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Purpose. Overexpression of hyaluronan (HA) receptors on cancer
cells results in enhanced endocytotic uptake of the drug conjugate.
An N-(2-hydroxypropyl)methacrylamide (HPMA)-HA polymeric
drug delivery system was used for targeted delivery of doxorubicin to
cancer cells.

Methods. HA-doxorubicin (DOX) bioconjugates (HA-DOX), and
HPMA copolymer-DOX conjugates containing HA as a side chain
(HPMA-HA-DOX) were synthesized. The cytotoxicity of the poly-
mer-drug conjugate was evaluated via in vitro cell culture. The inter-
nalization of the conjugate was visualized by fluorescence micros-
copy.

Results. Cytotoxicity of HPMA-HA-DOX targeted bioconjugate was
higher against human breast cancer (HBL-100), ovarian cancer
(SKOV-3), and colon cancer (HCT-116) cells when compared to the
non-targeted HPMA-DOX conjugate. Fluorescence confocal micros-
copy revealed that the targeted HPMA-HA-DOX conjugates were
internalized more efficiently by cancer cells relative to the non-
targeted HPMA-DOX conjugate. Both HPMA-DOX and HPMA-
HA-DOX showed minimal cytotoxicity toward mouse fibroblast NIH
3T3 cells. The internalization of polymer conjugates was correlated
with their cytotoxicity.

Conclusions. Selective delivery of anti-cancer agents to cancer cells
was achieved by biochemical targeting. The HA-modified HPMA
copolymer showed improved toxicity due to receptor-mediated up-
take of the macromolecular drug.

KEY WORDS: polymer-drug conjugates; HPMA copolymer; hyal-
uronan; receptor-mediated targeting; doxorubicin; cancer.

INTRODUCTION

A major challenge in cancer therapy is the selective de-
livery of small molecule anti-cancer agents to tumor cells.
Water-soluble polymer-anti-cancer drug conjugates offer
great potential and have demonstrated good aqueous solubil-
ity, increased half-life in the body, and high anti-tumor ef-
fects. Poly(styrene-co-maleic acid)-neocarzinostatin conju-
gate (SMANCS) was approved for the treatment of liver can-
cer in Japan (1). The conjugates of doxorubicin (DOX) to
N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers
(HPMA-DOX conjugate, PK1) have passed Phase I clinical
trials and are currently in Phase II trials (2). HPMA-
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camptothecin was also pre-clinically evaluated and is now in
Phase I trials (3).

Anti-cancer polymer-drug conjugates can be divided into
two targeting modalities: passive and active. The biologic ac-
tivity of the passive targeting is based on the anatomic char-
acteristics of tumor tissue, and allows polymer-drug conjugate
to more easily permeate tumor tissues and accumulate over
time. This is one of the principal reasons for the success of
polymeric drugs, and it is often referred to as the enhanced
permeability and retention (EPR) effect (1). Active targeting
in drug delivery systems can be achieved by exploiting specific
interactions between receptors on the cell surface and target-
ing moieties conjugated to the polymer backbone. The active
approach therefore takes advantage of the EPR effect, but
further increases the therapeutic index through receptor-
mediated uptake by target cancer cells. Previous studies
showed that N-acylated galactosamine (4) and monoclonal
antibody fragments (5) were valuable targeting moieties for
HPMA-DOX conjugates, selectively increasing the cytotox-
icity of the polymer-drug conjugates to tumor cells.

