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ABSTRACT: An increase in hyaluronan (HA) synthesis,
cellular uptake, and metabolism occurs during the remodeling
of tissue microenvironments following injury and during
disease processes such as cancer. We hypothesized that
multimodality HA-based probes selectively target and
detectably accumulate at sites of high HA metabolism, thus
providing a flexible imaging strategy for monitoring disease
and repair processes. Kinetic analyses confirmed favorable
available serum levels of the probe following intravenous (i.v.)
or subcutaneous (s.c.) injection. Nuclear (technetium-HA,
99mTc-HA, and iodine-HA, 125I-HA), optical (fluorescent
Texas Red-HA, TR-HA), and magnetic resonance (gadolinium-HA, Gd-HA) probes imaged liver (99mTc-HA), breast cancer
cells/xenografts (TR-HA, Gd-HA), and vascular injury (125I-HA, TR-HA). Targeting of HA probes to these sites appeared to
result from selective HA receptor-dependent localization. Our results suggest that HA-based probes, which do not require
polysaccharide backbone modification to achieve favorable half-life and distribution, can detect elevated HA metabolism in
homeostatic, injured, and diseased tissues.

■ INTRODUCTION
Tissue microenvironments undergo remarkably similar remod-
eling events during normal response-to-injury and disease
processes (e.g., cancer). One remodeling process that is
common to both tissue repair and disease processes is the
increased metabolism of the extracellular polysaccharide
hyaluronan (HA). Increased metabolism of HA is an early,
tightly regulated, and transient remodeling event in most
normal response-to-injury processes1−3 and is constitutively
active in many cancers. When robust repair results from
procedures such as balloon angioplasty of coronary arteries
(a process termed restenosis)4,5 or in injury-sensitive organs
such as the brain (e.g., repair resulting from stroke),6 the
normal tissue injury/repair process can have adverse clinical
effects. The development of imaging probes able to track the
course of repair and cancer progression would greatly aid
treatment and outcome, particularly when probes are flexible

enough to allow detection of disease in multiple modalities
because each imaging method has unique advantages.
Native HA is a large, linear, and negatively charged

glycosaminoglycan that is present in small amounts in most
homeostatic adult tissues. It performs scaffolding functions and
contributes to sustaining normal tissue architecture. In normal
physiology, the liver, kidney, and lymphatic systems participate
in the turnover and removal of excess tissue HA.7−11 It is
removed from serum by endocytic HA receptors in the liver
and, to a lesser extent, by the kidneys. Injury-induced HA
metabolism differs substantially from the homeostatic turnover
of HA. Elevated HA levels in injured tissues result from the
increased expression/activation of HA synthases (HAS1-3).
Newly synthesized HA is fragmented locally by release of
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hyaluronidases (e.g., HYAL-1, 2), and formation of reactive
oxygen species (ROS). Tissue injury induces the expression/
activation of HA receptors such as Cluster Designation 44
(CD44), receptor for HA-mediated motility (RHAMM/
HMMR), and Toll-like receptors 2, 4 (TLR2, 4), which bind
to these HA fragments.2,3,12,13 Fragmented HA:HA receptor
interactions activate signaling cascades required for migration/
proliferation/differentiation of incoming somatic and immune
cells. The signaling function of HA fragments is terminated by
their cellular uptake via HA receptor-mediated endocytosis.
Elevated HA metabolism that resembles this injury response

also occurs constitutively in some types of human cancers and
has been linked to tumor aggression and progression.14−16 For
example, increased deposition of HA and increased expression
of the HA receptors, CD44 and RHAMM, are prognostic
indicators of poor outcome in breast cancer. HA accumulation
is chronically elevated in neoplastic breast versus normal tissue
primarily as a result of increased HAS expression. Constitutive,
localized HA fragmentation results from elevated expression/
release of hyaluronidases and ROS formation. As for tissue
injury responses, these activate signaling cascades through
CD44/RHAMM/TLR2, 4 to promote tumor and macrophage/
stromal cell migration and survival.8,16−18

The HA polymer is amenable to chemical modification, and
some of these modified forms are currently used clinically as
components of engineered tissues and grafts.19−21 Other forms
are in preclinical assessment for enhancing targeting/efficacy of
some classes of drugs (e.g., topical application of small
molecules22) and, to a lesser extent, for use in imaging.23−25

Recently, we showed that intravenous (i.v.) infusion of 1.5−12
mg/kg into healthy human subjects unexpectedly revealed that
HA has a prolonged serum half-life (i.e., an administered dose
of 3 mg/kg has a T1/2 = 12 h) and impressive safety profile.26

These results favor clinical development of an unmodified HA
polymer as an imaging probe that can be delivered intra-
venously. Here we analyzed kinetic properties of HA-based
probes following i.v., s.c., and oral administration and evaluated
their targeting ability to homeostatic, neoplastic, and injured
tissues in both culture and animal models. We developed a set
of HA-based probes that carried nuclear, fluorescence, or
magnetic resonance contrast agents on a native HA polymer
backbone. To test the targeting properties of these probes, we
chose liver as a model of a homeostatic tissue with high HA
metabolism, MDA-MB-231, and MCF-7 cell lines/xenografts as
models of aggressive versus less aggressive breast cancer27 and a
balloon-injured carotid artery as an example of a vascular
response-to injury.

■ EXPERIMENTAL SECTION
Measurement and Detection of HA Levels. To quantify

serum and tissue HA, the HA-binding region of aggrecan (HABP) was
isolated, purified from bovine nasal cartilage as previously described,28

and then biotinylated. HA levels in carotid arteries and serum were
measured using HRP-conjugated avidin in an ELISA assay and then
stained with diaminobenzidine.29 Organs including both injured and
uninjured carotid arteries were harvested, rinsed in PBS, and weighed.
Tissue components were isolated as previously described.30 Total
protein was determined using a BioRad protein determination kit.
Kinetic Analyses. Kinetic analysis of HA absorption and

elimination following i.v., s.c., or oral administration was performed
in Sprague−Dawley rats (female, 3 month old, average weight = 250 g,
n = 5 rats) using data obtained from 0.3 mL of blood drawn from rat
tail veins at indicated times of between 0 and 96 h after a single dose of

HA. The sera from blood samples were obtained by centrifugation and
immediately frozen and stored at −20 °C for later HA analysis.

