.
2.5. IPBA-Dox is Effective In Vivo and Preferentially

Reduces Tumor Growth in High Cav-1 Expressing
Tumors. To explore the efficacy of our novel IPBA-Dox as
an antitumor agent in vivo, we heterotopically injected KPC
and KPC-Cav1−/− isogenic pancreatic cancer cell lines into
athymic nude mice. After tumor formation, the mice were
randomized and treated with vehicle, doxorubicin (parental

Figure 4. IPBA-Dox demonstrates increased cytotoxicity against cells with higher Cav-1 expression: (A−C) Western blotting showing levels of
cleaved caspase-3 (c-Cas3) of MP2, PANC1, and KPC isogenic cell line pairs after 72 h of treatment with IPBA-Dox in complete medium. (D,E)
Quantification of fluorescent Annexin V signal by live-cell imaging of PANC1 or MP2 cells treated with 0.1 or 2.5 μM of IPBA-Dox, respectively.
One of multiple independent experiments is shown per cell line. ****: p < 0.0001.
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drug), or IPBA-Dox at equivalent molar doses of 20 mg/kg
doxorubicin (Figure 5A). IPBA-Dox was tolerable and
significantly reduced the tumor growth rate of KPC tumors,
while doxorubicin induced toxicity-related fatality in all mice at
that dose within 1 week (Figure 5B, left panel). Moreover,
IPBA-Dox significantly increased the time to tumor volume
tripling in KPC tumors (Figure 5C, left panel). In KPC-
Cav1−/− tumors, no differences in the growth rate or time to
tumor tripling were observed (Figure 5B,C, right panels). In
both groups of mice, IPBA-Dox was well tolerated, with
minimal weight changes and signs of clinical toxicity found at
the 20 mg/kg equimolar dosing (Figure S4A,B). Taken
together, these experiments confirm that IPBA-Dox is a
significantly more tolerable compound than doxorubicin at
equimolar doses, that IPBA-Dox is an efficacious antitumor
agent, and that Cav-1 expression may serve as a biomarker to
predict the enhanced response of tumors to IPBA-Dox.

3. DISCUSSION
Doxorubicin is a highly effective antitumor agent with activity
against a broad spectrum of human cancers. However, its
clinical use is affected by dose-limiting adverse effects,
including cumulative cardiotoxicity and myelosuppression.
Pharmacokinetic studies have indicated doxorubicin has a
very short half-life in the blood and is taken up by cardiac
muscles.35,47 It is well established that albumin, the most
abundant protein in plasma, is a natural transporter of
nutrients with a very high circulatory half-life of 19 days.

Albumin-bound drugs are thought to be preferentially
delivered to solid tumor cells due to the EPR effect and the
amplified expression of albumin-binding proteins on the tumor
endothelium and tumor cells.11,48,49 In addition, tumor cells
frequently overexpress Cav-1, which enhances the internal-
ization of albumin-associated drugs through caveolae-mediated
endocytosis.7,12 The latter mechanism and other uptake
mechanisms are likely to increase in a harsh, competitive
tumor microenvironment as tumor cells scavenge nutrients.
Herein, IPBA-Dox, a novel albumin-binding prodrug, was
designed to improve the therapeutic index of doxorubicin. This
prodrug has two distinct features: high-efficiency binding of
circulating endogenous serum albumin (extending its plasma
half-life) and release of doxorubicin at the tumor by virtue of
the acid-sensitive linker between the drug and the binding tag
and tumor-cell-related endocytosis of albumin. Taken together,
these features lead to reduced toxicity and improved
therapeutic efficacy in vivo.

