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Glycosaminoglycans (GAGs) are linear polysaccharides commonly used to impart
bioactivity into synthetic hydrogels through their broad electrostatic-based
protein-binding capabilities. In vivo, GAGs are immobilized through a single
linkage point and function as semi-rigid ligands that are capable of limited
conformation to proteins to enable high affinity interactions, concentration
gradients, and co-signaling. Most GAG immobilization strategies in biomaterials
target modification of the GAG repeat unit and produce multiple linkage points
which effectively turns the GAG into amultifunctional crosslinker. In this study, we
utilize real-time monitoring of binding kinetics to investigate the effects of GAG
immobilization approach on GAG-protein binding. We show that GAGs
immobilized through a single linkage point (GAGSingle) possess enhanced
protein binding compared with GAGs immobilized at several points
(GAG¬Multi¬). This effect is demonstrated for multiple GAG and protein types,
indicating a broad applicability and importance to GAG use in biomaterials.
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Introduction

Glycosaminoglycans (GAGs) have emerged as a versatile tool for adding bioactivity to
biomaterials, including hydrogels (Menezes et al., 2022). GAGs exist naturally as linear
polysaccharides that influence a diverse array of cellular processes (e.g., proliferation,
differentiation, adhesion, immunomodulation) through protein-binding interactions,
creating signaling gradients and protecting growth factors from protease degradation
(Liang and Kiick, 2014; Sakiyama-Elbert, 2014; Gockel et al., 2022). These interactions
are complex and are driven, in part, by electrostatics via alignment of negatively charged
chemical moieties (e.g., sulfate groups, carboxylic acids) along the GAG backbone with
positively charged amino acid residues of proteins.

When incorporated into hydrogels, the most common approach for GAG incorporation
is to covalently immobilize the GAGs within the material network. This strategy provides
retention of the GAGs for prolonged bioactivity compared to methods such as charge-based
adsorption (Liang and Kiick, 2014). Tethering of several different GAG types into a material
network, such as heparin or chondroitin sulfate, has been shown to benefit cell functionality
and sustain release of soluble growth factors (Liang and Kiick, 2014; Sakiyama-Elbert, 2014).
Most covalent approaches target a modification of the GAG repeat unit that produces
multiple attachment points along the GAG backbone and effectively turns the GAG into a
multifunctional crosslinker. Importantly, the immobilization of GAGs through multiple
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attachments differs from their in vivo presentation, wherein they are
immobilized via a single end-point attachment.

Sulfated GAGs (e.g., heparan sulfate, chondroitin sulfate,
dermatan sulfate) are natively presented as linear chains that are
attached to a serine residue of a core protein in the ECM or on the
cell surface (e.g., perlecan or aggrecan) via a single tetrasaccharide
linker region (Menezes et al., 2022; Gandhi and Mancera, 2008;
Huang et al., 2021). Single attachment, combined with some limited
structural flexibility (i.e., lacking the restrictive intramolecular bonds
found in proteins) is important for their broad protein binding
capacity (Figure 1A). (Sasisekharan et al., 2006; Gandhi and
Mancera, 2008; Xu and Esko, 2014) Given that the high negative
charge density present in GAG structure already limits its flexibility
and ability to align its charge with potential protein partners, further
confining GAG conformational freedom via multiple attachment
points when incorporating into biomaterials may be limiting its
ability to form high affinity interactions and to function as bioactive
co-signaling molecules (Sasisekharan et al., 2006). Pérez, et al.,
produced an excellent database, GAG-DB, that serves to model
these crucial interactions in silica. Pérez et al. (2020) In this paper,
we perform a series of biomaterial-relevant experiments to test the
hypothesis that incorporation of GAGs bymethods that use multiple
covalent attachment points increases steric hinderance and,
subsequently, reduces the conformational flexibility of the
immobilized chains to interact closely with proteins
(i.e., decreases GAG-protein affinity). To validate this hypothesis,
we set out to use quantitative Bio-Layer Interferometry

