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ABSTRACT
Purpose In breast cancer, a significant decrease in riboflavin
(RF) serum levels and increase in RF carrier protein occurs,
indicating a potential role of RF in disease progression. To
evaluate RF’s ability to serve as a targeting agent, mitomycin C
(MMC)-conjugated N-(2-hydroxypropyl)methacrylamide
(HPMA) copolymers were synthesized and targeted to the RF
internalization pathway in human breast cancer cells.
Methods Competitive uptake studies were used to determine
specificity of RF-targeted conjugates, and an MTT assay
established the IC50 for the conjugates. Endocytic mechanisms
were investigated by confocal microscopy.
Results Studies revealed a high-affinity endocytic mechanism
for RF-specific internalization of fluorescently-labeled conjugates
in both MCF-7 and SKBR-3 cells, whereas folic acid-mediated
endocytosis showed high specificity only in SKBR-3 cells. MMC
internalization was significantly higher following nontargeted and
RF-targeted MMC-conjugate administration compared to that
of free MMC. Cytotoxic analysis illustrated potent IC50 values
for RF-targeted MMC conjugates similar to free MMC.
Maximum nuclear accumulation of MMC resulted from lyso-
somal release from RF-targeted and nontargeted MMC-
conjugates following 6 h incubations, unlike that of free MMC
seen within 10 min.

Conclusion Targeting polymer-MMC conjugates to the RF
internalization pathway in breast cancer cells enabled an in-
crease in MMC uptake and nuclear localization, resulting in
potent cytotoxic activity.
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ABBREVIATIONS
DIPEA Diisopropyl ethylamine
DMEM Dulbecco’s modified eagle medium
DMF Dimethylformamide
DMSO Dimethyl sulfoxide
DPBS Dulbecco’s phosphate buffered saline
EDTA Ethylenediaminetetraacetic acid
FA Folic acid
FITC Fluorescein isothiocyanate
HBSS Hank’s balanced salt solution
HPMA N-(2-hydroxypropyl)methacrylamide
LAMP-1 Lysosomal-associated membrane protein 1
MMC Mitomycin C
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide
RCP Riboflavin carrier protein
RF Riboflavin
RME Receptor-mediated endocytosis
TFA Trifluoroacetic acid
THF Tetrahydrofuran

INTRODUCTION

Chemotherapeutic agents lack drug specificity at the tumor site,
thereby significantly limiting their therapeutic utility. To con-
trol the indiscriminate diffusion of anticancer drug molecules,
macromolecular vehicles have been extensively investigated as
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an alternative delivery strategy. Conjugating chemotherapeu-
tics to biocompatible carriers offers many advantages including
enhanced drug solubility, increased tumor accumulation, and
reduced toxicity (1,2). Being primarily limited to endocytic
internalization, nanoscale drug conjugates are retained in
blood circulation longer, enabling passive accumulation in
tumor tissue by means of the enhanced permeability and
retention (EPR) effect (3) or by active targeting using
receptor-mediated endocytosis (RME). In addition, vesicular
internalization may potentially avoid cellular drug-resistance
mechanisms, such as efflux transporters, to permit higher cyto-
solic drug concentrations (4). Ligand-targeted therapeutics take
advantage of their intracellular localization to the acidic and
enzyme-rich endolysosomal compartments through biodegrad-
able spacers which are pH (5) and enzyme (6) sensitive.

Cell-surface vitamin-B receptors facilitate the efficient ab-
sorption of nutrients that are essential for normal cellular
growth and metabolism, but particularly important for the
exponential development of tumor cells (7). High-affinity
RME facilitates the efficient absorption of B-vitamins follow-
ing dietary intake (8) and certain vitamin receptors are signif-
icantly upregulated in cancer cells (7,9), allowing for possible
tumor-specific delivery of chemotherapeutics (10). However,
the extent of vitamin receptor overexpression and ligand-
selectivity varies by cancer type (11). For example, the folate
receptor (FRα) is overexpressed in over one-third of human
cancers (12) including 90% of ovarian cancers, but less than
25% of the various breast cancer forms (13). Overall, consid-
erable evidence supports the therapeutic utility of vitamin-
targeted drug conjugates.

Breast cancer remains the highest cause of malignancy-
related death for women in the United States (14). A specific
plasma protein marker for breast cancer, riboflavin carrier
protein (RCP), was identified following clinical studies that
revealed elevation in RCP serum levels (15) with simultaneous
decrease in RF levels (16) in breast cancer patients. This effect
is suggested to be the result of an upregulation in RF-specific
cell surface receptors and RF internalization similar to other
vitamin systems (7). While studies of avian-RCP suggest the
protein aids in the recruitment of RF to a RF-specific plasma
membrane associated receptor (17), the sequence of the hu-
man ortholog of RCP has yet to be elucidated, and no RF
receptor has been identified. Kinetic analysis of RF internal-
ization was conducted in a variety of cell lines where all
systems revealed a high-affinity, saturable mechanism that is
Na+-, potential-, and pH-independent, suggesting an RF-
specific carrier-mediated system (18). Further characterization
in human breast cancer cells demonstrated RF absorption to
occur predominantly viaRME at physiological concentrations
(~ 12 nM) (19,20) prior to vesicular trafficking to subcellular
organelles (21). This data suggests a clinical application for RF
as a novel targeting agent for breast cancer-directed
chemotherapeutics.

To utilize RF targeting the water-soluble polymer N-(2-
hydroxypropyl)methacrylamide (HPMA) was employed as a
biocompatible drug delivery vehicle due to its versatile syn-
thetic chemistry (22–24). The highly effective breast cancer
compound mitomycin C (MMC) was selected because of its
significantly limited clinical utility (25). Both RF and folic
acid (FA) were used as targeting ligands to examine the
targeting potential of RF for the selective absorption of
polymeric-MMC conjugates in two breast cancer cell
models, MCF-7 and SKBR-3. The in-vitro efficacy of RF-
targeted MMC-conjugates was characterized by evaluating
cellular internalization, cytotoxicity, subcellular trafficking,
and drug stability.

MATERIALS AND METHODS

Chemicals

MMC was purchased from Bristol Laboratories (Evansville,
IN). Unless otherwise mentioned all other chemicals were
reagent grade and obtained from Sigma (St. Louis, MO).