Molecular Weight Analyses of Serum HA. For molecular weight
analysis, HA was precipitated from serum, as previously described.31

Serum fractions and dextran blue molecular weight standards were
applied to a Sephadex G-100 column, 0.5 mL fractions were collected,
and amounts of HA present in each fraction were determined by
ELISA as above. The void volume of columns was established using
dextran blue (106 Da), and the included volume was determined using
methylene blue dye (200 Da). Dextran blue polymers of varying sizes
(50−400 kDa) were used as reference standards. HA present in the
fractionated serum was detected using the above ELISA. The
molecular weight range of the HA used for the experiments (50−
500 kDa with a peak at 240 kDa) was also assessed using this method
(data not shown).

Preparation of HA-Based Imaging Probe. Labeling of HA with
99mTc. The labeling of HA was conducted using a procedure modified
from Balogh et al.32 We added 0.1 mL of aqueous stannic chloride
(2 mg/mL) to 9 mg of HA in 0.1 mL of a 0.1 M NaOAc solution,
followed by the addition of 0.2 mL of 0.1 M sodium D-gluconate prior
to the addition of aqueous 99mTcO4 (30 mCi in 0.5 mL). The solution
was stirred at 60 °C for 60 min. The reaction mixture was eluted on a
column of Sephadex G-50 (fine) to remove the unincorporated
radioisotope, stannic chloride, and D-gluconate. H2O was removed in
vacuo, providing 99mTc-labeled HA.

Labeling of HA with 125I. Medical-grade HA was supplied by Hyal
Pharmaceutical (Mississauga, Ontario). The molecular weight
distribution of HA was established by gel filtration as described26

previously and estimated to be 240 kDa. HA was labeled with DL-
tyrosine (Sigma) as previously described33 after cyanogen bromide
(CNBr) activation of the polysaccharide. In brief, 15 mg of HA or
chondroitin sulfate (CS) were activated at a pH of 11 with 8 mg CNBr
for 5 min. The activated polysaccharide was separated from the
reaction mixture on a desalting, Sephadex G-25 column (Pharmacia)
equilibrated with 0.2 M borate buffer (pH 8.0). The activated
polysaccharide was incubated overnight with 1 mg tyrosinase (Sigma).
T-bound HA (T-HA) was separated from unbound T on a Sephadex
G-25 column equilibrated with phosphate-buffered saline (pH 7.5). T-
HA (100 μg) was iodinated with 125I by incubating it with 0.5 mCi 125I
in a glass container and covering the solution with a film of 10 μg
1,3,4,6-tetrachloro-6-sulpho-diphenylglycouril (Sigma Chemicals). Un-
reacted 125I was removed by separation on a Sephadex G-25 column
equilibrated with PBS, as described above. 125I-HA (specific activity
1500−5000 dpm/ng) maintained its high-molecular-weight profile and
was stored at 4 °C.

Labeling of HA with Texas Red (TR). To study HA uptake into
human breast cancer cell lines, cells were exposed to 0.01 to 1.0 mg/
mL HA that was conjugated to TR hydrazide through 1-ethyl-3-
dimethylaminopropyl carbodiimide (EDC) coupling reagent (Sigma).
The TR hydrazide concentration was tittered to achieve a theoretical
decoration of HA with 1 TR molecule per 10 HA residues.

Labeling of HA with Gd. Diethylenetriaminepentaacetic acid
(DTPA) was conjugated to HA as previously described.34 The level
of conjugation was measured by isothermal titration calorimetry (ITC)
and colorimetry, which provides more accurate quantification than 1H
NMR spectroscopy due to differences in proton relaxation times in
HA-DTPA polymer backbone versus freely DTPA side chain.34 In
brief, HA was first reacted with ethylenediamine in the presence of
EDC (Sigma Chemicals), which was used as a coupling agent in an 2-
(N-morpholino) ethanesulfonic acid5 buffer (pH 4.5). The ethyl-
enediamine-modified HA was then purified by dialysis and reacted
with DTPA activated in a separate reaction with a dicyclohexylcarbo-
diimide/N-hydroxy-sulfosuccinimide mixture in dimethyl sulfoxide
(DMSO). The product, HA-DTPA, was purified by three separate
filtration steps using membranes with a molecular cutoff of 3500 Da.
An absence of free DTPA was confirmed by analysis with an arsenazo
test and gravimetry.34 Both techniques indicated a recovery of 97%
HA-DTPA. GdCl3·6H2O (4−7 mg) (Sigma Chemicals) was added to
13 mL of HA-DTPA (1.5 mg/mL) and filtered using YM-10
membranes (MW cutoff, 10 kDa). The concentrated polymer solution
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was washed four times with water, and Gd3+ was monitored in the
filtrate. All excess, unbound Gd3+ was detected in the first three
washes. The DTPA content in the end product was measured by
isothermal calorimetry and a colorimetric assay. One gadolinium ion
(Gd3+) bound to 1 DTPA unit and both techniques gave a similar
DTPA content of 0.32 mmol DTPA/g polymer with 15.0 mol % of the
carboxylic acid groups of HA bearing a DTPA unit. T1 values of HA-
DTPA-GD were measured in deionized water at 25 °C, as described.35

The R1 relaxivity of the product was measured as 6 nmol/L/s per Gd,
and the R2 relaxivity was measured as 12 nmol/L/s per Gd and is
similar to previous reports.35,36