measurements to demonstrate that reducing immobilization of
GAGs to a single covalent attachment point increases relative
GAG-protein association. Previous work has shown that
immobilization strategy can be refined to enhance the bioactivity
of immobilized GAGs (e.g., GAG clustering (Novoa-Carballal et al.,
2018), coupling chemistry (Thakar et al., 2014), choice of modified
functional moiety (Osmond et al., 2002)), and our specific
hypothesis is supported by studies in vascular biomaterial
development focused on heparin, a GAG that is normally
presented as a free GAG chain physiologically (i.e., not tethered
as a proteoglycan) outside of mast cell presentation (Mulloy et al.,
2017), and its binding with anti-thrombin (Gore et al., 2014; Bao
et al., 2015; Qiu et al., 2017). These papers compared multi-point
attached (MPA) heparin with endpoint attached (EPA) heparin
created through a digestion-based generation of terminal aldehyde
groups on the end of heparin chains. These functionally focused
studies showed materials coated with EPA-heparin had prolonged
bioactivity, including enhanced anti-thrombin specific binding, total
protein adsorption, and hemocompatibility compared to MPA-
heparin coatings. The depth of these studies was somewhat
limited by their specific focus (e.g., only heparin and its role as
an anti-coagulant) or lack of highly controlled conditions (e.g.,
differing immobilization chemistries and surface concentrations
for MPA and EPA heparin). An additional noteworthy study
showed evidence of enhanced bioactivity for EPA immobilization
(termed end-on) of chondroitin sulfate and hyaluronan through
testing of GAG degradability and aggrecan binding (Altgärde et al.,

FIGURE 1
Native and synthetic immobilization of GAGs. (A) GAG chains are immobilized at a single point in the ECM or on the cell surface. Some limited
conformational flexibility and negative charges along the GAG backbones enable high-affinity electrostatic interactions with proteins. (B) GAGs
immobilized via multiple (GAGMulti) or a single attachment (GAGSingle) present respectively as conformationally more restricted or less restricted ligands
for protein binding.
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2013). This work further supports the idea that limiting GAGs
conformational flexibility impacts bioactivity through affecting the
affinity of GAG-protein interactions.

In this study, we are investigating beyond a single GAG-protein
interaction to make a more general claim on the effects of GAG
immobilization approach on subsequent protein binding. Our
approach utilizes a single immobilization chemistry to create
presentations of GAGs as both multi-point tethered (GAGMulti)
and single-point tethered (GAGSingle) ligands (Figure 1B). To our
knowledge, our study is the first to investigate the impact of
immobilization extent by controlling for immobilization
chemistry and then directly probing the interactions of a range
of GAGs and proteins (note: the intentional use of a single chemical
modification approach for multi- and single-point attachment
limited our ability to exactly mimic the most biologically-relevant
terminal attachment to a core protein, which we expect would
provide the greatest level of conformational freedom). By using
multiple GAGs and proteins, we intend to support a more general
argument that single-point attachment of GAGs provides enhanced
protein interactions relative to the commonly used multiple-point
attachment.

Results and discussion

We chose to use heparin as our initial GAG for this study given
its well-characterized protein interactions and wide-spread use in
biomaterials (Schlessinger et al., 2000; Zhang et al., 2001; Liang and
Kiick, 2014). Heparin has higher affinity electrostatic interactions
with proteins than other GAGs due primarily to its status as the most
negatively charged GAG in the body.

To create distinct heparin presentations, we utilized a modified
version of a heparin thiolation we have previously described (Pruett
et al., 2021). Briefly, heparin was dissolved in ultra-pure water and
the carboxylic acids of the heparin were activated via 4-(4,6-
Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride

(DMTMM) addition. To control the extent of functionalization,
and subsequently the number of immobilization points, the heparin
was then reacted with different molar equivalents of 3-(2-
pyridyldithiol) propionyl hydrazide (PDPH) compared to overall
heparin repeat units (RUs). These reactions were targeted to yield at
least 3 modifications per heparin chain (HepMulti, multiple
immobilization points) or 1 modification every 3 heparin chains
(HepSingle, single immobilization point). Following PDPH
attachment, the internal disulfide bond of the PDPH was reduced
via TCEP and yielded a thiol group which could participate in
Michael-type addition.

Heparin modifications were characterized at multiple points of
synthesis. Following PDPH addition, modification was confirmed
via 1H-NMR showing addition of the PDPH ring structure to the
heparin chains (Figure 2A). Upon reduction of the PDPH internal
disulfide bond, number of modifications per chain was determined
via a deprotection absorbance assay that quantified the
concentration of the leaving PDPH ring structure (Figure 2B).
Thiol content of the final product was measured via an Ellman’s
assay (Figure 2C). These results confirmed repeatable and tunable
thiolation of heparin to enable our desired immobilization
presentations.