Hyaluronic acid (HA), a linear polysaccharide of alter-
nating D-glucuronic acid (GIcUA) and N-acetyl-D-glucosa-
mine (GIcNAc) units, serves a variety of functions within
the extracellular matrix (6). These include direct receptor-
mediated effects on cell adhesion, growth and migration (7)
and as a signaling molecule in cell motility, inflammation,
wound healing, and cancer metastasis (8). These effects occur
via intracellular signaling pathways in which HA binds to, and
is internalized by, cell-surface receptors. Most malignant solid
tumors and their surrounding stromal tissue contain elevated
levels of HA (9), and these high levels of HA production
provide a matrix that facilitates invasion (10). In addition to
elevated HA in the environment surrounding tumors, most
malignant cell-types overexpress the HA receptors CD44 and
RHAMM. Isoforms of HA receptors, CD44 and RHAMM
are overexpressed in transformed human breast epithelial
cells (11), ovarian tumor cells (12), colon cancer (13), lung
cancer (14), stomach cancer (15), acute leukemia (16), and
other cancers (17). As a result, malignant cells with the high-
est metastatic potential often show enhanced binding and in-
ternalization of HA (18).

Targeting of anti-cancer agents to tumor cells and tumor
metastases can be accomplished by receptor-mediated uptake
of bioconjugates of anticancer agents conjugated to HA
(19,20), followed by the release of free drugs through the
degradation of HA in cell compartments. In this study, cell-
targeted HA-DOX bioconjuagtes and HPMA copolymer-
DOX conjugates containing HA as a side chain (HPMA-HA-
DOX) were synthesized based on the specific interaction be-
tween HA and its receptors overexpressed on the cancer cell-
surface. Selective in vitro cell cytotoxicity was studied using
three human cancer cell lines (HCT-116 colon tumor, HBL-
100 breast cancer, and SK-OV-3 ovarian cancer), and non-
cancerous mouse fibroblast NIH 3T3 cells as a negative con-
trol. In addition, enhanced uptake of the HPMA-HA-DOX
conjugate into cancer cells was observed relative to the non-
targeted HPMA-DOX, as visualized using the intrinsic fluo-
rescence of the DOX. This direct observation of the intracel-
lular drug-HA conjugate provides additional evidence for
the uptake of the targeted conjugates through a receptor-
mediated pathway.
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MATERIALS AND METHODS

Reagents

Fermentation-derived HA (sodium salt, M, 1.5 MDa)
was provided by Clear Solutions Biotech, Inc. (Stony Brook,
NY, USA). 1-Ethyl-3-(3-(dimethylamino)-propyl)carbodi-
imide (EDCI), adipic dihydrazide (ADH), succinic anhy-
dride, anhydrous DMF, and triethylamine were purchased
from Aldrich Chemical Co. (Milwaukee, WI, USA). Testicu-
lar hyaluronidase (HAse), Dulbecco’s phosphate-buffered
saline (DPBS), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide (MTT), dimethyl sulfoxide (DMSO) and cell
culture media were purchased from Sigma (St. Louis, MO,
USA). DOX was a generous gift from Dr. A. Suarato, Phar-
macia-Upjohn, Milano, Italy. Fluorescence images were re-
corded on a Bio-Rad (Hercules, CA, USA) MRC 1024 laser
scanning confocal imaging system based on a Zeiss (Oberko-
chen, Germany) Axioplan microscope and a krypton/argon
laser.

Cell Lines

HBL-100, a human breast cancer cell line, was main-
tained in culture in high glucose D-MEM (Dulbecco’s Modi-
fied Eagle Medium), which was supplemented with 10% ~-ir-
radiated fetal bovine serum (FBS) and 1% sodium pyruvate;
SK-OV-3, a human ovarian cancer cell line, was cultured in
D-MEM/F12 + 10% FBS; HCT-116, a colon tumor cell line,
was maintained in culture in «-MEM (Minimal Essential Me-
dium, Eagle) + 10% FBS; NIH 3T3, a mouse fibroblast non-
cancerous cell line, was maintained in high glucose D-MEM +
10% FBS.