Single-Photon Emission Computed Tomography/Computed
Tomography (SPECT/CT) Imaging of Mice Injected with 99mTc-
Labeled HA. C57/BL6 mice were purchased from Charles River
(3 month old females, average weight = 22 g, n = 5/treatment). The
labeled HA was dissolved in a sterile saline solution and drawn into
0.2 mL doses (1.2 mCi) for tail-vein injection. All CS doses were 5 mg
in 0.15 mL of sterile saline. Three cohorts were used: five mice
received only the labeled HA; five mice received an i.v. CS dose,
followed immediately by the labeled HA; and five mice received an i.v.
CS, followed by an i.p. dose, immediately followed by the labeled HA.
Animals were anesthetized during imaging: animals were anesthetized
with 3% isoflurane with oxygen in a chamber to start, then with 2%
isoflurane for tail vein catheterization and isotope injection. During
SPECT/CT imaging, mice were anesthetized with 3% isoflurane with
oxygen in a chamber, then with 1.5% isofluorane through a mask while
on the imaging bed. All mice were imaged at 120 min and euthanized
at 150 min. The animals were dissected, and specific organs or tissues
were removed for biodistribution studies. All SPECT/CT scans were
performed using the eXplore speCZT for small animal imaging (GE
Healthcare). Transaxial and axial resolution were 1.2 and 1.6 mm
respectively, with a total scan time of 26 min per scan.
Breast Tumor Cell Culture. MDA-MB-231 and MCF-7 cells were

purchased from ATCC (MDA-MB-231, HTB-26, MCF7, HTB-22).
Cells were maintained under routine 2-D culture conditions (passaged
1:4 at confluence, DMEM + 10% fetal bovine serum, 37 °C and 5%
CO2). Three-dimensional cultures of MDA-MB-231 and MCF-7
human breast cancer cell lines were prepared by forming aggregates
from freshly trypsinized cells by shaking on a nutator set at 50 rpm in a
humidified atmosphere containing 5% CO2 at 37 °C for 4−6 h.
Aggregates were recovered by centrifugation and embedded within
Bovine type I collagen (BD Biosciences) prepared as per the
manufacturer’s instructions.
Flow Cytometry. MDA-MB-231 breast tumor cells were plated at a

density of 50% in T75 plastic tissue culture flask in DMEM + 10% FBS
and then rinsed with Ca2+-free Hanks balanced salt solution (HBSS)
supplemented with 20 mM Hepes. Cells were removed from the flask
surface using nonenzymatic dissociation medium (Sigma), centrifuged,
resuspended in cold phosphate-buffered saline, and blocked in cold
10% FBS/HBSS/HEPES buffer27 for 1 h at 4 °C. The viability of
harvested cells was checked using a Vi-CELL cell viability analyzer and
was confirmed to be 85−95% (2.5 million/ml cells were used for
analysis). Cell surface CD44 was detected using IM-7 monoclonal
antibody (Pharmingen, 7.5 μg/mL in PBS/BSA, 2%) for 45 min at
4 °C. The CD44 antibody was directly conjugated to Alexa Fluor 647
(Invitrogen) prior to sample preparation. Cells were washed with 2%
PBS/BSA two times, and living cells were analyzed using a BD FACS
flow cytometer (BD Biosciences). MCF-7 cells were prepared in the
same manner but were also resuspended in DMEM phenol-free
medium (Invitrogen) to enhance viability. Data analysis was
performed using Flow Jo software.
Addition of TR-HA to Breast Cancer Cell Lines. TR-HA and

FITC-dextran (10 000 Da, Sigma) were added for 10−30 min to
subconfluent (50%), adherent cells that had previously been
subcultured onto glass coverslips for 12 h. To block the HA binding
function of CD44 in breast cancer cell lines, 50 μg/mL anti-CD44
antibody (clone KM201, R&D Systems) was added to live cells for
5 min, as per manufacturer’s instructions, prior to the addition of TR-
HA. Cells were then fixed in 3% paraformaldehyde containing 1%
cetylpyridinium chloride (Sigma) to precipitate glycosaminoglycans.

FITC-dextran was used as a marker for general uptake of
polysaccharides. Coverslips were mounted onto glass slides and
examined using a Zeiss Axio Imager A1 microscope. The amount of
TR and FITC-dextran uptake was quantified using Elements 3 image
analysis software, and the results were used to calculate the ratio of TR
uptake to FITC-dextran uptake.

Xenograft Formation and MRI. MDA-MB-231 cells or MCF-7
cells (1 × 106 cells/injection site) were suspended in matrigel and
were injected into the flanks of nude rats (Charles River, 3 month old
females, average weight = 250 g, n = 5 animals) and grown for ∼3
weeks to 1 cm3. Tumor-bearing animals were sedated to reduce
artifacts due to motion as above, injected intravenously with Gd-HA
(0.1−10 mg/kg, 1 mg/kg shown in this study to be optimal dose),35

and imaged using a 0.3T permanent magnet MR AIRIS (open type
Hitachi Medico) as described.36 The xenografts were imaged over a
time frame of 5 min to 2 h. Because maximal signal was obtained
between 20 min and 2 h, animals were imaged for 20 min after i.v.
injection of the Gd-HA probe.

Wound Assays. C3H/10T1/2 fibroblasts were purchased from
ATCC (CCL-226, clone 8). Confluent 10T1/2 fibroblast monolayers
growing in DMEM supplemented with 10% fetal bovine serum
(Intergen) were scratch-wounded with a plastic 500 μL pipet tip,
washed to remove detached cells, and incubated in fresh DMEM +
10% FCS for 24 h. Injured cultures were then exposed to TR-HA
probe (0.1−100 ug) for 10 min. Cells were rinsed in cold PBS to
prevent release of bound TR HA probe during washing37,38 and fixed
in a solution of freshly prepared 3% paraformaldehyde and 1%
cetylpyridinium chloride in a 0.1 N Na-phosphate buffer (pH 7.4) for
10 min at 25 °C. Coverslips were washed three times in PBS, mounted
with elvanol, and viewed using a Zeiss confocal microscope.