Synthesis of Comonomers and Polymers

Synthesis of Monomers

HPMA comonomer (26) and peptide containing comonomers
N-methacryloyl-glycylphenylalanylleucylglycine p-nitro-
phenyl ester (MA-GFLG-ONp) (27), N-methacryloylgly-
cylglycine p-nitrophenyl ester (MA-GG-ONp) (28), and 5-[3-
(methacryloylaminopropyl)thioureidyl] fluorescein (MA-AP-
FITC) (29), were synthesized according to well established pro-
cedures. Methacryloyl-GFLG-MMC (MA-GFLG-MMC):
MA-GFLG-ONp was reacted with a reactive equivalent (eqv)
of MMC in N,N-dimethylformamide (DMF) at 4°C, followed
by the slow addition of an eqv of triethylamine. The mixture
was then left to react in the dark for 4 h at RT. After overnight
mixing at 4°C, the mixture was vacuum evaporated to remove
DMF and the resulting purple-colored solid product, MA-
GFLG-MMC, was extracted using diethyl ether precipitation.

Copolymerization

Experimental copolymers were synthesized by free radical
precipitation copolymerization of monomer subunits using
standardized reaction conditions (30). Fluorescently labeled
polymer conjugates were prepared by copolymerization of
HPMA (88 mol%), MA-GG-ONp (10 mol%), and MA-AP-
FITC (2 mol%) comonomers. Experimental drug polymer
conjugates were produced by copolymerization with HPMA
(85 mol%), MA-GG-ONp (10 mol%), and MA-GFLG-
MMC (5 mol%) comonomers. Control polymer conjugates
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were prepared similarly, where MA-GFLG-ONp replaced
the drug-containing monomer MA-GFLG-MMC. For each
set of experimental conjugates, comonomers were solubilized
in acetone-dimethyl sulfoxide (DMSO< 10% total volume) at
12.5 wt% with 1.2 wt% radical ini t iator (2,2 ’ -
azobisisobutyronitrile). Reaction mixtures were sealed under
nitrogen in an ampoule and left to react at 50°C for 24 h.
Precipitated polymers were dissolved in methanol and
reprecipitated in acetone-ether to obtain the pure product.

Synthesis and Polymer Functionalization of Targeting
Ligands

Synthesis of RF linker (RFl)

RF was amine-functionalized at its ribityl side chain to allow
for stable conjugation to polymer-incorporated Gly-Gly di-
peptide side chains. First, 10 mmol RF was reacted with
5 mmol succinic anhydride in DMSO including 5% (v/v)
pyridine overnight at 80°C to promote monosubstitution at
the primary hydroxyl position on the ribityl side chain of RF.
The monosubstituted product was purified with a silica gel
column using a methanol/chloroform gradient elution. Next,
the resulting RF succinamide was reacted with an eqv of O-
(N-succinimidyl)-N,N,N,N'-tetra-methyluronium tetrafluo-
roborate in DMF-dioxane solution containing 10% (v/v) wa-
ter and diisopropyl ethylamine (DIPEA) for 45 min. To this
mixture, 11 mmol of N-BOC-ethylenediamine in DMF was
added and left to react for 4 h. The product was concentrated
and purified using silica gel column chromatography using
5% MeOH in chloroform as the eluent. The resulting BOC-
protected functionalized RF was concentrated, washed with
acetone, and characterized (m/z 519 (MH+), decomposition
temperature 314–317°C).

Synthesis of FA linker (FAl)

Following methods standardized by Luo et al. (31), 4.5 mmol
of folic acid was solubilized in tetrahydrofuran (THF), and
an excess of trifluoroacetic acid (TFA) was added drop wise.
The solution was stirred overnight at room temperature to
obtain N10-(trifluoroacetyl)pyrofolic acid. The pyrofolic ac-
id product was reacted with an eqv of N-BOC-
ethylenediamine in DMF at 40°C overnight. Folate-
ethylenediamine-BOC was then deprotected in neat TFA
to yield folate-ethylenediamine which was precipitated in
methanol to obtain the final FA-based targeting moiety
(m/z 355 (MH+), decomposition temperature 289–292°C).

Polymer Functionalization with Targeting Moieties

Experimental copolymers were functionalized by the addition
of targeting ligand following RFl or FAl conjugation to

polymer-incorporated reactive Gly-Gly spacers (Fig. 1).
Fluorescently-labeled copolymers were prepared with either
RF (P1-RF) or FA (P1-FA) targeting moieties. Copolymers
both without (P2) and with (P3) drug were functionalized with
two different amounts of the RF targeting moiety (P2B/C and
P3B/C). Deprotected RFl or FAl were reacted overnight with
copolymer conjugates in DMSO containing an eqv of DIPEA.
Unreacted GG-ONp spacers were neutralized by 1-amino-2-
propanol hydrolysis. The resulting RF- and FA-copolymers
were dialyzed for 72 h in the dark to remove unconjugated
targeting moieties and then used for further characterization.
Neutral, nontargeted control copolymers were also prepared
for each of the copolymer formulations (P1, P2A, and P3A) by
ONp hydrolysis.

Physicochemical Characterization of Experimental
Polymer Conjugates

UV–vis was used to measure the incorporation of MMC
(365 nm) in the drug-containing precursor and FITC
(495 nm) in the fluorescently labeled precursor using calibration
curves for MMC and FITC, respectively. The MA-GG-ONp
content of all precursors was assessed by absorbance measure-
ments (400 nm) of hydrolytically released ONp. Following
conjugation to the available ONp, absorbance measurements
of polymer-incorporated RF (455 nm) and FA (365 nm) were
determined using standard curves of the amine-functionalized
ligands. The average molecular weight (Mw) and molecular
weight distribution [polydispersity (n), calculated as av-
erage molecular weight (Mw)/number average molecular
weight (Mn)] were estimated by size exclusion chroma-
tography (SEC) on a Superose 12 column (10 mm×
30 cm) (Amersham Biosciences, Piscataway, NJ) using a
fast protein liquid chromatography (FPLC) system
(Amersham Biosciences) which was calibrated for poly
(HPMA) fractions of known molecular weights.

Cell Culture

MCF-7 and SKBR-3 cells were obtained from American Type
Culture Collection (Manasas, VA), and maintained at 37°C,
under 5% CO2 in DMEM and McCoy’s 5a medium, respec-
tively, (Invitrogen Life Technologies, Carlsbad, CA)
supplemented with 10% fetal bovine serum, 1% nonessential
amino acids, 100U/ml penicillin, and 100μg/ml streptomycin.