Analytical Instrumentation

All 'H NMR spectral data were obtained using an NR-
200 FT-NMR spectrometer at 200 MHz (IBM Instruments
Inc.). UV-Vis spectra were recorded on a Hewlett Packard
8453 UV-Vis diode array spectrophotometer (Palo Alto, CA,
USA). HA was characterized by gel permeation chromatog-
raphy (GPC) using the following system: Waters 515 HPLC
pump, Waters 410 differential refractometer, and Waters
486 tunable absorbance detector. Waters Ultrahydrogel 250
and 2000 columns (7.8 mm ID x 30 cm) (Milford, MA, USA)
were used for GPC analysis, the eluent was 150 mM pH 6.5
phosphate buffer/MeOH = 80:20 (v/v), and the flow rate was
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0.5 ml/min. The system was calibrated with HA standards
supplied by Dr. O. Wik (Pharmacia). HPMA copolymer con-
jugates were characterized by GPC on a Pharmacia FPLC
with Superose analytical column, pH 7.4 phosphate-buffered
saline (PBS) buffer was used as eluent with a flow rate of 0.4
ml/min. Cell viability in cell culture was determined using
thiazoyl blue (MTT) protocols and measured at 540 mm
(21,22) and a BIO-RAD M-450 microplate reader (Hercules,
CA, USA). Laser scanning confocal microscopy was carried
out on a Keller-type Bio-Rad MRC 1024 with LASERSHARP
acquisition software. Fluorescence images were taken using
FITC settings with the 488 nm excitation line and a 522 nm 32
bandpass filter was used to collect the images.

Preparation of Low Molecular Weight (LMW) HA and HA
Adipic Dihydrazide Derivative (HA-ADH)

LMW HA was obtained by the degradation of high mo-
lecular weight HA (1.5 MDa) in pH 6.5 PBS buffer (4 mg/ml)
with HAse (10 U/mg HA), and purified by dialysis against
H,O. Next, HA-ADH was prepared using a modified purifi-
cation method that gives preparations free of small molecules
(20). In a representative example, LMW HA (50 mg) was
dissolved in H,O to give a concentration of 4 mg/ml, and then
a fivefold excess of ADH was added into the solution. The pH
was adjusted to 4.75 by addition of 0.1 N HCI. Next, 2 equiv.
of EDCI was added in solid form and the pH was maintained
at 4.75 by addition of 0.1 N HCI. The reaction was quenched
by addition of 0.1 N NaOH to adjust the pH to 7.0 for differ-
ent reaction times (see below). The reaction mixture was then
transferred to pretreated dialysis tubing (Mw cutoff 3,500)
and dialyzed exhaustively against 100 mM NaCl, then 25%
EtOH/H,0, and finally H,O. The purity of HA-ADH was
monitored by GPC. The purified polymer solution was then
filtered through 0.2 wm cellulose acetate membrane, flash
frozen, and lyophilized. The loading of ADH on the polymer
backbone was determined by '"H NMR in D,O (20). HA-
ADH (37 mg) was obtained with 9 mol% and 18 mol% load-
ing, based on available carboxylates modified, by using reac-
tion times of 12 min and 20 min, respectively.

Preparation of HA-DOX Conjugates (Figure 1)

First, DOX was converted to an active ester form (DOX-
NHS) (23). Thus, 20 mg DOX (34 pmol) was dissolved in 1.2
ml of anhydrous DMF, followed by addition of 15 pl triethyl-
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Fig. 1. Synthesis of HA-DOX conjugates.
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amine and 3.8 mg succinic anhydride. The reaction was stirred
at room temperature (rt) in the dark for 24 h. DOX-
hemisuccinate was purified by C,g cartridge (Varian, Harbor
City, CA), with methanol as the eluent.

Next, N-hydroxysuccinimido diphenyl phosphate
(SDPP) was prepared from 10 mmol of diphenylphosphoryl
chloride, 10 mmol of N-hydroxysuccinimide, and 10 mmol
triethylamine in 6 ml of CH,Cl, as previously described
(20,24). Crude SDPP was triturated with ether, dissolved in
ethyl acetate, washed (2 x 10 ml H,0), dried (MgSO,), and
concentrated in vacuo to give SDPP with m.p. 89-90°C
(85%). To the solution of DOX-hemisuccinate and 18.5 mg
(1.5 equiv.) of SDPP in 2 ml DMF, was added with 60 wl (10
equiv.) triethylamine. The reaction was stirred for 6 h at rt,
and then concentrated in vacuo. The DOX-NHS ester was
purified on a LH-20 column with methanol as the eluent.