To investigate the impact of heparin immobilization approach
on protein interaction we utilized Bio-Layer Interferometry (BLI),
which is a label-free technology to monitor real-time interaction
between an immobilized biomolecule and a soluble binding partner
(Shah and Duncan, 2014). BLI probes utilize optical interference to
quantify the spectral shift between an internal reference layer and
the surface of the probe (the biolayer). As more biomolecules bind to
the surface, this spectral shift grows, enabling quantification of
binding kinetics. HepMulti and HepSingle were biotinylated with a
maleimide-functionalized biotin through Michael-type addition.
This enabled subsequent immobilization of the heparin forms
onto streptavidin coated BLI biosensors (Figure 3A). Probes were
equilibrated in solution before introducing different heparin forms.
Heparin concentrations were optimized to achieve sufficient binding

FIGURE 2
Characterization of heparin modifications. (A) 1H-NMR spectroscopy showed differential levels of PDPH modification for HepMulti and HepSingle. (B)
PDPH deprotection absorbance assay confirmed desired targets (shown as dotted lines) of more than 3 modifications per HepMulti chain and
approximately 0.333modifications per HepSingle chain. (C) Ellman’s assay quantification of thiol groups following deprotection confirmed a ~10X increase
in active thiol groups for HepMulti compared to HepSingle. Statistics: Unpaired t-tests, N = 4, ****p < 0.0001.
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without saturating the BLI probes (Supplementary Figure S3).
Following heparin loading, probes were equilibrated again in
buffer to remove unbound heparin. We chose basic fibroblast
growth factor (FGF-2) as an initial binding partner for heparin
given its published high-affinity and well-characterized interaction
with heparin during cellular uptake (Schlessinger et al., 2000;
Koledova et al., 2019). FGF-2 was incubated with the heparin-
labeled BLI probes at several protein concentrations before
transferring the probes back to buffer for dissociation. To
decouple the effects of chemical modification from immobilized
presentation, we created a third form of heparin (termed HepCap) in
which we capped >90% of thiol groups on HepMulti with 6-
maleimidohexanoic acid prior to biotinylation (Figure 3B). As a
result, HepCap was chemically modified by PDPH to the same extent
as HepMulti but was physically immobilized at a single point similar
to HepSingle. BLI experiments were performed to characterize FGF-2
binding with HepMulti, HepSingle, and HepCap. Resulting binding
curves were fit globally using non-linear regression to determine
binding kinetics for association and dissociation (Supplementary
Table S4). (Shah and Duncan, 2014; Chen et al., 2022). The

equilibrium dissociation constant (KD) of FGF-2 binding with
HepMulti (~1.6 nM) matched well with previous literature values
(Zhang et al., 2019) while that of HepSingle was found to be
significantly lower (~0.97 nM), indicating higher affinity binding
between the HepSingle and FGF-2 (Figure 3C). Crucially, the KD of
HepCap (~0.83 nM) was not only significantly lower than HepMulti

but statistically equivalent to that of HepSingle. This finding
confirmed that preserving conformational freedom enhances
heparin-protein affinity. Therefore, the differences observed in
FGF-2 affinity between HepMulti and HepSingle were due to the
immobilization approach.

To validate our assumption that the impact of immobilization
approach extended beyond heparin binding to FGF-2, we first
investigated the effects of HepMulti and HepSingle with other
proteins known to bind heparin. VEGF-165 is a crucial
angiogenic factor and demonstrated similar results to FGF-2,
with HepSingle having a significantly lower KD (~2.76 nM) than
HepMulti (~3.95 nM) (Figure 3D). A similar effect was observed with
the full-length ECM protein fibronectin (FN); however, the
difference was not statistically significant (HepSingle: ~16.6nM,