HPMA-FITC Copolymer-Ligand Internalization

MCF-7 and SKBR-3 cells were seeded at 5×105 cells/ml
in 96-well plates and cultured until confluence prior to
experimentation. Cells were washed twice with 200 μl
pre-warmed HBSS, then incubated with 0–2,000 μg/ml
weight eqv of nontargeted (P1) and RF- (P1-RF) or FA-
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(P1-FA) targeted FITC-labeled conjugates at 37°C for 1 h.
Following incubations, cells were washed three times with
pre-chilled DPBS pH7.4 to remove uninternalized poly-
mers, followed by a 5 min wash with pre-chilled DPBS pH
3 to remove all membrane-associated fractions which asso-
ciate with membrane receptors at neutral pH. Cells were
then lysed for 2 h in 1 N NaOH. The intrinsic FITC fluo-
rescence (495/521 nm) within the conjugates was used to
determine the amount of cell-associated FITC from a stan-
dard curve and results were standardized to total protein
content. Intracellular FITC concentrations were then
converted to the amount of internalized conjugate using
the experimentally determined FITC content of the conju-
gate precursors. The affinity (km) and capacity (Jmax) of RF-
and FA-specific uptake was calculated using Michaelis-
Menten kinetics following correction for nonspecific uptake
of the nontargeted conjugate. Results were expressed as
mean ± standard deviation (SD).

Competitive Uptake Studies

Studies were conducted in Costar® 24-well plates (Fisher
Scientific, Pittsburg, PA) where MCF-7 cells were seeded at
a density of 5×104 cells/cm2 and used 3 days after seeding.
Competitive uptake studies were conducted to determine
the extent of RF-mediated uptake for targeted and
nontargeted conjugates. Cells were incubated for 30 min
with media solutions containing 10 nM [3H]-RF (Moravek
Biochemicals, Brea, CA) and 0–5,000 ng/ml wt eqv of RF-
targeted (P2B, P2C) or nontargeted (P2A) conjugates. Cells
were then washed three times with HBSS pH7.4 and once
with acidic HBSS pH3 for 10 min to remove all nonspecific
and membrane bound fractions. Following a 2 h cell lysis
with 1 N NaOH, cell-associated radioactivity was measured
with scintillation counting, and results were standardized to
total protein content. Statistical analysis was conducted
using a one-way analysis of variance (ANOVA) followed

Fig. 1 Synthesis of HPMA polymer constructs. HPMA copolymer (V) and dipeptide-containing monomer (W) functionalized with T1 or T2 were
copolymerized with FITC-conjugated monomer (X) or tetrapeptide-MMC monomer (Y) to produce the fluorescently-labeled and drug-containing polymer
conjugates, respectively. Neutral control polymers were produced to yield nontargeted (GG-OH) and drug-lacking (GFLG-OH, Z) test conjugates.
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by Newman-Keuls multiple comparison test. Results were
expressed as mean ± SD.

Internalization of Free and Conjugated MMC

Non-radioactive uptake studies were conducted in a similar
manner as explained above, in order to measure the cellular
accumulation of MMC following passive and active inter-
nalization. MCF-7 cells were treated for 60 min with a
10 μg/mL MMC eqv of free and RF-targeted (P3B, P3C)
or nontargeted (P3A) conjugates and then washed to remove
un-internalized and membrane-associated MMC. In order
to determine the effect of compartmental neutralization on
the internalization of free and conjugated MMC, cells were
pretreated for 30 min with 25 μM monensin or 300 μM
primaquine (LKT Laboratories, St. Paul, MN) prior to
MMC uptake studies. Cells not treated with monensin or
primaquine were used as a control. Cell lysates were ana-
lyzed with UV spectroscopy to measure the absorbance of
intracellular MMC (365 nm) which resulted for each treat-
ment. The concentration of internalized MMC was extrap-
olated from a standard curve produced for this drug, and
the results are presented as a percentage of the MMC
internalization in the cells treated with the lysomotropic
agents versus the untreated control. Statistical analysis was
determined by ANOVA followed by Newman-Keuls multi-
ple comparison test. Results were expressed as mean ± SD.

Immunofluorescence and Confocal Microscopy

MCF-7 cells were seeded 3 days prior to use at 5×103

cells/cm2 in collagen-coated culture slides (BD Biosciences,
Bedford, MA). Cells were treated with 20 μg/mL MMC eqv
of free MMC and RF-targeted (P3B) or nontargeted (P3A)
MMC-conjugates at 37°C for 10 min, 30 min, and 6 h. In
order to prevent potential receptor saturation and modifi-
cation to RF intracellular kinetics, RF-targeted trafficking
was monitored with P3B conjugates which contain targeting
ligand. Cells were then fixed, permeabilized, and blocked
prior to immunolabeling for 2 h at RT with early endocytic
(Rab5 GTPase) or lysosomal (LAMP-1) protein markers.
Cells were then washed thoroughly and probed with
AlexaFluor546-labeled sheep anti-mouse IgG (Molecular
Probes, Eugene, OR) for 1 h. Nuclear labeling was
conducted for 1 h using propidium iodide. Fluorescent
samples were preserved using GelMount (Biomeda Corp.,
Foster City, CA) and visualized on a Nikon Eclipse TE2000
E inverted confocal laser scanning microscope equipped
with two fixed lasers, 405 and 543 nm. The 3D images were
acquired on Nikon EZ-C1 software (Gold v. 2.3, Image
Systems Inc., Columbia, MD) using a 60× oil objective for
parameters: 0.25 μm z-step, 6 μs scan dwell time, and the
average of two scans per channel. Each image was

iteratively deconvolved for both channels and analyzed for
3D colocalized regions using Volocity (v. 3.6, Improvision,
Waltham, MA). The extent of colocalization between MMC
(405 nm), following its free and RF-targeted or nontargeted
conjugate administration, and protein markers (543 nm) was
determined by calculating the percent of total overlapping
volume between the two channels compared to the total
drug volume. The data represents the average of three re-
gions for each treatment, and statistical significance was
determined using Pearson’s correlation (PC).