HA-DOX conjugates were prepared by the coupling of
LMW HA-ADH and DOX-NHS. HA-ADH (50 mg, 9 mol %,
and 18 mol%) was dissolved in 7 ml of a 3 mM phosphate
buffer, pH 6.0, and then 2 mg DOX-NHS in 15 ml DMF was
added to this solution in an ice-water bath. The reaction was
stirred at rt for 3 days. The HA-DOX conjugates were puri-
fied on a Sephadex G-25 column using PBS buffer as the
eluent, followed by dialysis against H,O to remove the buffer
salt. The DOX loading was determined by the absorption of
UV spectrum at A = 484 nm.

Preparation of HPMA-HA-DOX Conjugates (Figure 2)

The HPMA copolymer-bound DOX (HPMA-DOX) was
synthesized as described (25,26). A lysosomally degradable
glycylphenylalanylleucylglycine (GFLG) spacer was used as
the oligopeptide side chain. The conjugate was synthesized
using a two-step procedure (27). In the first step, the polymer
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precursor HPMA-(GFLG)-ONp was prepared by radical pre-
cipitation copolymerization of HPMA and N-methacryloyl-
glycylphenylalanylleucylglycine p-nitrophenyl ester (26). The
polymer precursor contained 7.1 mol% active ester groups
M™M,, = 17,800, M,, = 14,500). DOX was bound to the poly-
mer precursor by aminolysis (28). HPMA-(GFLG)-ONp (200
mg) and DOX (21.9 mg) hydrochloride were dissolved in 1.0
ml DMSO, and 50 pl of Et;N was then added. The mixture
was stirred at rt for 1 h, and precipitated in acetone/ether
(3:1). The red polymer solid was collected and washed with
acetone/ether, and dried under vacuum to give 210 mg of
product. The HPMA-(GFLG)-DOX-ONp conjugate con-
tained 1.1 mol% of DOX.

HPMA-HA-DOX conjugates were prepared by the re-
action of HA-ADH (9 mol% and 18 mol% hydrazide modi-
fication) with the activated ester HPMA-(GFLG)-DOX-
ONp. Thus, 90 mg of HPMA-(GFLG)-DOX-ONp copoly-
mer-drug conjugate prepared previously was dissolved in 2.0
ml DMSO, and 90 mg HA-ADH (18 mol% hydrazide modi-
fication) was dissolved in 1.0 ml H,O and 2.0 ml DMSO. The
two solutions were combined and stirred overnight at rt. Ami-
noethanol (100 pl) was added to destroy unreacted active
ester. The HPMA-HA-DOX conjugate was isolated and pu-
rified by gel filtration on a Sephadex LH-20 column (2x), with
methanol as eluent. The solvent was removed under vacuum,
and the residue was dissolved in distilled H,O and lyophi-
lized. The DOX loading was determined by the absorption of
UV spectrum at A = 484 nm. HA composition was calculated
by mass balance.