The pharmacokinetics of doxorubicin has been reported to
be very complex (three-compartment model behavior) and
characterized by rapid drug clearance from plasma after
intravenous injection.35,47,50 To further understand the
strengths of IPBA-Dox compared to the free drug, a preclinical
pharmacokinetic study on mice was conducted (Figure 3), and
a sensitive and validated LC−MS/MS assay was established for
measuring doxorubicin and IPBA-Dox plasma concentrations
(Figures S1−S3 and Supporting Information). This analytical
method offers marked advantages over previously reported

Figure 5. IPBA-Dox demonstrates increased tolerability compared to doxorubicin and enhanced effect in Cav-1 tumors in an (A) in vivo treatment
scheme. Mice were treated weekly for 3 weeks with vehicle, 20 mg/kg doxorubicin, or IPBA-Dox (20 mg/kg doxorubicin equivalent, “eq”) via IV
injections. (B) Average sizes of KPC and KPC-Cav-1−/− tumors over time from initial treatment (n = 8−10 tumors per group) normalized to
baseline pretreatment size. *: p < 0.05, **: p < 0.01, ***: p < 0.001. (C) Kaplan−Meier survival curves show percentage of mice free from tumor
volume tripling.
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approaches, namely, spectrophotometric measurement51,52 and
HPLC-FL,53 by dramatically increasing the drug detection
sensitivity for extremely low plasma drug concentrations at the
ng/mL level and substantially improving assay specificity (by
eliminating interference from the matrix, drug degradants, and
in vivo metabolites). In our pharmacokinetic study, the area
under the plasma concentration (AUC) versus time curve for
IPBA-Dox and doxorubicin (at doxorubicin equivalent doses)
were 2.90 and 0.26 h μg/mL, respectively, representing an
approximately 7-fold increase. This was further reflected in the
long terminal half-life of IPBA-Dox (17.5 h) compared to that
of doxorubicin (3.2 h). In addition, IPBA-Dox had a much
lower clearance rate of 3.44 L/h/kg, reflecting an ∼7-fold
reduction compared to free doxorubicin. These pharmacoki-
netic results suggest that IPBA-Dox can bind to circulating
albumin with high affinity in vivo and prolong its systemic
circulation time, thus potentially improving the chemo-
therapeutic efficacy of the drug while decreasing its toxicity
to off-target organs.

Indeed, we found that IPBA-Dox could be used at equivalent
doses higher than that of the parental doxorubicin drug in our
in vivo experiments (Figure 5). Additionally, treatment with
IPBA-Dox led to a significant reduction in tumor growth, while
prolonging the time required for tumor volume tripling (a
surrogate of survival in our study). This was observed in
models expressing endogenous Cav-1, which was lost when
Cav-1 was genetically depleted. This Cav-1-dependent effect,
which was also observed in vitro (Figure 4), agrees with
previous results from our group, where we have shown the
importance of Cav-1 in the uptake of albumin and albumin-
related drugs.7,12,28 Also, this reinforces the concept that Cav-1
may serve as a potential predictive biomarker for albumin-
bound or albumin-conjugated chemotherapies. Importantly,
Cav-1 has been found to be upregulated in various cancer
types, such as sarcomas, pancreatic, lung, and other
cancers,16−22 and has been associated with worse out-
comes.17−20,22−27 Future studies should be focused on
developing a better understanding of the subcellular trafficking
process of this albumin-Dox conjugate through the plasma
membrane, caveosomes, lysosomes, and so forth, and at which
point doxorubicin is released to transit to the nucleus.

Recently, other doxorubicin prodrugs have also been
developed. These drugs were designed with a maleimide
group to react with the thiol group of cysteine 34 on albumin,
generating a covalent bond between albumin and the
prodrug.44,54,55 The most notable of these compounds is the
(6-maleimidocaproyl) hydrozone derivative aldoxorubicin,
which is currently in phase III clinical trials. In this case,
doxorubicin has been conjugated to 6-maleimidocaproic acid
hydrazide, which also serves as an acid-sensitive linker.
However, it is generally known that several other sulfhydryl
compounds may react with aldoxorubicin via the same reaction
mechanism, potentially hampering the full potential of this
prodrug. Therefore, noncovalent binding strategies for albumin
have been developed.56,57 Of particular interest is the class of
4-(p-iodophenyl) butyric acid (IPBA) analogs that have shown
stable noncovalent albumin-binding properties with both
human and mouse albumin.58 Therefore, we rationally
designed our novel IPBA-Dox using an IPBA analogue to
serve as an albumin binder. The difference in the albumin-
binding mechanism between aldoxorubicin and IPBA-Dox is
sufficient to establish that IPBA-Dox is a novel compound.

