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Abstract
Heparin is a highly sulfated polysaccharide which serves biologically relevant roles as an
anticoagulant and anti-cancer agent. While it is well known that modification of heparin’s
sulfation pattern can drastically influence its ability to bind growth factors and other extracellular
molecules, very little is known about the cellular uptake of heparin and the role sulfation patterns
serve in affecting its internalization. In this study, we chemically synthesized several
fluorescently-labeled heparins consisting of a variety of sulfation patterns. These polysaccharides
were thoroughly characterized using anion exchange chromatography and size exclusion
chromatography. Subsequently, we utilized flow cytometry and confocal imaging to show that
sulfation patterns differentially affect the amount of heparin uptake in multiple cell types. This
study provides the first comprehensive analysis of the effect of sulfation pattern on the cellular
internalization of heparin or heparan sulfate like polysaccharides. The results of this study expand
current knowledge regarding heparin internalization and provide insights into developing more
effective heparin-based drug conjugates for applications in intracellular drug delivery.
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Introduction
Heparin is a complex, biocompatible, biodegradable, and water-soluble glycosaminoglycan
that is commonly found within mast cell granules. While its biological role is unclear,
heparin is utilized clinically for its anti-coagulant properties. As an agonist of anti-thrombin,
heparin is an effective treatment against deep-vein thrombosis and pulmonary emboli.[1]
Recent studies have also shown that heparin has potent anti-cancer properties including an
ability to hinder cancer invasion, metastasis, and tumor-derived angiogenesis.[2–4]
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It is well known that altering heparin’s sulfation pattern can affect its biochemical
properties. N-desulfation of heparin, removal of 2-O sulfate groups from iduronic acid
residues, and removal of 6-O sulfate groups from glucosamine residues within heparin can
inhibit heparin-FGF interactions.[5–7] Additionally, N-sulfate and 3-O sulfate groups are
critical to heparin’s anti-coagulant activity.[8, 9]

Several recent publications have utilized covalently conjugated heparin-based drug delivery
vehicles (DDV) to deliver anti-cancer molecules such as paclitaxel and litocholate.[10, 11]
Conjugation to heparin provides additional therapeutic value because both the DDV as well
as the drug prevent cancer progression. However, it is still unclear how altering heparin’s
sulfation patterns can affect its cellular internalization, localization, and efficacy as a DDV.
Previously, researchers have identified heparin scavenger receptors, however these receptors
have not yet been isolated and their substrate specificities remain unknown. [12–14]

In this article, we chemically modify heparin and heparosan, a heparin precursor isolated
from E. Coli K5, to show that modification of heparin’s sulfation pattern leads to increased
cellular uptake – providing hints to define the ligand specificities of heparin receptors in
cells. These exciting results provide new insight into heparin/heparan sulfate biology and the
design of more effective heparin-conjugates for drug delivery.

Materials and Methods
Materials

HT-29 colon cancer cells and BXPC-3 pancreatic cancer cells were provided by Dr. Scott
Kuwada (University of Hawaii). U87-Mg glioma cells were obtained from Dr. Randy Jensen
(University of Utah). Hog mucosal heparin was obtained from Ming Han Chemicals
(Oakland, CA). K1 CHO cells were obtained from the ATCC. DEAE-Sepharose gel was
purchased from Amersham Biosciences. The analytical grade strong anion exchange
column, size exclusion column, and weak anion exchange columns were obtained from
Dionex, and Tosoh Biosciences, respectively. Disaccharide standards for strong anion
exchange were obtained from Iduron Inc (Manchester, UK). Heparitinase I, II and III from
flavobacterium heparinum were expressed as previously described.[15] Cell culture reagents
were from Invitrogen Inc. Internalization inhibitors Chlorpromazine (CPZ), Filipin (FIL),
Dynasore (DYN), 5-(N-Ethyl-N-isopropyl) amiloride (EIPA), and all other reagents and
solvents were from Sigma-Aldrich.