FIGURE 3
Bio-Layer Interferometry (BLI) for heparin-protein binding affinity. (A) Schematic of BLI experiment and representative trace. Experimental data
shown is from a HepMulti/FGF-2 experiment. (B) Creation of HepCap to decouple modification from immobilization. HepMulti is modified with 6-
maleimidohexanoic acid to cap >90% of thiol groups. Reduction of thiols was confirmed with Ellman’s assay. (C) Equilibrium dissociation constants (KD)
for FGF-2 binding with HepMulti, HepSingle, and HepCap measured via BLI. (D) KD for VEGF-165 binding to HepMulti and HepSingle measured via BLI. (E)
KD for full-length fibronectin binding to HepMulti and HepSingle measured via BLI, p = 0.0509. Statistics: ANOVA for FGF-2 results, multiple comparisons
post-hoc tests (Tukey HSD), N = 4, *p < 0.05. Unpaired t-test for VEGF-165 and fibronectin, N = 4, ***p < 0.001.
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HepMulti: ~25.5nM, p = 0.0509) (Figure 3E). We hypothesize that
heterogeneity in chain length, sulfation pattern, and
monosaccharide units (iduronic acid versus glucuronic acid) of
our chosen unfractionated heparin source likely influenced the
signal to noise ratio of these affinity results and that future
studies would benefit from using highly fractionated (less
heterogeneous) sources. Despite this difficulty, these results
confirm that the benefits of maintaining heparin’s limited
conformational flexibility when immobilizing applies beyond the
canonical heparin-FGF-2 relationship and is seen in other heparin
binding partners.

Broadening our investigation of GAG immobilization beyond
heparin, we hypothesized that the enhanced bioactivity of singular
attachment for HepSingle could be replicated with other sulfated
GAGs, such as chondroitin sulfate (CS) that also interacts with
proteins through electrostatic binding. Notably, chondroitin sulfate
is composed of different monosaccharides than heparin and, thus,
presents a different sulfation pattern.We utilized the same thiolation
chemical approach (i.e., thiolation via DMTMM mediated amide
coupling of PDPH to free carboxylic acid) and characterization used
for our heparin studies to create two immobilized forms of
chondroitin sulfate A, termed CS-AMulti and CS-ASingle

(Figure 4A). We again performed BLI experiments to generate
the KD of FGF-2 with our different presentations of CS-A. CS-
ASingle displayed a significantly lower KD (~2.51 nM) than CS-AMulti

(~4.11 nM), demonstrating that the enhanced bioactivity seen
through GAGSingle immobilization is replicable across different
sulfated GAGs (Figure 4B). The KD of both CS-A forms were
larger than that of HepMulti and HepSingle, which we expected
given that heparin is more negatively charged and, thus has
greater electrostatic binding potential with FGF-2.

A separate, but important, observation when we performed
our CS studies was that when performing the same chemical

modifications and FGF-2 BLI experiments with a commercial CS
mixture (i.e., commercial supplier defined the CS as a mixture of
CS-A, CS-C, CS-E, and unsulfated chondroitin), we did not
observe enhanced protein affinity for CSSingle compared to
CSMulti (Supplementary Figure S8). This CS mixture
contained disaccharide RUs with zero, one, or two sulfate
groups according to the manufacturer (Sigma-Aldrich). We
hypothesize that the heterogenous sulfation pattern may bias
chemical modification toward specific CS isomers, which would
make the effects of immobilization and sulfation difficult to
separate (i.e., CSmulti presented all forms of CS and CSsingle did
not). This idea is supported by the more consistent effects of CS-
A (uniformly single sulfated RUs) (Djerbal et al., 2017) and
heparin (triple sulfated in >70% of RUs) (Meneghetti et al.,
2015) however, further studies are needed to confirm this
hypothesis.

Conclusion

GAGs are an amazing resource for adding bioactivity into a
biomaterial for both in vitro and in vivo applications. GAG natural
presentation as semi-rigid polymers with single point attachment
provides them with a limited amount of conformational flexibility,
which is greatly affected by their structural heterogeneity
(i.e., disaccharide composition, sulfation pattern, chain length)
and local microenvironment (e.g., pH, salts, etc.) (Samantray et al.,
2021). For example, chain flexibility varies greatly between heparin
and heparin sulfate due to the increased prevalence of GlcA-
GlcNAc sequences. In this manuscript, our intent is not to
argue in favor of one GAG or one specific GAG immobilization
chemistry. Rather, we argue more broadly that further limitation of
molecular freedom by increased covalent tethering (i.e., greater
than one) can negatively impact GAG affinity for proteins of
interest. We believe our results are a valuable addition to the
field of biomaterials, which will allow researchers to intentionally
select from the available toolbox of immobilization strategies when
designing bioactive material platforms through in increased
understanding of the impact of tethering extent. Specifically, we
present a highly controlled and tunable approach to control GAG
immobilization and presentation to demonstrate that GAGs
immobilized via a single tether can enhance protein affinity
across different proteins and GAG types. The broad
applicability of this knowledge is promising for GAG-based
bioactive addition, which is often incorporated with an intent
to use GAG physiological function to match the native
microenvironment of the target tissue (e.g., CS in cartilage
engineering) (Kilmer et al., 2022). We believe the application of
this knowledge (i.e., intentional immobilization) within
biomaterial approaches is simple and will require minimal
changes to established immobilization methods. However, we
feel it is important to note that while the trend and impact of
immobilization extent (i.e., single versus multi-point attachment)
will prove consistent across GAGs, the chosen immobilization
chemistry will have a significant impact on absolute affinity values.
In future studies, we plan to investigate the functional effects of
these GAG immobilization forms on both the cell (in vitro) and
tissue (in vivo) level response.