Serum Starvation Assays. Smooth muscle cells were isolated from
rat aorta,39 and the endothelial layer was stripped using sterile forceps.
Strips of the exposed medial layer of the vessel were then cut into
1 mm3 pieces and cultured in DMEM (GIBCO BRL) supplemented
with 10% FBS, 20 mM Hepes buffer (pH 7.2), and 1% penicillin/
streptomycin mixture. Smooth muscle cells that migrated out of the
explants were subcultured and maintained in DMEM supplemented
with 10% FCS at 37 °C and 5% CO2. Only cells of low passage
number (<10) were used for further study. Serum starvation was per-
formed in defined DMEM medium (0.5 U/mL insulin and 4 μg/mL
transferrin) for 48 h, and then defined medium was replaced with
DMEM containing 10% fetal bovine serum.40 Cells were exposed to
serum supplements for 24 h, followed by addition of TR-HA as
described above, and cultures were processed/photographed as des-
cribed for fibroblasts.

Balloon Injury of Rat Carotid Arteries. Sprague Dawley rats were
purchased from Charles River (3 month old females, average weight =
225 g, n = 4 animals). All animal procedures were done in conformity
with the animal use practices at the University of Toronto. The
procedure was performed as described.41 The truncation point of the
common to external and internal carotid arteries was located and
isolated, and the common and internal branches were clamped. The
external branch was sutured as distal to the truncation as possible, and
a Fogarty 2F balloon catheter was inserted into an incision made in the
external branch and fed through to the common carotid artery. The
endothelium within the common carotid was removed (denudation)
in ∼1.5 cm of its length, by four draws of a balloon catheter within 20 s
at an estimated pressure of 3.0 atm. After this injury, the catheter was
removed, and the external branch was sutured on the other side of the
incision.

Measurement of Myeloperoxidase and Glucosaminodase.
Myeloperoxidase (MPO) activity (a marker for activated neutrophils)
was measured in protein extracts of carotid arteries using the EnzChek
MPO assay kit (Invitrogen) according to the manufacturer’s
instructions. Glucosaminidase activity was assayed as previously
described.42

Western Immunoblots. Cell lysates were prepared from mono-
layers grown to 50% density on plastic tissue culture plates, and
proteins were separated by SDS-PAGE. Immunoblot analysis of CD44
and RHAMM proteins was conducted as previously described.27
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Administration of 125I and Unlabeled HA. Male Sprague−Dawley
rats (370−460 g) were anesthetized by s.c. injection with ketamine (80
mg/kg), xylazine (40 mg/kg), and atropine (0.05 mg/kg). 125I
HA(1.2−5 mg) or unlabeled HA (3−10 mg/kg) was injected in a 0.8
to 1.0 bolus into the penile vein 2−24 h after the carotid artery was
injured by balloon catheter, as described above. An i.v. bolus of
unlabeled HA was administered every day over 5 days to analyze its
effects on white cell infiltration and neointima formation. To assess the
effect of treatment with exogenous HA, HA (10 mg/kg in 1.0 to 2.0
mL PBS) was injected under the skin of the right flank immediately
postoperation and again at 48 and 96 h postoperation. HA was
administered by oral gavage (3.0−10 mg/kg every 3 days, between 9
and 10 a.m.). An animal feeding needle of 18Qx2 was used for gavage.
Scintigraphic Studies. At 2−24 h after injection of rats with 125I-

HA and injury of carotid artery, rats were euthanized, and both carotid
arteries were removed and snap frozen. Cryosections (50 μm) were
prepared and placed adjacent to a CS-screen to capture the125I signal.
After 7 days, the screen was developed and analyzed on a Bio-Rad GS-
525 phosphorimager with Molecular Analyst software (Molecular
Dynamics). Statistical analyses were performed using Statworks.

■ RESULTS
Kinetic Properties of HA Administered via Different

Routes. We have reported that increasing the concentration of
i.v. injected HA (e.g., 1.5−12 mg/kg also) can safely increase
serum half-life from minutes to >12 h in healthy human
subjects.26 To characterize the serum half life in rats and to
identify the optimal route of administration for HA-based
probe targeting, we compared the kinetic parameters of serum
HA after i.v., s.c., and oral administration (3−10 mg/kg HA,
10 mg/kg shown, Figure 1, Table 1) in rats. Following i.v.
injection, serum HA levels reached 5000 μg/mL, remained high for a period of 12−24 h, and then decreased to the baseline

levels (∼75 ng/mL) (Figure 1A). A single s.c. injection of HA
resulted in a gradual increase in serum HA levels over 24 h,
reaching maximum levels of 1200 μg/mL between 24 and 72 h
postinjection (Figure 1B). Oral administration of HA caused
small but significant increases in serum HA over baseline (110−
145 ng/mL range, p < 0.01, data not shown). These low levels
are in agreement with previous reports.43−46 Kinetic analyses
showed that the Cmax of i.v. injected HA (10 mg/kg) was
approximately 4 times and 34 000 times higher than the Cmax of
s.c. injected and oral gavage HA, respectively (Table 1). The
fraction of HA absorbed into serum following s.c. injection was
calculated to be 79% of i.v. administered HA, assuming an
absorption of 100% following i.v. injection. Much less HA was
systemically absorbed (0.01%) after oral gavage (Table 1).

Figure 1. Serum levels of HA after i.v. and s.c. injection. (A) Serum HA levels are sustained for ∼12 h after i.v. injection and fall to baseline level over
time following i.v. injection (10 mg/kg) in rats. (B) Serum HA levels gradually increase over time following s.c. injection (10 mg/kg) in the flank of
rats. Levels of serum HA initially increase above baseline levels by exogenous HA injected by i.v. and s.c. All values indicate mean and SEM (n = 2
samples from each of five rats).