In-Vitro Stability of HPMA Copolymer-RF-MMC
Conjugates

RF-containing HPMA copolymer-MMC conjugate (P3B) was
incubated in buffers designed to mimic the physiological and
lysosomal environments in order to study the hydrolytic and
enzymatic stability of spacers linking RF and MMC to the
copolymers (Table IV). To investigate hydrolytic stability,
1 mg/ml of conjugate was dissolved in phosphate buffers of
pH7.4 and 5.5, at 37°C. Enzymatic stability was determined
in phosphate buffer pH5.5 containing 2 mM EDTA, 10 mM
reduced glutathione, and 100 μg/ml human cathepsin B
(EMD Biosciences, La Jolla, CA). At regular time intervals
samples were taken and immediately stored at −80°C until
analysis. Prior to analysis, all samples were eluted on desalting
spin columns of 7 kD molecular weight cut off (Pierce
Biotechnology, Rockford, IL) to obtain the polymer fraction.
After elution, polymer and control samples were analyzed for
RF (445 nm) and MMC (365 nm) content using UV–vis. The
percent of bound RF and MMC remaining was determined
from the total content in the original copolymers. Time-
dependent release profiles were produced by nonlinear re-
gression to calculate the half-lives associated with RF and
MMC release in all incubation conditions.

Cytotoxicity Studies

The cytotoxicity of free and conjugated MMC was deter-
mined using the fluorescent (3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay, which is a
standard colorimetric method for measuring the enzymatic
activity of live cells. MCF-7 cells were seeded at 5×104

cells/mL in 96 well plates (USA Scientific, Ocala, FL)
1 day prior to experimentation. Cells were treated in culture
medium for 72 h with 1–1,000 ng/mL MMC eqv of free
and RF-targeted (P3B, P3C) and nontargeted (P3A) conju-
gates of MMC, RF eqv for targeted conjugates without
MMC (P2B, P2C), or weight eqv for nontargeted conjugates
without MMC (P and P2A). Following treatment, 5 mg/mL
MTT was added to each well and incubated for 4 h. This
solution was removed from each well prior to resuspension
in DMSO for 1 h. Treatment solutions were analyzed for

Riboflavin-Targeted HPMA Polymers



absorbance of a reduced purple formazan MTT product
(560 nm), which correlates to cell viability, and compared
with that of positive (untreated) and negative (100% MeOH
pretreated) controls. Dose–response curves were generated
using a sigmoidal dose–response nonlinear curve fitting
function (GraphPad Prism 5) to determine the concentra-
tion necessary to inhibit cell viability by 50% relative to
nontreated control cells (IC50 dose).

RESULTS

Characterization of Polymeric Conjugates

Novel copolymer conjugates containing RF and MMC were
synthesized to evaluate the targeting potential of RF for
macromolecular chemotherapeutics. UV spectroscopy was
used to analyze the FITC, MMC, and (GG)ONp content in
each polymerized conjugate, as well as to determine RFl
and FAl incorporation following conjugation to the
derivatized targeting conjugates. Polymer content of each
compound is listed in Table I.

An SEC/FPLC system was utilized for the separation
and UV quantification of the weight average molecular
weight (Mw) and polydispersity (n) of all final copolymer
conjugates. Fluorescently-labeled conjugates (P1, P1-RF,
P1-FA) showed similar molecular weight averages of 13–
14 kD. Experimental conjugates without (P2A, P2B, P2C)
and with (P3A, P3B, P3C) MMC displayed molecular
weight averages between 19–33 kD, with the exception of
HPMA homopolymer control (45 kD). The incremental
increases in RF content for both the drug-containing (P3B,

P3C) and control (P2B, P2C) conjugates exhibited an RF-
dependent increase in molecular weight, which can likely be
explained by differences in the hydrodynamic volumes of
the conjugates containing the water-soluble vitamin. The
polydispersity of all copolymer conjugates remained rela-
tively consistent (n=1.26–1.54).

Breast Cancer Cell Selectivity for Polymeric
Conjugates

The extent of RF-specific conjugate internalization was
measured in the human breast cancer cell lines MCF-7
and SKBR-3 and compared with that of FA-assisted conju-
gate uptake. The nonspecific endocytosis of nontargeted
FITC-labeled conjugates (P1) was subtracted from the
amount of RF- (P1-RF) and FA- (P1-FA) targeted FITC-
conjugates in order to determine the extent of RF- and FA-
specific internalization. RF-targeted conjugates showed ap-
preciable accumulation within MCF-7 (50.86±2.69 ng/mg
protein/60 min) and SKBR-3 (83.29±4.65) cells. FA-
targeting enabled a similar amount of conjugate incorpora-
tion into SKBR-3 cells (58.70±3.98) yet only half that in
MCF-7 cells (27.62±3.42). Conjugate internalization oc-
curred with high affinity for RF-specific uptake in both
MCF-7 (198.8±36.85 μg/ml) and SKBR-3 (306.1±30.03)
cells, unlike that of the FA-targeted conjugates which
showed similar affinity for internalization within SKBR-3
(150.4±19.28) but not MCF-7 (903.7±185.2) cells
(Table II). MCF-7 cells were chosen for subsequent
experiments due to the higher affinity for RF-targeted
conjugate internalization and the lack of affinity for FA-
targeted conjugates.

Table I Physicochemical Characterization of HPMA Copolymer Conjugates

Feed Comonomer Content Polymer Characteristics

Samplea HPMA GG-
ONp

GFLG-
OH

GFLG-
MMC

APMA-
FITC

FITC (mmol/g
polymer)

RF (mmol/g
polymer)

FA (mmol/g
polymer)

MMC (mmol/g
polymer)

Estimated
Mw (kD)

Mw/Mn
(n)

P1 88 10 0 0 2 0.12 0 0 0 13.0 1.42

P1-RF 88 10 0 0 2 0.12 0.56 0 0 14.6 1.30

P1-FA 88 10 0 0 2 0.12 0 0.51 0 14.3 1.37

P 100 0 0 0 0 0 0 0 0 44.7 1.51

P2A 85 10 5 0 0 0 0 0 0 24.0 1.49

P2B 85 10 5 0 0 0 0.48 0 0 19.4 1.54

P2C 85 10 5 0 0 0 0.84 0 0 20.9 1.50

P3A 85 10 0 5 0 0 0 0 0.61 24.7 1.42

P3B 85 10 0 5 0 0 0.46 0 0.61 30.2 1.48

P3C 85 10 0 5 0 0 0.87 0 0.61 33.6 1.26

a. The sample identification codes correspond to the following copolymer conjugates: P1 = HPMA-GGOH-APMAFITC; P1-RF = HPMA-GGRF-
APMAFITC; P1-FA = HPMA-GGFA-APMAFITC; P = HPMA homopolymer; P2A = HPMA-GGOH-GFLGOH; P2B = HPMA-GGRF↓-GFLGOH;
P2C = HPMA-GGRF↑-GFLGOH; P3A = HPMA-GGOH-GFLGMMC; P3B = HPMA-GGRF↓-GFLGMMC; P3C = HPMA-GGRF↑-GFLGMMC; RF↓=
low (0.4 mmol/g polymer) RF content; RF↑ = high (0.8 mmol/g polymer) RF content
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RF-Competed Conjugate Internalization