Synthesis of Modified Heparins (M. Heps)—Briefly, Heparosan (NA), N-sulfo
heparosan (NS), completely desulfated heparin (CDSHep), completely desulfated N-
resulfated heparin (CDSNS), and 2-O desulfated heparin (2ODS) were synthesized as
described in literature.[16–19] After extensive dialysis, each substrate was digested with a
cocktail of heparitinase I, II, and III and subjected to disaccharide analysis by strong anion
exchange chromatography.[20] More specifically, the substrates were prepared as described
in the following sections.

Heparosan (NA)—Heparosan capsular polysaccharide was first isolated and purified from
E.Coli K5 as previously described in literature.[16] The resulting polysaccharide was then
further purified by dialysis against running water through a 3000 MWCO membrane for 3
days. After complete lyophilization, the product was weighed and characterized through
anion exchange chromatography as described in the supplementary material.

N-Sulfated Heparosan (NS)—As described in literature, N-sulfated heparosan was
prepared by N-deacetylation of heparosan followed by N-sulfation.[17] N-deacetylation was
carried out by treating 1 g of heparosan with 2.5 M NaOH in water at 55 °C overnight. Next,
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N-deacetylated heparosan was neutralized to pH 7.0 and treated with 2.5 g each of NaCO3
and triethylamine-sulfur trioxide complex and stirred for 24 h at 48 °C. The pH of this
reaction was maintained below pH 10 by addition of HCl. Subsequently, an additional 2.5 g
each of NaCO3 and triethylamine-sulftur trioxide complex was added and the reaction was
stirred for an additional 24 h. The resulting polysaccharide was dialyzed, lyophilized, and
chemically characterized in a similar manner to NA.

Completely desulfated Heparin (CDSHep)—CDSHep was prepared by utilizing
published protocols.[18] The pyridinium salt of heparin was first synthesized by passing a
solution of 1 g of heparin in water through a column packed with Amberlite cation exchange
resin. The resulting eluant was collected on ice, adjusted to pH 9 with pyridine, stirred for 30
minutes, and then concentrated in a rotary evaporator. 100 mg of the pyridinium salt of
heparin was then completely desulfated by stirring overnight at 100 °C in a 10 ml mixture of
9:1 DMSO:Methanol. The resulting polysaccharide was dialyzed, lyophilized, and
characterized as stated before.

Completely desulfated N-resulfated Heparin (CDSNS)—To synthesize CDSNS,
CDSHep was subjected to N-sulfation as previously described for NS preparation.

2-O Desulfated Heparin (2ODS)—According to a previously published protocol, 10 mg
of heparin was mixed with 1 mg of NaBH4 in 10 ml of 0.4 N NaOH.[19] This mixture was
then frozen in a −80 refrigerator and lyophilized to dryness. The resulting crusty yellow
solid was subsequently redissolved in water and neutralized to pH 7 with acetic acid. This
polymer was then dialyzed for 3 days, lyophilized, and characterized as stated before.

Fluoresceinamine conjugation to M. Heps—First, a stock of 100 mg of
fluoresceinamine (FA) was dissolved in a 1 ml mixture of 3:2:1
DMSO:Acetonitrile:Acetone. Additionally, a stock containing 22 mg of 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) in 1 ml of water was created. Next, 100 mg of
each M. Hep substrate was dissolved in 1 ml of water. 300 µl of the FA stock was added to
the M. Hep along with 300 µl of the EDC stock. This mixture was stirred overnight at room
temperature and subsequently dialyzed and lyophilized. Utilizing FA modified heparins, the
molecular weight of FA-M. Heps was analyzed by size exclusion HPLC as described
previously.[20] The charge density of each substrate was analyzed by weak anion-exchange
HPLC as described previously.[20]

Cell Treatment with FA-M. Heps—Approximately 50,000 cells were trypsinized and
added into wells of a 96 well plate with DMEM containing 10% FBS and 1% Penicillin/
Streptomycin (P/S). After approximately 16 hrs cells had were adherent and the media was
replaced with HAMS F-12 containing 10% FBS and 1% P/S. To these wells, 200 µg of each
FA-M. Hep was added and cells were incubated for 6 hrs in a humidified cell culture
incubator.