Table 1. Pharmacokinetic Parameters of HA in Seruma

route of
administration

Cmax
(ug/mL)b Tmax h

c AUC@72 hd Fe

intravenous 5096.00 0−12 0 1.00
subcutaneous 1454.00 36−48 72 0.79
oral 0.15 12−36 6.01 0.0001

aSerum HA levels were measured using a competitive binding ELISA.
Assays were done in triplicate, and background serum levels of HA
were subtracted from experimental levels. Values used for kinetic
analyses are from one experimental series. Animals were administered
10 mg/kg HA via i.v., s.c., or oral routes. bCmax = maximum
concentration achieved. cTmax = time after administration when
maximum concentration was achieved. dAUC = area under the curve.
eF = absorption rate constant.

Figure 2. Molecular weight of serum HA is not detectably modified
after i.v. injection. Gel filtration of serum HA was determined at Cmax
following injection by i.v. The MWav of HA injected into animals was
originally 240 kDa, and this size changes very slightly following i.v.
injection (shoulder to the right). Scan shown here is from individual
samples and is representative of scans obtained from five separate
animals.
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Because the size of the HA polymer may affect its targeting
properties, we also analyzed the molecular weight distribution
of serum HA following i.v. and s.c. injections as well as oral
gavage, sampling close to the Cmax (Figure 2). The initial MWav
of HA was 240 kDa.40

Gel filtration profiles showed that the majority of HA
administered by either i.v. or s.c. injection eluted as high-
molecular-weight polymers (Figure 2, i.v. injected profile
shown). However, after oral administration, ∼50% of serum
HA appeared as smaller fragments (data not shown), possibly
resulting from fragmentation in tissues/lymphatics prior to its
entering the blood vasculature.2,12

HA Probes Target Liver through a Homeostatic
Receptor-Mediated Process. Liver is the predominant
organ that takes up HA from serum during homeostasis.
Therefore, we chose this organ to initially evaluate targeting
ability of HA-based probes and to verify if uptake of our probe

occurs through a receptor-mediated endoctyosis.7,48 We
prepared a sensitive 99mTc-HA probe and followed its tissue dis-
tribution after i.v. injection of 1.2 mCi 99mTc-HA (Figure 3A).
Because no modifications were made to the HA used for
radiolabeling, and because unreacted 99mTc was removed
during the 99mTc-HA synthesis, one can reasonably assume
that the 99mTc-HA is behaving as per native HA, especially
because there is at most one 99mTc atom per HA molecule. As
expected, the majority of injected 99mTc-HA accumulated
within the liver with an uptake value of 27.6% ID/g at 2.5 h
postinjection (Figure 3A,B). Less than 5% of 99mTc-HA uptake
accumulated within the stomach and thyroid, which are the
sites of uptake of free 99mTc (data not shown).
Approximately 2% ID/g uptake of free 99mTc was previously

reported to accumulate within the liver.32 To confirm that the
accumulation of 99mTc-HA in liver resulted from a receptor-
mediated endocytosis rather than nonspecific uptake by

Figure 3. 99mTc-HA localizes in liver via receptor-mediated targeting. (A) SPECT imaging of 99mTc-HA (in two views) injected via i.v. route. The
liver is the predominant organ that takes up the HA probe. (B) Biodistribution of HA probe confirms that the majority of label targets to the liver
and i.v./i.p. administered CS, which also binds to liver HA receptors and has been given via a route reported to down-regulate these receptors,49

significantly reduces liver uptake of HA probe: as reported, CS administered by i.v., which is a method that does not influence liver HA receptor
display, had no noticeable effect on the biodistribution of the HA probe. Values are the mean and SEM n = 5 animals.

Figure 4. TR-HA and Gd-HA localized at a greater extent in aggressive MDA-MB-231 breast cancer cell compared with the less aggressive MCF-7.47

(A) Flow cytometry analyses indicate that CD44 expression is higher in MDA-MB-231 than in MCF7 cells. (B,C) MDA-MB-231 cells take up TR-
HA to a greater degree than MCF-7 breast cancer cells, correlating with CD44 surface display. (D) Uptake of TR-HA by MDA-MB-231 is inhibited
by anti-CD44 antibodies. (scale bar = 10 μm)
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reticular endothelium, we blocked liver HA receptors by i.v. and
i.p. preinjection of CS.49 To control for potential chemical
effects of CS on probe activity, we also injected this sulfated
glycosaminoglycan at the same time as 99mTc-HA (referred to
as i.v. CS + i.v. 99mTc-HA), a condition that does not result in
down-regulation of liver HA receptors.50 The i.v. injected CS +
i.v. 99mTc-HA had little effect on the biodistribution of 99mTc-
HA, whereas the combined i.v./i.p. preinjection of CS (referred
to as i.v./i.p. CS preinjection + i.v. 99mTc-HA) significantly
reduced 99mTc-HA liver uptake by 43% (p < 0.001, Figure 3).
Blood levels of HA were correspondingly increased, consistent
with inhibiting liver uptake of circulating 99mTc-HA probe.
These results suggest that 99mTc-HA targets homeostatic liver
via a receptor-mediated process in agreement with previous
reports for 125I-HA and quantum dot-HA.16,17,37,38,43,51,52