In conclusion, we designed a novel doxorubicin-prodrug
with the following goals: (1) to avidly bind endogenous
albumin, (2) to enhance delivery in tumors through EPR and
upregulated tumor endocytic mechanisms (i.e., caveolae-
mediated endocytosis), and (3) to release the doxorubicin
payload into the acidic tumor microenvironment. Our results
show that IPBA-Dox has a favorable pharmacokinetic profile
over doxorubicin, safer dosing capabilities, and importantly,
significant antitumor effects in our preclinical models. Taken
together, these results suggest that IPBA-Dox is an interesting
candidate for further preclinical and clinical studies.

4. MATERIALS AND METHODS
4.1. Materials and Reagents. Doxorubicin and fetal

bovine serum (FBS) were purchased from Sigma-Aldrich (St.
Louis, MO). Daunorubicin was purchased from Cayman
Chemical Co. (Ann Arbor, MI). BD syringes and needles,
HPLC grade water, methanol, acetonitrile, LC−MS grade
formic acid, methanol, DMSO, DMF, and other organic
solvents were obtained from Fisher Scientific (Hampton, NH).
4-(p-Iodophenyl) butyric acid (IPBA) was purchased from
Santa Cruz (Dallas, TX). Adipic acid dihydrazide (ADH) was
purchased from Sigma-Aldrich (St. Louis, MO). Heparin was
obtained from Pfizer (New York, NY). Dulbecco’s Modified
Eagle Medium (DMEM) and phosphate-buffered saline (PBS)
were purchased from GE healthcare Bio-Sciences (Pittsburgh,
PA). 0.25% w/v trypsin/1 mM EDTA was purchased from
Gibco Life Technologies (Grand Island, NY).
4.2. IPBA-Dox Synthesis. Ten mg 4-(p-iodophenyl)

butyric acid (IPBA) was dissolved in 1 mL chloroform in a
5 mL round-bottom flask. 8.5 mg DCC and 4.8 mg NHS were
added to the solution, and the mixture was stirred at room
temperature overnight. The DCU precipitate was removed,
and 6 mg of ADH in DMF was added to the mixture. Ten mg
of doxorubicin was added after 4 h, and the mixture was stirred
overnight at room temperature. The reaction was monitored
by aluminum oxide TLC with a mobile phase mixture of
chloroform/methanol/glacial acetic acid (80:20:5 ratio). The
product was purified by column chromatography on a silica gel
column with methanol and chloroform (1:4 v/v) in a yield of
51%. Product was analyzed in solvent CDCl3 by Nuclear
Magnetic Resonance spectroscope, Bruker 300 MHz (Billerica,
MA), and characterized in 0.1% formic acid/acetonitrile
mixture by Waters Quattro Premier Mass Spectrometer
(Milford, MA) in positive ion mode (capillary voltage 3.0 kV
and cone voltage 30 V).
4.3. IPBA-Dox Characterization. 4.3.1. In Vitro Binding

Assay. Approximately 0.6 mg of doxorubicin and an equivalent
of IPBA-Dox 1.0 mg were dissolved in 100 μL of DMF and
then added to 900 μL of HSA solution (5% in 1× PBS buffer,
pH = 7.4). The final mixtures were incubated at 37 °C for 60
min. 200 μL of sample was analyzed by gel filtration
chromatography (GFC) on a PD-10 column (G-25) and 1×
PBS acting as an eluent buffer. The doxorubicin contents
within each collected fractions (ca. 1 mL) were measured by
UV−vis spectroscopy at 480 nm. The protein concentrations
of the first 7 fractions were determined by a BCA protein assay
(Thermo Scientific).