In order to demonstrate active receptor-mediated targeting
of RF-containing conjugates, competitive internalization
studies with radiolabeled RF were conducted. Table III de-
picts the IC50 values associated with RF-competed internal-
ization of nontargeted (P2A) and RF-targeted (P2B, P2C)
conjugates. Incubation with the nontargeted P2A copoly-
mer exhibited negligible inhibition of radiolabeled RF up-
take within the concentration range tested. RF-targeted
polymers exhibited potent IC50 values, which were
positively-associated with increasing RF content (P2B=
198.4, P2C=127.2 ng/mL). Based on these data and earlier
studies (32), we concluded that functionalizing RF via its
ribityl side chain enabled the retention of RF binding affin-
ity for its cell-surface machinery.

Cellular Accumulation of MMC

To determine the extent of RF-mediated MMC internali-
zation, MCF-7 cells were incubated for 60 min with
10 μg/mL MMC eqv of free and RF-targeted (P3B, P3C)
or nontargeted (P3A) conjugates to allow both passive and
active internalization, respectively. Results revealed that
MMC cytosolic accumulation was significantly higher

following the active internalization of the nontargeted
(P3A: 2.31 ng/mg protein) and RF-targeted (P3B: 5.13
and P3C: 7.65 ng/mg protein) conjugates, as compared to
that following the passive diffusion of free MMC
(1.32 ng/mg protein) (Fig. 2). The difference between
RF-targeted (specific + nonspecific) and nontargeted
(nonspecific) MMC internalization reflects the amount
of MMC internalized specifically by RF-mediated endo-
cytosis. The resulting differences (2.82 and 5.34 ng/mg
protein) indicate that RF-mediated conjugate internali-
zation is an efficient and selective method of drug entry
into breast cancer cells.

Following endocytosis, internalized material is contained in
membrane-bound vesicles which shuttle through an
endolysosomal pathway, characterized by increasing com-
partmental acidification. This cellular processing pathway re-
sults in the dissociation of receptor-ligand complexes and
subsequent receptor membrane recycling for continuous li-
gand internalization (33). Biochemical modification of vesicu-
lar pH was induced to determine the role of compartmental
acidification in the internalization of free and conjugated
MMC. The lysosomotropic agents monensin and primaquine
work through different mechanisms to neutralize the normally
acidic (pH5–6) subcellular compartments which govern the
intracellular trafficking of endocytosed material, namely the
endosomes, lysosomes, and golgi. The intracellular accumu-
lation of conjugated MMC, both RF-targeted and
nontargeted, was significantly decreased upon vesicular neu-
tralization (Fig. 3). The RF-mediated internalization of
MMC, for both RF-containing conjugates (P3B and P3C),
was abolished with monensin (1.98 and 1.60% untreated
control) and primaquine (1.18 and 1.14%) treatment,
which was similar for that of the nontargeted conjugate
(P3A) (7.76 and 6.11%). The uptake of free MMC was

Table II Internalization Kinetics of HPMA Copolymer-FITC-Ligand Con-
jugates in Human Breast Cancer Cells

Treatment Internalization Kinetics

km (μg/ml) Jmax (ng/60 min)

MCF-7

P1-RF 198.8±36.85 50.86±2.69

P1-FA 903.7±185.2 27.62±3.42

SKBR-3

P1-RF 306.1±30.03 83.29±4.65

P1-FA 150.4±19.28 58.70±3.98

Table III Competitive Internalization of RF against Free RF and RF-
targeted or Nontargeted Polymer Conjugates in MCF-7 Cells

Sample Content IC50 (ng/mL)

P2A HPMA-GGOH-GFLGOH NAa

P2B HPMA-GGRF(0.48)-GFLGOH 198.4±15.5

P2C HPMA-GGRF(0.84)-GFLGOH 127.2±10.3

RF free RF 46.9±5.3

a Competitive uptake against RF was negligible within the concentration
range tested

0 3 6 9

MMC

P3A

P3B

P3C **

**

*

Intracellular MMC (ng/mg protein)

Fig. 2 Cellular accumulation of MMC following free and RF-targeted or
nontargeted conjugate administration. MCF-7 cells were incubated with
10 μg/mL MMC eqv of free MMC, nontargeted MMC conjugate (P3A), or
RF-targeted conjugates (P3B and P3C). The intracellular MMC concentra-
tion for each treatment was determined by UV analysis, calibrated to MMC
standards, and standardized to total protein content. * p<0.05, ** p<
0.001.
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not significantly affected by either treatment. Results
confirm that the cellular uptake of polymer-conjugated
MMC is confined to endocytic processes.

Conjugate Trafficking Along the Endolysosomal
System

In order to illustrate the spatial and temporal trafficking
of free and polymer-conjugated MMC along vesicular
and nuclear compartments, the inherent fluorescence of
MMC was monitored for its 3D colocalization with fluo-
rescently labeled early endosome (Rab5), lysosome
(LAMP-1), and nuclear (propidium iodide) fluorescent
markers (Fig. 4), over a 6 h period. The extent of
colocalization was quantified at each time point using a
minimum of three regions using Pearson’s correlation
(PC) to calculate the percent of early endosome, lyso-
some, and nuclear fluorescent volumes which overlapped
with the total MMC fluorescent volume (Fig. 5). For
each marker, the percent overlap of nontargeted (P3A)
and RF-targeted (P3B) MMC-conjugate was compared to
that of free MMC, and significant differences were
expressed at each time point.
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Fig. 3 Effect of endosomal neutralization on the internalization of free or
polymer-bound MMC. MCF-7 cells were treated with 25 μM monensin
(open bar) or 300 μM primaquine (solid bar) with 10 μg/mL MMC eqv of
free MMC, nontargeted MMC conjugate (P3A), and RF-targeted conju-
gates (P3B and P3C). Cell lysates were analyzed for intracellular MMC
content with UV spectroscopy. Results are presented as the percentage of
the untreated (monensin and primaquine-free) control. * p<0.001.