TR-HA and Gd-HA Preferentially Target Aggressive
Breast Cancer Cell Lines and Tumor Xenografts, Which
Express High Levels of CD44. Elevated expression of HA
receptors such as CD44 and RHAMM are common in cancers
and have been linked in some types of tumors to aggressive
progression. HA-based imaging agents and therapeutics have
previously been reported to effectively target tumors that
express high levels of CD44.25,53−55 We assessed if breast
cancer cell lines that differed in CD44 expression level and
degree of aggressiveness when grown in 3D culture or as
xenografts could be identified by differential uptake of HA-
based probes. To obtain accurate quantification at single cell,
cellular aggregate, and tumor levels, we choose fluorescence
and MRI as imaging modalities. The former provides superb 2-
D lateral resolution, and the latter is widely used in the clinic
for revealing anatomical details in 3-D soft tissues. We used
MDA-MB-231 cells as an example of a breast cancer cell line,
which displays high levels of CD44 and is aggressively
tumorigenic, and MCF-7 cells, as an example of a less
aggressive breast cancer cell line, which display lower levels
of CD44.27,56,57 Flow cytometry analysis confirmed that MDA-
MB-231 cells displayed higher levels of cell-surface CD44
(geometric mean: 3009.88 for 100% of cells) compared with
MCF-7 cells (geometric mean: 194.39 for 98.72% of cells)
(Figure 4A), and fluorescence microscopy showed that MDA-
MB-231 cells also took up more TR-HA than MCF-7 cells
(Figure 4B,C), in agreement with the difference in surface
display of CD44. The uptake of TR-HA into MDA-MB-231
cells was blocked by the KM201 anti-CD44 Mab (Figure 4D),
directly demonstrating the role of CD44 as an endocytic HA
receptor in this breast cancer cell line. We next designed a Gd-
HA probe suitable for MRI imaging and assessed its ability to
target MDA-MB-231 and MCF-7 cells and tumor xenografts
(Figure 5). To define basal levels of Gd-HA uptake before
xenografting, MDA-MB-231 and MCF7 cells were cultured as
aggregates in 3D collagen gels, and their Gd-HA uptake was
compared. As shown for TR-HA uptake (Figure 4C), Gd-HA
probe uptake increased in a linear manner between 0.3 and 3.0
mg/mL (data not shown). MDA-MB-231 and MCF-7
xenografts were then grown on the flanks of nude rats for
ease of detection. The HA probe was injected i.v., as previously
reported for reagents that block CD44 function.58 MRI images
showed that Gd-HA, like TR-HA, was taken up to a greater
extent in MDA- MB-231 than in MCF-7 cells (Figure 5A).
Maximal probe uptake was observed at a concentration of
1 mg/kg. Gd-HA signal was clearly visible as early as 5−10 min
after injection and a strong signal was observed at 20 min
(Figure 5 B,C), which was preserved for 1−2 h (data not

shown). As shown in Figure 5C, MDA-MB-231 tumor
xenografts accumulated greater amounts of Gd-HA than did
MCF-7 tumor xenografts. Collectively, these results show that
in addition to its homeostatic uptake at sites of active
metabolism (e.g., the liver), detectable levels of HA probe are
also taken up in tumors, which display CD44 and actively
metabolize HA.

HA Probes Target Repairing Tissues. Both CD44 and
RHAMM are most active in binding HA following tissue injury
when HA is being actively metabolized. CD44 is particularly
implicated in these injury-related processes.1,3,9,16,51 Never-
theless, to our knowledge, the ability of HA probes to target
repairing tissues has not previously been demonstrated. We
assessed TR-HA uptake in two culture models that replicate
aspects of vascular tissue injury in vivo. These included
response to scratch-wounding and response to serum
supplementation after serum starvation. Fibroblasts and smooth
muscle cells were used in these experiments because both cell
types contribute to vascular injury such as balloon angio-
plasty.59,60 As we have previously reported,40 scratch-wounding
of fibroblast monolayers resulted in a transient increase in HA
production and an elevated display of both CD44 and

Figure 5. Gd-HA localized at a greater extent in 3D aggregates and
tumor xenografts of MDA-MB-231 compared with MCF-7. (A) MDA-
MB-231 cells take up Gd-HA to a greater degree than MCF-7 cells
when grown as aggregates in 3D collagen gels. (B) MDA-MB-231 cell
line, grown as a tumor xenograft, exhibits detectable levels of Gd-HA
localized within the tumor mass (arrow). MRI is particularly well-
suited for accomplishing this goal because optical sectioning allows
simultaneous observation of weak and strong signals of different
tissues in the same section. (C) MDA-MB-231 xenografts accumulate
greater amounts of Gd-HA than MCF-7 xenografts.
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RHAMM in the first 24−72 h40 (data not shown). We
quantified TR-HA uptake during the initial 24 h period
following injury when cells are actively migrating in response to
the scratch wound. Probe uptake at the leading edge of the
monolayer increased in a linear manner between 0.25 and
2 mg/mL TR-HA probe. Fluorescence microscopy revealed that
TR-HA uptake was highest at the wound edge between 0.5 and
6 h after wounding (2 mg TR-HA probe shown, Figure 6A,B).
Even at 24 h, the cells located near the migratory front took up
significantly more TR-HA than cells further removed from the
wound edge (Figure 6A,B, p < 0.01). Treatment with anti-CD44
Mab (Figure 6C, p < 0.01) reduced uptake of TR-HA, indicating
that probe incorporation is receptor-mediated. This temporal
and spatial pattern of TR-HA uptake was closely linked to the
expression of tenascin C, a marker for early stages of ECM
remodeling after injury61 (and data not shown).
In the second culture model, serum-starved smooth muscle

cells were exposed to high levels of serum (10%) to induce a
repair response. Subconfluent cells were serum-starved for 48 h,
which induces quiescence then exposed to 10% serum

supplements. As shown in Figure 7, uptake of TR-HA was
strongly stimulated in smooth muscle cells exposed to serum
following serum starvation. Collectively, these results predict
that HA probes will target injury/repair processes during early
stages of ECM remodeling in vivo and that CD44 display is
necessary for probe internalization.
To determine whether HA probes target to injured vascular

tissue in vivo, we quantified the accumulation of either
exogenous unlabeled HA or 125I-HA to balloon catheter-injured
arteries as a model of vessel recovery from injury or
“restenosis”.62−67 This procedure is designed to open occluded
coronary arteries and results in increased HA metabolism and
ECM remodeling.62,68 In the rat, balloon catheterization also
results in enhanced HA metabolism.69,70 As expected, a robust
acute inflammatory response71 was detected shortly after
balloon-induced injury (Figure 8). Accumulation of neutro-
phils, measured by MPO, was maximal by ∼18 h postinjury
(Figure 8A), whereas monocyte/macrophages influx, detected
by glucosaminidase content, was maximal at 48 h after injury
(Figure 8B). Balloon injury resulted in the appearance of a

Figure 6. TR-HA uptake in fibroblasts increases after scratch wounding. (A) Confocal images of TR-HA uptake show that cells at the edge of
wounds most strongly localize the HA probe, which is reduced with time after injury (0.5 to 24 h). (B) Fibroblasts that have migrated into the area
denuded of cells continue to take up the TR-HA probe and those cells at the leading edge of the migrating population take up significantly more than
those further back from the leading edge. Values shown in the histogram represent the mean and SEM (n = 100 cells each in four separate
experiments). (C) Uptake of TR-HA into scratch-wounded fibroblast monolayers is strongly reduced by anti-CD44 antibodies. Values represent the
mean and SEM (n = 100 cells in replicate experiments).