Fluorescence assisted cell sorting—After treatment with FA-M. Heps, cells were
resuspended in trypsin without phenol red. Trypsin was neutralized with HAMS F-12 media
containing 10% FBS, and cell suspensions were analyzed on a FACScan instrument (Becton
Dickenson Immunocytometry Systems, Mountain View, CA) with computer-aid from
CellQuant software. A minimum of 5000 gated events were captured for each sample and
used for comparison purposes.

Confocal Imaging—For confocal imaging, approximately 50,000 cells were grown on
glass coverslips within 35 mm cell culture dishes with 1 ml media. Subsequently, 200 µg of
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FA-M. Hep conjugates were added and cells were allowed to internalize M. Heps for 16 hrs
in a humidified incubator. Subsequently, the media was removed and cells were washed
twice with PBS. 500 µl of 4% paraformaldehyde solution was then added to the cells and
cells were maintained for 10 mins at room temperature. Next, cells were washed twice with
PBS and stained with DAPI and Rhodamine Phalloidin for 10 mins each. After incubation
with cellular stains, cells were mounted onto microscope slides and imaged with an
FV1000-XY Confocal Olympus IX81 microscope with a 60X oil immersion lens.

Results
The central goal of this study is to determine whether modulation of sulfation pattern affects
the cellular internalization of heparin. To achieve this goal, a library of floresceinamine-
conjugated M. Heps was synthesized (Fig. 1) and extensively characterized via analysis of
sulfation pattern, charge density, and size (Table S1 and Fig. S1). A variety of cells were
incubated with each M. Hep and FACS was utilized to analyze the total amount of conjugate
that was internalized after 6 hours (Fig. 2). Next, the cellular localization of each conjugate
was assessed using confocal microscopy in two different cell lines – HT-29 colon cancer
cells and U87Mg glioma cells (Figs. 3 and 4). The rate and mechanism of uptake of each
conjugate was also assessed using FACS (Figs. 5 and 6).

Sulfation pattern affects the internalization of M. Heps into multiple cell types
To determine the effects of sulfation pattern on internalization, experiments were conducted
to test the relative internalization of several M. Heps in the following cell lines (Fig. 2):
bovine lung microvascular endothelial cells (BLMVEC), chinese hamster ovary K1 cells
(CHO K1), BXPC-3 human pancreatic cancer cells, HT-29 human colorectal cancer cells,
and U87Mg human glioma cells.

All cells were incubated with fluoresceinamine-conjugated M. Heps for 6 hours and
subsequently subjected to analysis by FACS (Fig. 2). Relative to heparin, M. Hep substrates
showed drastically altered internalization into different cell types. NA, NS, and CDSNS
fluoresceinamine conjugates were internalized into all cell types significantly more than
heparin. However, a partially positively charged polymer, CDSHep, was not internalized to
the same extent as NA, NS, or CDSNS in all the cell lines tested. Furthermore, NS, not NA,
was internalized to the greatest extent in all cell types tested; thus, these results indicate that
uptake may be receptor-mediated and that the receptor recognizes and internalizes NS more
than other M. Heps tested.

M. Heps are found throughout cellular bodies
To examine the effect of sulfation patterns on cellular localization, U87 Mg and HT-29 cells
were incubated with M. Hep-FA conjugates overnight and localization was analyzed by
confocal microscopy (Figs. 3 and 4). Rhodamine Phalloidin was utilized as a red dye to
identify cellular actin and DAPI was utilized to label the cellular nuclei. Z-Slices were
chosen so as to minimize colocalization of the actin stain with the nuclear stain.

Confocal images indicate that NS, CDSNS, 2ODS, CDSHep, and heparin all co-localize
with cellular actin in U87 MG cells, and are found throughout cell bodies. Interestingly, NA
co-localizes with DAPI, showing that this substrate may enter the nuclei of U87 MG cells.
However, in HT-29 cells, all the M. Heps are found in cell bodies – thus indicating that
nuclear localization may be both sulfation pattern-dependent and cell-specific.
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Sulfation patterns affect the rate of internalization of M.Heps into cells
In addition to the extent of internalization, the effects of sulfation pattern on the rate of
substrate internalization into HT-29 cells was analyzed by incubating equal amounts of each
substrate with cells for various time points (Fig. 5). Compared to the amount of each
substrate internalized after 30 hours, NA and CDSHep saturated the fastest. NS, CDSNS,
and 2ODS saturated at an intermediate rate while heparin saturated at a slower rate. Cellular
recognition of GAG sulfation patterns probably determines the rate of saturation.