Fig. 4 Subcellular co-localization of free and nontargeted- (P3A) or RF-targeted- (P3B) conjugate (blue) with early endocytic (Rab5 GTPase), lysosomal
(LAMP-1), and nuclear (propidium iodide) protein markers (red) in MCF-7 cells. The inset view defines the XY plane, the left panels represent the YZ, and
the top panels represent the XZ planes. The nontargeted MMC-conjugate (P3A) associated with an early endosomal compartment within 10 min (a),
followed by movement to lysosomal (b) and nuclear (c) compartments at 30 min and 6 h, respectively. The RF-targeted MMC-conjugate (P3B) was rapidly
endocytosed to allow for localization to early endosomes within 10 min (d) and lysosomes (e) within 30 min. Maximum MMC-nuclear overlap resulted
from longer incubation, up to 6 h, with RF-targeted MMC-conjugate (P3B) (f). Unconjugated MMC rapidly diffused, within 10 min, into cell nuclei (g) and
exhibited minimal fluorescent colocalization with endocytic markers (not shown).
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Following endocytic internalization, vesicles containing
MMC-conjugates displayed a time-dependent movement
along the endolysosomal system. Nontargeted MMC-
polymers rapidly associated with early endosomes within
10 min (Fig. 4a) where they remained consistently local-
ized (13.5 to 19.5%) over a 6 h period (Fig. 5a).
Similarly, RF-targeted drug conjugates immediately as-
sembled in apical endosomal compartments (Fig. 4d)
but to a significantly greater extent (~ 4-fold) than the
nontargeted complexes. Free MMC showed minimal re-
tention within early endosomes; however, results display
an increasing trend with longer exposure (Fig. 5a). Both
nontargeted and RF-targeted drug conjugates followed
similar intracellular sorting pathways ultimately leading
to lysosomal compartments where the highest extent of
colocalization occurred following 30 min (16.5 and
50.2%) of vesicular trafficking. Free MMC displayed
negligible accumulation (~ 3%) within lysosomes during
brief incubations, although longer exposure promoted the
pH-dependent ion-trapping (~ 10%) inside the acidic
organelles (Fig. 5b).

The prolonged retention of MMC-containing polymers
within digestive lysosomal compartments permitted the
enzymatic recognition of polymer-associated GFLG sub-
strates by cathepsin B and subsequent release of intact
MMC from these polymer-peptide linkers (34).
Immediately following release, MMC is directed along a
concentration gradient for diffusion into the cytosol from
which nuclear trafficking will occur. Once in the nucleus,
MMC is bioreductively activated to function as a potent
DNA-alkylating agent leading to a high degree of DNA
crosslinking and acute cytotoxic effects (35). A consider-
able amount of polymer-liberated MMC concentrated in
nuclei within 30 min; however, 6 h treatments supported
significantly higher nuclear accumulation of RF-targeted
(39.4%) and nontargeted (22.3%) conjugate-administered
MMC. Alternatively, incubation with free drug illustrated
maximum MMC-nuclear overlap during only 10 min
(20.2%) of passive drug diffusion at which time drug
equilibration between the intra- and extra-nuclear envi-
ronment suggestively prevented further nuclear localiza-
tion of drug molecules (Fig. 5c).
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�Fig. 5 Quantification of the colocalization of free MMC and RF-targeted
(P3B) or nontargeted (P3A) MMC-conjugates with early endosomal (a),
lysosomal (b), and nuclear (c) compartments in MCF-7 cells after 10 min
(open bar), 30 min (solid bar), or 6 h (striped bar). The extent of MMC
colocalization with each marker was determined using Pearson’s correla-
tion. Results are the mean ± SD (n=3). Nontargeted (P3A) and RF-
targeted (P3B) MMC-conjugate colocalization with each marker was com-
pared to that of free MMC at each time point. * p<0.01, ** p<0.005,
*** p<0.001.
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Controlled Enzymatic Release of Intact MMC

The hydrolytic stability of RF-containing HPMA-MMC
conjugate (P3B) was tested in conditions representative of
extracellular, pH7.4, and lysosomal, pH5.5, environments.
The results demonstrate the hydrolytic resistance of both
Gly-Gly and Gly-Phe-Leu-Gly linkages for RF and MMC,
respectively, at neutral pH. Upon incubation in acidic buffer,
RF (t1/2=59.22±6.74 h) and MMC (t1/2=45.61±9.31 h)
were slowly released from their peptidyl spacers at a rate that
correlated with increasing peptide length. The enzymatic
stability of P3B conjugates were investigated in buffer of pH
5.5 containing cathepsin B in order to measure the efficiency
of drug release from the polymer-peptide enzyme substrate.
Data revealed the rapid release of MMC (t1/2=3.99±1.97 h)
from polymer-contained GFLG spacers, whereas RF
(t1/2=65.49±7.88 h) release occurred at a rate similar
to that in acidic medium. Results are reported in
Table IV.

MMC-Induced Cytotoxicity

Cytotoxicity of experimental and control polymers was deter-
mined using the MTT assay, where fluorescence detection of
a reduced formazan product is used to measure the enzymatic
activity in viable cells. In order to demonstrate that the cyto-
toxic effect of the MMC conjugates was not influenced by the
drug delivery vehicle, control polymers of HPMA (P) and RF-
targeted (P2B and P2C) or nontargeted (P2A) HPMA systems
without drug were included. All control polymers exhibited
negligible cytotoxicity within the concentration range tested,
suggesting the biocompatible nature of HPMA, RF, and
peptide linkers, in MCF-7 cells. MMC-induced cytotoxicity
was measured for free and RF-targeted (P3B and P3C) and
nontargeted MMC conjugates (P3A). High cytotoxic poten-
cies were exhibited by all MMC treatment groups (Fig. 6);
however, free MMC elicited the lowest effective dose (IC50=
0.05 μg/mL). This may be the result of the additional time
required for conjugate internalization, lysosomal drug release,
and nuclear drug localization. Increasing the RF content in
targeted polymers resulted in an RF-dependent decrease in

the IC50 dose (0.21–0.10 μg/mL). P3A did exhibit apprecia-
ble MMC-induced cytotoxic effect (IC50=0.61 μg/mL), but
to a lesser extent than free and RF-targeted MMC. Although
the cytotoxic potency of RF-targeted MMC conjugates was
less than that of free MMC, apoptotic analysis following 72 h
treatments displayed equivalent cell death (> 95%).