Figure 7. Uptake of TR-HA in smooth muscle cells following serum supplementation (serum supplementation strongly stimulates probe uptake).
(A) TR-HA probe uptake in aorta smooth muscle cells serum starved for 48 h and then exposed to (B) 10% Fetal bovine serum supplements for
24 h. (C) Heat map image of B showing uptake intensity in serum supplemented cells (blue is lowest, green is intermediate and red is highest intensity).
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neointima composed of injured smooth muscle cells that had
migrated into the vessel lumen (Figure 8C), thus modeling the
clinical restenosis of vessel lumen occlusion.72 None of these
events occurred in the contra-lateral, uninjured carotid artery
(data not shown).
HA levels and RHAMM and CD44 protein expression,

increased by 2 h post injury and remained high for 72 h (Figure
9 and data not shown). HA receptor expression was highest at
24 h post injury: densitometry of HA receptor expression
revealed a 50% increase above basal levels at 24 h (Figure 9B).
Therefore, the ability of a labeled HA probe to localize within
balloon-injured arteries in vivo was assessed between 2 and 72
h post injury.
We radiolabeled tyrosine-modified HA with 125I and assessed

label biodistribution over 72 h following i.v. injection of 1.2−5
mg/animal (5 mg/animal shown, Table 2, Figure 10A,B).
Injured and contra-lateral uninjured arteries were removed at
these time points and imaged ex vivo. 125I-HA accumulated in
the injured but not uninjured artery between 2 and 24 h after
injury (Figure 10A,B). Localization to the injured artery was
reduced by coinjection of excess, unlabeled HA with the
radiolabeled probe, indicating that 125I-HA targeting was
specific (Table 2). Furthermore, 125I-CS, which does not bind
to either CD44 or RHAMM,12 did not localize within the
injured vessel (Table 2). The reduction in probe accumulation
between 2 and 24 h may be due to either probe clearance or an
anti-inflammatory effect of the probe itself.18 We next assessed
if targeting to the injured artery was due to the HA polymer
and not the result of radiolabel modification. We measured the
increase in localization of HA at the site of vessel injury after i.v.
injection of exogenous unlabeled HA (10 mg/kg) (Figure 10C)
and compared this to buffer injection alone. A significant
increase in HA accumulation was detected in injured vessels
when animals were injected with unlabeled exogenous HA
injected at concentrations ranging from 1 to 10 mg/kg (10 mg/
kg shown, Figure 10C). These results confirm that HA
conjugation to radiolabel is not responsible for its targeting

Figure 8. Carotid artery injury model is characterized by inflammatory cell influx and proliferation of smooth muscle cells. (A) Neutrophils, which
were detected by myeloperoxidase levels, migrate into injured arteries within 24 h of balloon catheterization, after which levels progressively drop.
(B) Monocyte/macrophages, detected by glucosaminidase activity, accumulate in the injured artery slightly later than neutrophils (e.g., at 48 h), and
influx of these cells is sustained. (C) By 7 days after injury, a neointima is detected in the injured artery as a growth of smooth muscle cells on the
luminal side of the internal elastic lamina.

Figure 9. HA receptor expression increases during vascular response-
to-injury. (A) Concurrent with the influx of white cells and neointima
formation, protein expression of the HA receptors CD44 and
RHAMM, as detected by Western blot, is increased (Student’s t test,
p < 0.01). Values are derived from densitometry (B) and represent the
mean and SEM n = 3 blots. (C) Endogenous HA accumulation in the
injured vessel is transiently increased during the response-to-injury
process. Values represent the mean and SEM (n = 4 injured arteries).
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properties and that targeting corresponds to the time in the
repair process when injury-associated HA receptors are
elevated.2,71

■ DISCUSSION
HA plays key roles in controlling innate immune functions and
fibroplasia during tissue repair following injury,17,69 both of
which are required for resolution of acute wounds. The extent
of HA metabolism within wounds is key because it determines
the quality of acute tissue repair (e.g., regenerative vs fibrotic
repair).18,73 Native HA promotes closure of chronic wounds
such as pressure or diabetic ulcers,74,75 whereas accumulation of

HA fragments promotes chronic inflammation, at least in
animal models.17,76,18 Despite this strong evidence linking HA
to the response-to-injury process, to our best knowledge, HA-
based probes have not previously been reported for imaging
acute or chronically injured tissues. Our results suggest that
these probes would be useful for imaging tissue healing and aid
in subsequent treatment course in a number of clinical settings,
for example, in tracking repair responses to such procedures as
balloon angioplasty of occluded coronary arteries, healing of
chronic ulcers, and repair response to stroke.
The results of the kinetic analyses in rats reported here are in

agreement with our previous report in humans, which showed
that HA administered by i.v. bolus (1.5−12 mg/kg) has a
prolonged vascular half life.26 Intriguingly, although s.c.
injection of HA resulted in a lower Cmax than i.v. injection,
the half life of HA delivered s.c. is longer. This difference may
be due to the release of injected HA from the skin into the
circulation over an extended period. A number of reports have
documented increased serum HA following administration of
HA by oral gavages.32,77−79 We confirmed that small but
detectable increases in serum HA occurred following oral
gavage of 10 mg/kg HA. However, in our study, the absorption
rate was several thousand times lower than that obtained with
s.c. administration of HA, and we were unable to detect
targeting of 125I-HA using this route of administration.
Although a small amount of native HA is clearly absorbed
through the gut, it is not sufficient to support use of oral HA as
an imaging probe. Collectively, the absorption characteristics
predict that injection of HA-based probes by either i.v. or s.c.
higher at 10 mg/kg will result in serum half lives and MW sizes