In contrast, sulfation patterns do not determine the concentration dependence of
internalization (Fig. 6). Only CDSHep showed a significant departure from Heparin by
saturating at lower concentrations than all other polymers tested. This is most likely due to
its amine functionality, as NA and other substrates did not show similar concentration
dependence.

Discussion
In recent years, heparin-based conjugates have shown promise in preclinical studies as drug
delivery vehicles. One of the reasons for their efficacy is because heparin-drug conjugates
are able to attack cancer cells using multiple pathways – both the drug and the DDV are able
to mitigate tumor progression.[21–24] However, the role of sulfation patterns in the cellular
uptake of heparin is largely unknown. In this article, chemically modified heparosan from E.
Coli K5 as well as chemically modified heparin are utilized to show that sulfation patterns
determine heparin cellular uptake into several cell types. This knowledge inspires new
designs of chemically modified heparin-drug conjugates that are favorable for drug delivery
but lack heparin’s inherent drawbacks such as bleeding complications and heparin induced
thrombocytopenia. Additionally, the results of this study further provide hints to illuminate
the ligand specificities of elusive heparin scavenger receptors.

Previous studies have found that modification of sulfation pattern can alter the biological
properties of heparin. Controlling the amount of 2-O, 3-O, and 6-O sulfation can drastically
affect heparin’s ability to bind ligands. [5, 8, 9, 25] To test our hypothesis that sulfation
patterns affect cellular internalization and the effectiveness of heparin as a DDV, we
designed a library of heparins to represent a diverse group of polymers with different
sulfation patterns and densities (Fig. 1). CDSHep, was the only substrate determined to have
free amine groups and hence it had the least negative charge density. Unaltered heparin had
the highest negative charge while other substrates had intermediate charge density. We also
specifically designed molecules derived from heparosan that were non-epimerized and those
derived from heparin which contained high iduronic acid content. Analysis by size exclusion
chromatography revealed that only minor differences in size and polydispersity exist among
the different substrates (Table S1 and Fig. S1).

After structural characterization, a variety of cell types were treated with M. Heps and
analyzed via FACS to determine the uptake of each M. Hep (Fig. 2). The experiment was
designed to include both tumorigenic as well as non-tumorigenic cell types. As
hypothesized, modifying the sulfation patterns of heparin and heparosan significantly altered
cellular internalization. One would expect that CDSHep, the most positively charged
polymer, would be internalized by cells to the greatest extent. However, NA, NS, and
CDSNS accumulated inside the cell to a much larger extent than CDSHep, 2ODS, and
heparin in all cell types tested. This indicates that sulfation pattern, not charge density,
determines cellular internalization of M. Heps. These results also give a glimpse into the
substrate specificities of elusive heparin uptake receptors.[12–14] While researchers have
not yet isolated these receptors, it is clear that sulfation pattern greatly affects cellular uptake
of heparin and that these receptors prefer N-sulfo heparosan to any of the other M. Heps
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tested. Further evidence that heparin uptake may be receptor driven is determined by the
concentration- dependence of the internalization of M.Heps (Fig 6). If internalization was a
purely diffusion-driven process then the concentration dependence of internalization would
be linear with concentration. However, it is evident that incubating cells with five times and
ten times more substrate does not lead to a linear dose dependent increase in internalization.

Next, the cellular localization of M. Heps was sought after to determine the effects of
sulfation pattern on sub-cellular targeting. Previously, it was found that GAGs and
proteoglycans such as Syndecan-1 and Glypican-1 can enter the nucleus.[26–30]
Additionally, anti-proliferative GAGs primed by xylosides can enter cellular nuclei and
modulate histone 3 acetylation and cellular growth.[31] Heparin-poly-β-amino ester
complexes have also been found to modulate nuclear transcription factors.[32] However,
researchers have not yet identified if sulfation patterns affect the nuclear entry of these PGs
and GAGs. Therefore, we examined the cellular localization of M. Heps tagged with
fluoresceinamine by utilizing confocal microscopy (Figs. 3 and 4). The majority of M. Heps
were found throughout cell bodies and excluded from the nucleus in both HT-29 and
U87Mg cells. However, in U87Mg, NA was found to co-localize with DAPI. Based on these
results, it may be possible to deduce that sulfation patterns can affect nuclear entry of GAGs.
It is unlikely that charge density was responsible for nuclear entry as CDSHep did not enter
the nuclei. Additionally, none of the epimerized substrates were visible in the nucleus
suggesting that chain flexibility may affect nuclear entry as well. However, additional
biochemical proof will be necessary to further understand the differential localization of
heparin and heparin-like polymers.