In Vitro Cell Culture

The cytotoxicity of HA-DOX and HPMA-HA-DOX re-
action against HBL-100, SKOV-3, and HCT-116 cells was
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Fig. 2. Structure of HPMA-HA-DOX conjugates.
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determined using a 96-well plate format in quadruplicate with
increasing doses ranging from 0.001-10 mg/ml of DOX
equivalent. Each well contained approximately 20,000 cells in
200 wl cell culture media. Thus, a 2-pl aliquot of the stock
solution was added to each well, and cells were continuously
incubated at 37 °C, 5% CO, for 3 days with the test substance.
Next, the media was removed by aspiration and the cells were
supplied with 100 pl McCoy’s medium; the number of cells
remaining after aspiration can be quantified by treatment
with MTT. Thus, 11 wl MTT solution (5 mg/ml MTT in PBS)
was added into cell culture and incubated for 4 h. Living cells
metabolize MTT to a dark formazan dye. The cell culture
media was removed by aspiration, and cells were washed with
3 x 100 wl DPBS buffer. Next, 100 wl DMSO was added, the
suspension was gently mixed for 5 min, and the plate was read
in a Biorad plate reader at 540 nm. The absorbance value
provides a direct measure of the number of live cells post-
treatment with the drug conjugates (21). Response was
graded as percent live cells compared to untreated controls
(22). Dose-response curves were constructed, and the concen-
tration necessary to inhibit the growth of the cells by 50%
relative to the non-treated control cells (ICs, dose) was de-
termined.

Internalization of HPMA-HA-DOX and HPMA-DOX
Conjugates by Cancer Cells

SKOV-3 cells were incubated in a cell culture flask, har-
vested by trypsinization, and transferred into an eight-well
cell culture slide. Then, 20,000 cells were seeded in each well
of the slide and cultured for 48 h. The cultured medium was
replaced with medium containing HPMA-HA-DOX conju-
gates, and the concentration was adjusted to 50 pg/ml of HA
equivalent. Meanwhile, the HPMA-DOX conjugate with an
equal amount of DOX drug to HPMA-HA-DOX was used as
a control. Cells were cultured with the conjugates at various
time intervals. Unbound conjugate was removed by washing
the cell layer 3 x with DPBS. Cells were fixed with 3% para-
formaldehyde for 10 min at rt and washed again with DPBS.
The internalized HPMA-HA-DOX conjugate was visualized
by fluorescence confocal microscopy.

Fluorescence Microscopy

Cells were examined using an inverted microscope (Ni-
kon) and a Bio-Rad (Hercules, CA, USA) MRC 1024 laser
scanning confocal microscope. Cell images were collected by
a 60 x oil immersion objective; no post-acquisition enhance-
ment of images was performed. DOX fluorescence image ac-
quisition was accumulated via the BHS block of filters: exci-
tation 488 nm and emission through a 522 nm (32 bandpass)
filter. A coverslip was mounted on a slide containing fixed
cells with ProLong Antifade Kit (Molecular Probes, Eugene,
OR, USA) as the mounting medium.

RESULTS AND DISCUSSION

Preparation of HA-DOX Conjugates

The hydrazide method for the preparation of HA-ADH
derivatives (20) allows attachment of reporter molecules,
drugs, crosslinkers, and combinations of these moieties to HA
(6). The LMW HA was prepared by partial degradation of 1.5
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MDa HA with testicular HAse in pH 6.5 PBS buffer at 37°C.
The final size of LMW HA was characterized by GPC analy-
sis: M,, = 3,880, M,, = 11,200, and molecular dispersity (DP)
= 2.9. Next, HA-ADH derivatives with different ADH load-
ings were prepared by carbodiimide coupling chemistry (20),
in which the extent of ADH modification was controlled
through use of specific molar ratios of hydrazide, carboxylate
equivalents, and carbodiimide. The purity and molecular size
distribution of the HA-ADH were measured by GPC. HA-
ADH with ADH loadings of 9 mol% and 18 mol% were
obtained and used in the preparation of the HA-DOX and
HPMA-HA-DOX conjugates.

Furthermore, HA-DOX conjugates were synthesized by
the conjugation of HA-ADH to the active ester DOX-NHS to
give a non-cleavable hydrazide linkage between the DOX
drug and the HA polymer carrier. The DOX loading was
determined by the UV spectrum at A = 484 nm. The DOX
composition of the HA-DOX conjugates used in the in vitro
cytotoxicity test were 2.3 wt% and 3.5 wt%, which were made
from 9 mol% and 18 mol% ADH loading of HA-ADH, re-
spectively.