DISCUSSION

Pharmaceutical nanocarriers have been successfully employed
to enhance the locoregional delivery of conventional antican-
cer agents. Carrier conjugation prevents the promiscuous
diffusion of cytotoxic compounds into healthy and cancerous
tissues consequently prolonging the drugs’ residence time in
blood circulation and exposure to the EPR effect characteris-
tic of the neovasculature supporting solid tumors. Targeting
the macromolecular conjugates with the aid of ligands specific
to cell-surface receptor proteins allows for the highly-selective
delivery of therapeutics to target cancer cells. Unlike normal
tissues, the majority of tumor types overexpress certain vita-
min membrane receptors although the degree of
overexpression varies not only between each cancer form
but also among the various stages of tumor progression (7).
Research into vitamin-targeted chemotherapy has advocated
its promising clinical utility; however, the differential regula-
tion of vitamin receptors mandates further investigations to
determine the most efficacious targeting approach for each
type of cancer tissue. The present study was initiated to
investigate a novel targeting strategy using RF for chemother-
apeutic delivery to breast cancer tissue, where RF has been
recognized as an important regulatory factor. Recent analyses
determined that the high-affinity receptor-assisted

Table IV Hydrolytic and Enzymatic Release Rates of RF and MMC from
Polymer Peptide Linkages

Treatment Conditions Release Half-life (t1/2, hr)

RF MMC

pH7.4 NAa NAa

pH5.5 59.22±6.74 45.61±9.31

pH5.5 + Cathepsin B 65.49±7.88 3.99±1.97

a Compound release was negligible (< 5%) during 72 h incubation

Fig. 6 Cytotoxicity of free MMC and polymer conjugates after treatment with
freeMMC (closed circle), nontargeted (P3A, closed square), or RF-targeted (P3B
and P3C, closed triangle and diamond) conjugates in MCF-7 cells. MMC-free
conjugates’ (P1, open circle; P2A open square; P2B, open triangle; P2C, open
diamond) cytotoxicity were negligible in the concentration range tested. Using
nonlinear sigmoidal dose response curve fitting (GraphPad Prism 5), the
mean ± SD IC50 values obtained were 0.05±0.02, 0.61±0.03,
0.21±0.02, and 0.10±0.02 μg/mL for MMC, P3A, P3B, and P3C,
respectively.
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internalization of RF (17,19,36,37) is significantly upregulated
in breast cancer tissue (20), possibly explaining the dramatic
decrease in RF serum levels of breast cancer patients (16).

Preliminary studies were conducted to measure the
ligand-selectivity of RF-targeted polymers in an estrogen-
dependent (MCF-7) and independent (SKBR-3) breast can-
cer cell model and compared with that of the well charac-
terized targeting vitamin folic acid (5,38). Findings illustrate
the high-affinity internalization of RF-conjugates in both
MCF-7 and SKBR-3 cells, whereas FA-selectivity was
maintained only by SKBR-3 cells. The extent of polymer
internalization was comparable for the high-affinity
endocytic processes mediated by RF and FA; however, the
low-affinity incorporation of FA-polymers was considerably
less in MCF-7 cells (Table II). Similar variability in ligand-
specificity of breast cancer cells was previously demonstrated
for FA (9), cobalamin (39), and hyaluronan (40). Although
further investigations are necessary to be conclusive, results
from this comparative analysis suggest a highly reliable and
efficacious targeting role for RF in breast cancer-directed
drug delivery.

In order to measure the extent of RF-specific internaliza-
tion, P2 polymers were prepared for analysis in competitive
uptake studies with tritiated RF. RF-targeted polymers po-
tently inhibited radiolabeled-RF uptake in amanner positively
associated with polymer RF content (Table III). These results
ensured that RF retained high affinity for RF cell surface
machinery following polymer-peptide conjugation facilitating
the receptor-specific internalization of targeted conjugates.
Nontargeted conjugates showed negligible competition for
RF-specific internalization within the physiological RF con-
centration range suggesting internalization occurred predom-
inantly via a nonspecific or passive endocytic mechanism.

The biocompatible copolymer HPMA was employed as a
multifunctional vehicle which offers facile tailoring to suit
specific drug targeting needs (22). Clinically, it is important
that a macromolecular prodrug remain stable during blood
circulation, but the cytotoxic drug will need to be released
from carrier complexes following endocytic internalization.
Shuttling along cytoskeletal networks, vesicular cargo
trafficks to endolysosomal compartments where the large
complexes will be metabolized. An array of oligopeptides
have been designed for proteolytic degradation by lysosomal
proteases, particularly the tetrapeptide Gly-Phe-Leu-Gly
(GFLG) which serves as a substrate for cathepsin B, an
enzymatic protein located in the lysosome (41). In the pres-
ent study RF and MMC were stably attached to the dipep-
tide Gly-Gly and tetrapeptide GFLG, respectively, at
neutral pH. Although both RF and MMC were slowly freed
from their peptidyl spacers in acidic conditions, MMC re-
lease occurred slightly faster indicating the increased acces-
sibility of the longer tetrapeptide for hydrolysis. Previous
studies have indicated that a peptide spacer with a terminal

hydrophobic amino acid may enhance the hydrolytic stabil-
ity of the MMC linkage (34); therefore, additional studies
are necessary to select the peptidyl spacer which would
promote optimal resistance to extracellular hydrolysis yet
enable maximum lysosomal cleavage. The secondary amide
conjugation of MMC to the terminal glycine of polymer-
GFLG side chains permitted its efficient recognition and
rapid cleavage by the lysosomal enzyme cathepsin B
(Table IV) at a rate similar to that seen for previously
investigated poly-N-(2-hydroxyethyl)-l-glutamine (PHEG)-
polypeptide-MMC conjugates (42). Combined, data from
the in-vitro stability and fluorescent colocalization studies
suggest that the intracellular trafficking of RF-targeted
HPMA-MMC conjugates promotes the highly controlled
release of intact MMC and subsequent diffusion into nuclei
where it will exert its anticancer effect.