4.3.2. Pharmacokinetic Assay. Animal studies were
performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee, following their
policies and procedures at The Ohio State University
(Columbus, OH). 48 ICR healthy male mice were purchased
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from Charles River Laboratory and kept on a 12 h light/dark
cycle. Doxorubicin hydrochloride or IPBA-Dox (doxorubicin-
equivalent dose) was administered via tail vein IV injection at a
single dose of 6.0 mg/kg (MTD of doxorubicin in male ICR
mice is approximately 10 mg/kg).45 Mice were sacrificed at 5,
15, and 30 min, and 1, 2, 4, 24, and 48 h (n = 3 mice per time
point), and a minimum of 100 μL of blood was collected from
each mouse by cardiac puncture into heparinized vials and
stored at −20 °C until analysis. Heart, liver, kidney, stomach,
and small intestine tissues were also collected with the
remaining blood in those tissues being flushed out by distilled
water to minimize the contribution of plasma drug to the result
and stored at −80 °C until assayed.

Whole blood (50 μL) was transferred to a 1.5 mL
microcentrifuge tube, and 0.6 mL of methanol was added to
extract the drugs. The mixtures were vortexed for 15 s, and
0.25 mL of 12 mM phosphoric acid was added. The acidified
mixtures were centrifuged at 10,000g for 8 min.50 The resulting
supernatant was collected and adjusted to 1.0 mL for LC−MS/
MS analysis (method development in Supporting Informa-
tion).

The tissues were homogenized in 1 mL of citric acid buffer
(pH 6) for 3 min at 3000 rpm. The homogenate was then
transferred to a tube containing 3 mL of a solvent mixture
(chloroform/methanol = 1:4 v/v). The mixtures were vortexed
for 1 min. The organic layers were separated by centrifugation
at 2500 rpm for 3 min. Approximately 3 mL of the chloroform
layer was transferred to a new tube, and the organic solvent
was evaporated to dryness under vacuum. The residues were
reconstituted in 200 μL of methanol, and the drug content was
analyzed by LC−MS/MS.

The pharmacokinetic parameters of free doxorubicin and
IPBA-Dox were calculated using WinNonlin software and a
two-compartment model.
4.4. Cell Culture. Human MIAPaCa-2 (MP2) and PANC1

pancreatic carcinoma cells were purchased from the ATCC.
Stable pools of shCtrl or shCav1 cells were generated by
transfection with nontargeted shRNA (shCtrl) or shRNA
targeting Cav-1 (shCav1) and selection with puromycin (1
mg/mL). Mouse KPC and KPC-Cav1−/− pancreatic adeno-
carcinoma cells were isolated from pancreatic tumors arising in
KRASG12D Trp53R270H PDX1-Cre (KPC) and KRASG12D

Trp53R270H PDX1-Cre−Cav1−/− (KPC-Cav1−/−) genetically
engineered mice bearing wild-type CAV1 or homozygous
conditional knockout of CAV1 (complete knockout of Cav-1
protein expression), respectively. All cells were maintained at
37 °C in 5% CO2 in DMEM supplemented with 10% FBS and
1% penicillin/streptomycin. Cells were not cultured for more
than 2 months and were routinely tested for Mycoplasma
contamination.
4.5. Cytotoxicity and Colony Forming Assay. Cytotox-

icity was measured using alamarBlue reagent following the
manufacturer’s protocols (BioRad, Oxford, UK), and cells were
seeded in 4 replicates in 96-well plates at a density of 1000−
3000 cells per well in 100 μL of medium and treated as
described. After 72 h, alamarBlue reagent was added and
incubated under normal cell culture conditions for 4−8 h, and
the fluorescence was read at excitation: 560/20, emission: 590/
20.