Preparation of HPMA-HA-DOX Conjugates

The cell-targeted delivery system was designed with HA
on the side chain of the HPMA copolymer serving as a tar-
geting moiety to the cancer cell-surface, and DOX linked to
the polymer carrier through a lysosomal enzyme degradable
peptide linkage (26). Thus, the designed conjugates will (i)
increase their specificity and selectivity against cancer cells by
internalization through receptor-mediated endocytosis, (ii)
release the free active DOX drug in the lysosomal compart-
ment following the endocytosis, (iii) diffuse into nucleus
through cytoplasma, and (iv) destroy the cancer cells. HPMA-
HA-DOX conjugates were synthesized by the conjugation of
HA-ADH with HPMA-DOX copolymer containing an active
ester (drug-polymer precursor, HPMA-(GFLG)-DOX-
ONp). Two levels of modification by HA-ADH, 9 mol% and
18 mol%, were used in the conjugation. HA loading was de-
termined by mass balance, while the DOX loading was de-
termined by the UV absorbance at A = 484 nm. HPMA-HA-
DOX conjugates made from 18 mol% HA-ADH gave 36
wt% HA and 3.3 wt% DOX with M,, = 35,000 and M,, =
19,000. HPMA-HA-DOX conjugates made from 9 mol%
HA-ADH gave 17 wt% HA and 3.2 wt% DOX with M, =
18,000 and M,, = 14,000.

Cytotoxicity Assay of HA-DOX and
HPMA-HA-DOX Conjugates

Free DOX drug, non-targeted HPMA-DOX and tar-
geted HA-DOX, and HPMA-HA-DOX conjugates were as-
sessed for their dose-dependent growth inhibitory effect on
human breast cancer (HBL-100), ovarian cancer (SKOV-3),
and colon cancer (HCT-116) cells. Each of these cell-types
has been reported to overexpress HA receptors on the tumor
cell-surface. The non-cancerous mouse fibroblast cell line
NIH3T3 was used as a negative control. Cells were exposed to
various DOX concentrations (DOX equivalent for polymer-
drug conjugates) to determine the concentration necessary to
inhibit the tumor cell growth by 50% relative to non-treated
control cells (ICs, dose). Each ICs, value was analyzed by
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polynomial curve fitting of cell viability (%) vs. DOX equiva-
lent concentration.

Figure 3 more clearly illustrates dose-dependence of cell
viability on the concentration of logarithm scale of DOX
equivalents covalently bound to the polymer conjugates, in-
dicating the significant cytotoxicity increase with the targeting
moiety presented in the polymer-drug conjugates. The 1Cs,
doses for the free DOX drug and the conjugates are summa-
rized in Table 1. From these results, it is evident that covalent
attachment of DOX to a non-targeted polymer carrier
(HPMA-DOX) markedly decreases the cytotoxicity of the
parent drug. For SKOV-3 cells, the ICs, dose increases from
0.92 uM for free DOX drug to 58.2 puM for HPMA-DOX.
These increases, in each of the three cancer cell lines tested,
likely reflect the different mechanisms of cell uptake, e.g.,
free diffusion for free DOX drug vs. endocytosis for DOX-
polymer conjugates, resulting in different intracellular drug
concentration. Importantly, the targeted HPMA-HA-DOX
conjugates that can enter cells by receptor-mediated endocy-
tosis have dramatically lower ICs, values based on equivalent
amounts of the DOX drug. The ICs, values against HBL-100
cells were at doses of 0.52 uM and 1.67 uM for the targeted
HPMA-HA-DOX conjugates with 36 wt% and 17 wt% HA
loading, respectively, in comparison to 18.7 uM for the non-
targeted HPMA-DOX conjugate and 0.15 pM for free DOX
drug. The cytotoxicity of targeted HPMA-HA-DOX conju-
gates to cancer cells showed an order of magnitude greater
potency relative to HPMA-DOX. We conclude that receptor-
mediated endocytosis contributed substantially to the in-
creased cytotoxicity of the targeted conjugates. Despite the
increased cytotoxicity to cancer cells, the HPMA-DOX and
HPMA-HA-DOX showed minimal toxicity to normal fibro-
blasts.