The in-vitro efficacy of RF-targeted MMC-conjugates (P3
polymers) was analyzed in MCF-7 cells, where RF-targeting
appears to be more sensitive. The anticancer agent MMC
was chosen as the proof-of-principle drug because it is an
extremely potent cytotoxin in breast cancer tissue (43) but is
rarely administered as a monotherapy due to the delayed
cumulative myelosuppression resulting from its unavoidable
accumulation in bone marrow (25). Low molecular weight
chemotherapeutics rapidly diffuse across cell membranes,
with the assistance of an intracellular concentration gradi-
ent, until equilibration between the extra- and intracellular
compartments at which point drug influx ceases.
Macromolecular delivery limits drug internalization to ac-
tive endocytic processes, which occur in a concentration-
independent manner afforded by cellular energy supplies.
Unlike the nonspecific pinocytic capture of nontargeted
complexes, ligand-targeted conjugates serve as high-affinity
substrates for specific membrane proteins which assist in
their preferential receptor-mediated endocytic entry.
Cellular uptake studies were conducted to measure the
cellular accumulation of MMC following 60 min treatments
with free and RF-targeted or nontargeted conjugates. The
active internalization of polymeric-MMC resulted in signif-
icantly higher intracellular MMC concentrations, most no-
tably for RF-targeted conjugates, compared to the passive
diffusion of free MMC (Fig. 2). Although endocytosis occurs
much slower than simple diffusion, the direct binding and
signaling events associated with receptor-mediated entry
promote the immediate internalization of ligand-
targeted drug conjugates. Similar results were previously
shown for macromolecular-MMC conjugates in a varie-
ty of cancer cell lines (34,44).

Several polymer-based delivery vehicles have been found
to disrupt the membrane integrity of epithelial cells (45). In
order to ensure the increase in cell-associated MMC resulted
from the active internalization of polymeric-MMC, cellular
uptake studies were also conducted in the presence of
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lysosomotropic agents which are known to significantly ham-
per the endocytic internalization and intracellular sorting of
receptor-bound ligands. Following internalization, vesicular
cargo is guided through an endosomal maturation process,
characterized by increasing intravesicular acidity (pH7–5) (8).
Endosomal acidification promotes the dissociation of ligand-
receptor complexes to allow for the tightly-regulated intracel-
lular processing of individual ligands and the efficient receptor
recycling to apical membranes (20). Modification to this in-
tracellular event results in the cytosolic build-up of
endocytosed complexes which limits membrane-receptor
availability and prevents further ligand internalization
(46–48). Biochemical modification with both monensin and
primaquine completely abolished (> 95%) the cellular accu-
mulation of polymeric-MMC while the passive uptake of free
MMC remained unaffected (Fig. 3), ruling out the possibility
of intracellular conjugate leaking.

The intracellular trafficking of the HPMA-MMC conju-
gates was monitored using confocal microscopy (Fig. 4) and
quantified for the extent of fluorescent 3D colocalization of
drug with endocytic and nuclear compartments (Fig. 5). RF-
targeted and nontargeted MMC-conjugates displayed similar
trafficking profiles along endolysosomal machinery; however,
the extent of MMC colocalization with all compartments was
significantly greater for RF-directed polymers. Following ve-
sicular internalization, MMC-conjugates quickly shuttled
through early endosomal compartments prior to their locali-
zation in lysosomal compartments within 30 min. The diffu-
sion of free MMC resulted in its rapid nuclear localization
within 10 min, during which its association with early
endosomes and lysosomes was negligible. Interestingly, the
nuclear accumulation of free MMC decreased during longer
incubations and displayed an increasing trend in endosome
and lysosome localization. MMC diffusion into acidic organ-
elles may have resulted from its prolonged cystolic residence
(49), where the ionization of weak bases, such asMMC, will be
trapped (50). Although conjugates required longer incu-
bation, up to 6 h, for the lysosomal cleavage of MMC
from the polymer-peptide backbone, the diffusion of
polymer-released MMC led to a significantly higher
extent of nuclear localization.

Cytotoxic analysis of all control polymers ensured the
biocompatibility of our RF-containing HPMA-peptide de-
livery system. Upon comparison with previously investigated
MMC-conjugates (44,51), nontargeted HPMA copolymer-
MMC conjugates exhibited equivalent cytotoxic potency
(IC50 ~ 0.6 μg/mL) in breast cancer cells. The RF-assisted
internalization of MMC-conjugates significantly enhanced
MMC sensitivity in MCF-7 cells in a manner which was
positively associated with increasing polymer-RF content
(IC50=0.21–0.1 μg/mL). Although unconjugated MMC
was the most potent cytotoxic treatment in these cells
(Fig. 6), it is important to note that this effect would not be

limited to breast cancer tissue in an in-vivo system, and the
IC50 values of the conjugates are still within an acceptable
range for therapy.

In summary, RF-targeted therapeutics show considerable
potential for the treatment of breast cancer. RF-targeted
macromolecules exhibited high affinity for the RF-specific
cell-surface machinery in MCF-7 cells, enabling the en-
hanced internalization of MMC. RF-targeted conjugates
shuttled MMC along the intracellular endolysosomal net-
work for the bioresponsive release and nuclear trafficking of
MMC. Although RF-mediated internalization occurs slower
than the passive diffusion of free drug, this process is far
more selective (52). Data from these studies advocates fur-
ther in-vitro and in-vivo characterizations in order to optimize
the targeting efficiency of the highly-selective breast cancer
targeting moiety RF.

CONCLUSION

Ligand-targeted therapeutics offer promising potential in the
future of chemotherapy, as indicated by the increasing amount
of these systems in Phase 2 and 3 clinical trials (2,22). Each
system has been uniquely developed, via targeting ligand selec-
tion, for the highly selective delivery of anticancer agents to
certain cancer types. The present study for the first time dem-
onstrates the potential utility of RF as a targeting agent for
breast cancer-directed therapeutics. Comparative analysis of
the breast cancer cell selectivity for previously investigated
targeting ligands indicates a more specific and effective
targeting pathway for the RF system. Future investigations will
aim to optimize the physicochemical parameters of RF-
targeted systems, including drug and RF content.
Furthermore, we would evaluate theRF-specific biorecognition
and internalization of drug conjugates within other tissue sys-
tems, including the liver and small intestines, where RF cellular
processing is also enhanced.
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