For colony formation assays, cells were prepared as single-
cell suspensions and seeded into 60 mm dishes. After 24 h, the
cells were treated with the indicated doses of IPBA-Dox or
control for 48 h, after which they were returned to normal

growth conditions without chemotherapy and allowed to grow
for 10 days. Colonies were then fixed using a methanol/acetic
acid solution and stained using a crystal violet solution (0.5%).
4.6. Fluorescence Microscopy. Cells were seeded on 4-

well chamber Labtek glass slides (Thermo Scientific, Waltham,
MA) in normal growth conditions. Approximately 16 h before
treatment, the cells were washed with PBS and changed to
serum-free media (0% FBS). One hour before treatment,
IPBA-Dox was incubated with HSA at 37 °C (for final 0.5%
HSA concentration in well). At the treatment time, IPBA-Dox
was diluted in serum-free growth media and added to the cells
at a final concentration of 2.5 μM. After 1- or 3 h, cells were
washed with two acid/salt solution with 0.1 M glycine and 0.1
M NaCl (pH 3.02) on ice for 2 min each, followed by two
washes with PBS. Cells were then fixed with 4% paraformalde-
hyde and mounted with ProLong Diamond Antifade Mountant
with DAPI (Thermo Scientific, Waltham, MA). Images were
taken using a Zeiss LSM880 confocal microscope (Zeiss,
Oberkochen Germany). Fluorescence signals were quantified
by using QuPath software.
4.7. Western Blotting. Whole cell lysates were obtained

using RIPA buffer supplemented with octyl-b-D-glucopyrano-
side (Millipore-Sigma St. Louis, MO) and Halt Protease and
Phosphatase inhibitor cocktail (Thermo Scientific, Waltham,
MA). Proteins were quantified using a DC assay (BioRad,
Oxford, UK). Proteins were transferred to PVDF membranes
and blocked using 5% milk (Research Products International,
Mount Prospect, IL). Cav-1, cleaved caspase 3, actin, and
secondary antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA).
4.8. Live-Cell Apoptosis Assay. Cells (1500−2000) in

single-cell suspensions were seeded in 96-well plates in
triplicate, 24 h before treatment addition. IPBA-Dox was
added at final concentrations of 2.5 or 0.1 μM, respectively, for
MP2 and PANC1 cells. Media was supplemented with
Incucyte Annexin V Green Dye (Sartorius, Goettingen,
Germany) and four or more images from each well were
taken at least every 4 h using an IncuCyte S3 Live-Cell
Analysis System (Sartorius, Goettingen, Germany).
4.9. In Vivo Tumor Growth Study. Following IACUC-

approved animal protocols, 2.0 × 106 KPC or KPC-Cav-1−/−

cells were injected into both subcutaneous flanks in 8−10-
week old athymic nude mice balanced for gender (Charles
River). The mice were randomly assigned to 3 treatment
groups (vehicle, doxorubicin, and IPBA-Dox). Treatment was
initiated when tumors reached 100−200 mm3 in size, and
drugs were administered via IV injections once weekly for 3
weeks. A doxorubicin dose of 20 mg/kg or an equivalent dose
of IPBA-Dox (IPBA-Dox equivalent to 20 mg/kg of
doxorubicin) was dissolved in 0.2 mL of 90% water, 5%
DMSO, and 5% Tween 80. Doxorubicin treatment was
performed only in mice injected with KPC cells. Each tumor
was measured every 2−3 days and volumes were calculated
using the formula L × W × W/2 (L = length, W = width).
4.10. Statistical Analysis. All statistical analyses were

performed using GraphPad Prism software. For comparisons,
normality was assessed before selecting statistical tests; if it
passed, parametric tests were used, or nonparametric tests were
used if they failed. The statistical significance threshold was set
at p = 0.05. For single variables among two groups, t-test or
Mann−Whitney was used, for multiple groups, one-way
ANOVA or Kruskal−Wallis with multiple comparisons was
used. Two-way analysis of variance was used for two variables.
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For survival analysis, the log-rank Mantel−Cox test was used.
Significance is represented as not significant: ns; *: p < 0.05;
**: p < 0.01; ***: p < 0.001; ****: p < 0.0001.
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