Interestingly, the cytotoxicity of the HA-DOX conju-
gates was slightly lower than the non-targeted HPMA-DOX
conjugate. The higher IC, values against HBL-100 cells were
100 pM and 75.5 uM for HA-DOX conjugates, compared to
18.7 pM for non-targeted HPMA-DOX conjugate, and 0.52
M for targeted HPMA-HA-DOX conjugate (36 wt%). The
reduction in cytotoxicity is best explained by the poorly hy-
drolyzable hydrazide linkage between DOX and the HA
polymer carrier. In earlier work, we showed that the cytotox-
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Fig. 3. In vitro cytotoxicity of HPMA-HA-DOX conjugates against
HBL-100 human breast cancer cells, (A), free DOX drug; (<), non-
targeted HPMA-DOX conjugate; (O), targeted HPMA-HA-DOX
conjugate (36 wt% HA); (O), targeted HPMA-HA-DOX conjugate
(17 wt% HA). Cell viability of HBL-100 cells as function of DOX
equivalent concentration. The cytotoxicity of polymer conjugates
(targeted and non-targeted) were determined using the MTT assay.
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icity of HA-Taxol conjugates required an esterase-cleavable
linkage (29) between Taxol and the HA polymer carrier, giv-
ing a comparable value to free Taxol drug in cell culture
against HBL-100 cells (20). The lysosomal membrane has lim-
ited permeability to macromolecules, and unless the active
drug is released in free form from the polymer carrier and
diffuses into cytosol and nuclei, the polymer-drug conjugate
remains sequestered in the lysosomal compartment (30,31).
In the present example, the effectively non-cleavable linkage
between DOX drug and HA carrier apparently prevents the
drug from exerting its effect. The mechanism of this toxicity
reduction was not further investigated.

With a noncancerous cell line, mouse-fibroblast NIH 3T3
as the negative control (20), the IC 5, values of the targeted
conjugates, HA-DOX and HPMA-HA-DOX were signifi-
cantly higher, indicating much lower cytotoxicity (Table I).
For example, the IC, value of HA-DOX (3.5 wt% DOX)
against HBL-100 cells was a dose of 75.5 uM; however, it was
>883 uM against NIH 3T3 cells; for HPMA-HA-DOX con-
jugates (36 wt% HA), the ICs, was 0.52 uM against HBL-100
cells, but 21.2 pM against NIH 3T3 cells. This result is con-
sistent with the selective cytotoxicity observed for HA-Taxol
conjugates against cancer cells overexpressing HA receptors
(20). Unlike the poorly hydrolyzable hydrazide linkage in
HA-DOX conjugate, the HA-Taxol adduct used previously
has an esterase-labile bond and thus free active drug was
readily released inside the targeted cells. The cytotoxicity of
the targeted conjugates against the control fibroblast cells was
over an order of magnitude lower than for cancer cells, pro-
viding further support for the role of receptor targeting in
selective uptake of the HA-containing conjugates.

Cell Binding and Uptake of HPMA-HA-DOX Conjugates

To correlate the receptor-mediated endocytosis of con-
jugates by cells with their cytotoxicity, the cell binding and
uptake of the targeted HPMA-HA-DOX conjugates were fol-
lowed by fluorescence microscopy using the intrinsic fluores-
cence of DOX. SKOV-3 cells were incubated with the
HPMA-HA-DOX conjugates (36 wt% and 17 wt% HA load-
ing) of 50 pg/ml HA equivalent for a range of time intervals,
the non-targeted HPMA-DOX of an equal amount of DOX
equivalent was used as a control. After fixing and washing,
the amount of material internalized was visualized by fluo-
rescence confocal microscopy. Cells were sectioned optically
using confocal microscopy, and fluorescence images were
taken via the BHS block of filters of excitation 488 nm and
emission 522 nm.