In conclusion, this research presents the first comprehensive evidence that sulfation pattern,
not charge density, determines heparin/heparan sulfate cellular uptake into several cell types.
While the M. Heps are found throughout cells, nuclear localization of these
glycosaminoglycans may be both sulfation pattern and cell-type dependent. The results of
this study have broad implications in cell biology, heparan sulfate biochemistry, and drug
delivery vehicle design. However, several new questions now surface: Why do NS and NA
polymers enter cells to a greater extent than heparin? Do NA or NA/NS domains of heparan
sulfate promote cellular uptake and nuclear localization of Syndecans and Glypicans?
Additionally, would developing NA-, NS-, or CDSNS- based DDV yield better tumor-
targeting capability than heparin-based DDV? In-depth analysis of nuclear localization and
in vivo drug targeting is necessary to answer these intriguing questions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

M. Hep Modified heparin

FGF fibroblast growth factor

DDV drug delivery vehicle

CPZ Chlorpromazine
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FIL Filipin

DYN dynasore

EIPA 5-(N-Ethyl-N-isopropyl) amiloride

FA fluoresceinamine

NA Heparosan

NS N-Sulfo heparosan

CDSHep Completely desulfated heparin

CDSNS Completely desulfated N-resulfated heparin

2ODS 2-O desulfated heparin

HS heparan sulfate
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Figure 1.
Structures of modified heparins prepared in this study.
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Figure 2.
Sulfation patterns determine the total amount of cellular uptake of M. Heps at 6 hours. The
different panels indicate M. Hep uptake in a) BLMVEC, b) K1 CHO, c) BXPC-3, d) HT-29,
and e) U87 Mg cells. Values are normalized against heparin and show that M. Heps such as
NA, NS, and CDSNS show enhanced cell uptake relative to heparin. Internalization of M.
Heps was determined by fluorescence assisted cell sorting analysis as described in the
experimental section. Cellular auto fluorescence at the settings used was minimal.
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Figure 3.
Sulfation patterns determine the cellular localization of M. Heps in U87 Mg cells. Panels in
this image are fluorescence from Rhodamine Phalloidin (actin), DAPI (nucleus),
Fluoresceinamine (M. Heps), and an overlay of all fluorophores. Representative substrates
are: A) NA, B) NS, C) CDSNS, D) 2ODS, E) CDSHep, F) Heparin. It is evident that NA
polymers colocalize with DAPI in the nucleus of U87 Mg cells.
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Figure 4.
Sulfation patterns determine the cellular localization of M. Heps, however no nuclear
localization is visible for any substrate in HT-29 cells. Panels in this image are fluorescence
from Rhodamine Phalloidin (actin), DAPI (nucleus), Fluoresceinamine (M. Heps), and an
overlay of all fluorophores. Representative substrates are: A) NA, B) NS, C) CDSNS, D)
2ODS, E) CDSHep, F) Heparin.
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Figure 5.
Sulfation patterns determine rate of entry of M. Heps into HT-29 colon cancer cells. Values
are normalized to the 30 hour time points for each substrate. Representative panels indicate
the time-dependent internalization of: A) NA, B) NS, C) CDSNS, D) 2ODS, E) CDSHep,
and F) Heparin
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Figure 6.
Sulfation pattern has little effect on the concentration dependence of internalization.
Representative bars indicate the relative fluorescence measured by FACS when 20 µg (■),
100 µg ( ), or 200 µg (□) of M.Heps were incubated with cells for 24 hours. Values are
normalized to the total substrate internalized after 24 hours when 200 ▪g of the respective
substrate are added.
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