Table 2. Deposition of 125I-HA and 125I-CSa

type of
polymer

time after
injury
(h)

125I-HA or 125I-CS
localized (ng/mg vessel

weight)b

125I-HA localized in the
presence of excess
unlabeled HAb

1. HA 2 20 not detected
2. HA 24 8 not detected
3. HA 48 not detected not detected
4. HA 72 not detected not detected
5. CS 2 not detected NA
6. CS 24 not detected NA

aNA=not attempted. All polymers are i.v. injected into the tail vein of
rats. Amounts of deposited polymer are calculated from the known
specific activity of the radiolabeled polymer described in methods and
from the amount of label localized in the injured tissue. bValues are
presented as the amount of 125I-HA deposited in injured vessels after
subtracting the amount of 125I-HA localized in control, contralateral
uninjured arteries.

Figure 10. Both 125I-labeled and unlabeled HA target to injured carotid arteries. (A) Localization of radiolabeled HA into injured versus uninjured
contra-lateral carotid arteries after i.v. injection. The probe localized in the injured artery (* indicates Student’s t test, p < 0.01) at higher levels than
in the uninjured artery. Values represent the mean and SEM of data obtained from 4 animals. (B) Ex vivo Phosphor-image of injured versus
uninjured arteries in panel A. Localization of probe is apparent in the injured but not the uninjured carotid artery. (C) Increased localization of HA
to the injured carotid artery after i.v. administration of exogenous HA (unlabeled). Right arteries were injured, immediately injected intravenously
with HA (10 mg/kg) or buffer alone, harvested 2 h later, and then analyzed for HA deposition. HA levels are significantly higher in HA-injected than
buffer-injected vessels (Student’s t test, p < 0.01) indicating targeting of the unlabeled HA to the site of injury. Values represent the mean and SEM
(n = 4 animals).
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that have maximal targeting properties and are suitable for
imaging probe development.
We show that HA can be easily coupled to a variety of

contrast agents for imaging through only minor modifications
of its polymer backbone. This results in a probe that has
targeting properties identical to unlabeled, exogenously
supplied HA. We took advantage of different imaging
modalities (i.e., nuclear, fluorescent and magnetic resonance)
to obtain target-specific information in culture and in vivo. The
fluorescent modality provided superb lateral resolution for
quantifying specific probe uptake and localization at the cellular
level (into both tumor cells and wounded cells); the MRI
modality revealed anatomical details and provided sufficient
depth/temporal resolution for evaluating efficacy of targeting in
tumor xenografts and 3-D cultures; and the radiolabeled
modality allowed sensitive monitoring of probe biodistribution
and localization (i.e., ng quantities) under both homeostatic
and injury conditions.72,80 The TR-HA and Gd-HA uptake was
significantly higher in MDA-MB-231 cell line and xenograft,
which expressed high levels of CD44 than that of MCF-7,
which expressed low levels of CD44.27 Although HA probe
uptake in culture by MDA-MB-231 BCA cells is clearly
mediated by CD44, other factors in particular increased
permeability of tumor,81 and wound blood vessels could also
have contributed to preferential probe retention at site in vivo.
Our results are consistent with a key role for CD44 in the
selective targeting of our HA probes, as has previously been
described for HA coated liposomes.82 Additional studies are
required to determine if other HA receptors are also involved in
probe targeting. These results also confirm and extend previous
studies showing that HA-coated liposomes loaded with either
gadolinium or therapeutic drugs25,82−84 preferentially localize at
tumor sites that express high levels of CD44 and RHAMM.
Our findings provide a molecular and functional basis for the

concept of using HA as an imaging probe by itself, without a
requirement for liposomal delivery. These probes may be
particularly useful in detecting and spatially delineating
autoimmune and chronic inflammatory diseases, which like
tumors and injured tissues, share a strong inflammatory
involvement. The targeting properties, combined with the
nonantigenicity, excellent biocompatibility, the hydrophilic/
anionic nature of HA, and its regulatory status55 should permit
rapid development of HA-based imaging probes. Owing to its
multiple functional groups, a single HA polymer could also
incorporate multiple imaging modalities, making it a promising
molecule for multimodal probe design, which would meet
rapidly growing needs in the clinic. Because biological processes
that are imaged by probes often occur in the same sites that are
targeted by therapeutics, ultimately, HA-based imaging probes
can also be engineered to concomitantly deliver therapeutics
with a high affinity and tissue selectivity, thus allowing real-time
detection of targeting and consequences of the therapeutics on
the diseased tissue.

■ CONCLUSIONS
HA has previously been conjugated to nanoparticles and
liposomes as a method for targeting tumors, lymphatic tissue,
and liver endothelium. Here we show that HA probes also
target efficiently to sites of response-to-injury, which is a
process that involves higher HA metabolism and display of HA
receptors such as CD44 and RHAMM. We utilized an
integrated strategy that took into account the biology of target
tissues and their microenvironment, the pharmacokinetics of

probes, the optimum routes of deliveries, and different imaging
modalities. Our results demonstrate that native HA by itself
could provide a flexible core for incorporation of multiple
imaging modalities. Consistent with our hypothesis, different
modalities of HA-based probes target selectively to sites of high
HA receptor display in homeostatic, neoplastic, and injured
tissues that have established high HA metabolism. HA probes
may also be useful for studying the similarities between tissue
repair and neoplasia and for designing novel, multimodal
imaging, and therapeutic tools.
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