Confocal fluorescence images of HPMA-HA-DOX up-
take by SKOV-3 cells are presented in Fig. 4. Initially, the 2
h images of HPMA-HA-DOX polymer conjugates showed
membrane localization. Over the course of 8 h, the HPMA-
HA-DOX was gradually taken up into the cells; in 24 h, cells
showed the polymer conjugates in most subcellular compart-
ments. The uptake of HPMA-HA-DOX conjugate with 36
wt% HA loading was faster than the conjugate with 17 wt%
HA loading; however, no significant difference was observed.
The conjugate with higher percentage HA loading is likely
binding to more cell-surface HA receptors and is thus inter-
nalized more readily. In non-targeted HPMA-DOX controls,
the fluorescence uptake slowly increased with incubation
time; however, very weak fluorescence (polymer conjugate
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Table 1. Cytotoxicity of Free DOX Drug, HA-DOX Conjugates, and HPMA-HA-
DOX Conjugates against Cancer Cells (HBL-100, SKOV-3 and HCT-116) and Fibro-
blast NIH 3T3 Cells in Vitro

ICyy (1M) of DOX equivalent

Drugs HBL-100 SK-OV-3 HCT-116  NIH 3T3
DOX 0.15 0.92 0.35 >0.68
HA-DOX (2.3 wt% DOX) 100 157 140 n.t.*
HA-DOX (3.5 wt% DOX) 75.5 141 62.0 >883
HPMA-DOX 18.7 58.2 56.6 >70
HPMA-HA-DOX (36 wt% HA) 0.52 9.2 432 21.2
HPMA-HA-DOX (17 wt% HA) 1.67 10.3 5.66 26.6
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“n.t. = not tested.

internalization) was observed even after 24 h incubation, in
comparison to the targeted HPMA-HA-DOX system. The
uptake of HPMA-HA-DOX into HBL-100 cells and HCT-
116 cells occurred with a similar appearance and time course.

These images provide a particularly dramatic illustration
of the initial binding of the targeted HPMA-HA-DOX con-
jugates onto the tumor cell-surface, following rapid endocy-
tosis via HA receptor-mediated pathways. HA, which has
been incorporated into HPMA-DOX conjugates, significantly
increases the efficiency of endocytosis by cancer cells. The
cellular binding and uptake of HPMA-HA-DOX conjugates
observed by confocal fluorescence images is consistent with
the cytotoxicity results, and provided further support for the
increased cytotoxicity of targeted HPMA-HA-DOX conju-
gates. We conclude that the internalization of the polymer
conjugates is directly correlated to the cytotoxicity of each
drug conjugate.

In summary, the data reported herein indicate that the
cytotoxicity of targeted HPMA-HA-DOX polymer conju-
gates requires cellular uptake of the bioconjugate followed by
the release of the active free DOX drug by the lysosomal

2h

8h

Fig. 4. Time course of bioconjugate internalization into human ovar-
ian cancer SK-OV-3 cells: (a) HPMA-HA-DOX, 36 wt% HA; (b)
HPMA-HA-DOX, 17 wt% HA; (¢) nontargeted HPMA-DOX. Cells
were incubated for 2, 8, and 24 h, respectively.

enzymatic cleavage of the GFLG tetrapeptide spacer. Target-
ing a variety of anti-cancer agents to tumor cells and tumor
metastases can be achieved by receptor-mediated uptake of
an HA containing-anti-cancer agent conjugate, followed by
the intracellular release of the active drug and subsequent cell
death. The ability to “seek and destroy” micrometastases is
one of the most compelling and attractive potential outcomes
for the HA-modified macromolecular produgs.
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