FIGURE 4
Characterizing the modification and FGF-2 binding kinetics of
CS-AMulti and CS-ASingle. (A) PDPH deprotection absorbance assay
confirmed desired targets (shown as dotted lines) of at least
3 modifications per CS-AMulti chain and approximately
0.333 modifications per CS-ASingle chain. (B) KD for FGF-2 binding to
CS-AMulti and CS-ASingle measured via BLI. Statistics: Unpaired t-test,
N = 4, *p < 0.05.
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Methods

GAG thiolations

Heparin (MW = 15,000 Da, porcine intestinal mucosa) was
purchased from Millipore Sigma. Chondroitin Sulfate (CS, bovine
cartilage) and CS-A (bovine trachea) were purchased from Sigma-
Aldrich. GAG modification and characterization to create
GAGMulti and GAGSingle were based on a protocol previously
reported by the author’s group (Pruett et al., 2021). Briefly,
GAGs were dissolved in ultrapure water and modified with different
amounts of 3-(2-pyridyldithiol) propionyl hydrazide (PDPH,
CovaChem) in the presence of 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-
4-methylmorpholinium chloride (DMTMM, Oakwood Chemical).
PDPH was added at a 1:4 and 1:40 molar ratio of heparin repeat
units (RU, estimatedMWof heparin RU=619.49 Da (Pomin, 2014)) to
create HepMulti and HepSingle respectively. To create CSMulti, CS-AMulti,
CSSingle, and CS-ASingle, PDPH was added at a 1:5 molar ratio of RU for
the GAGMulti and 1:40 molar ratio of RU for the GAGSingle (estimate
MW of CS RU = 513.86 Da (Pomin, 2014), estimated MW of CS-A
RU = 459.00Da (Djerbal et al., 2017)). AlexaFluor hydrazide 488 or 555
(Invitrogen) were added to all reactions to fluorescently label heparin.
Reactions were dialyzed according to the previous protocol and the
product was lyophilized. PDPH-modified GAGs were deprotected to
expose thiol groups by mixing with 25 mM tris(2-carboxyethyl)
phosphine hydrochloride (TCEP, Alfa Aesar) and modification level
was quantified via absorbance at 343 nm using a ThermoFisher
Nanodrop 2000c spectrophotometer. Deprotected product was
dialyzed, lyophilized, and stored at −20°C until use. Thiol content
was measured via Ellman’s assay according to manufacturer protocol
(ThermoFisher). Differentialmodificationwas further confirmed on the
modified GAGS by 1H-NMR prior to deprotection through looking at
relative modification signal (e.g., comparing multi-to single-
modification via ratio of PDPH integration, δ = ~8.35–7.25, to the
GAG peaks integration, δ = 5.5–3.1). This data was acquired by
dissolving GAG forms in deuterium oxide and acquiring 1H-NMR
spectra on a Varian Inova 500 NMR spectrometer located in the UVA
Biomolecular Magnetic Resonance Facility.

Heparin modification—1H NMR (500 MHz, D2O): δ = 8.3 ppm
(s, 1H), 7.85 ppm (s, 2H), 7.25 ppm (s, 1H), 5.5–3.1 (heparin, m).

Chondroitin sulfate modification—1H NMR (500 MHz, D2O):
δ = 8.3 ppm (s, 1H), 7.85 ppm (s, 2H), 7.25 ppm (s, 1H), 4.75–3.15
(chondroitin sulfate, m).

HepMulti thiol capping

To create HepMulti-Capped (HepCap), HepMulti and 6-
Maleimidohexanoic acid (Sigma-Aldrich) were dissolved separately in
pH 7.4 1X PBS at 10 mg/mL (4.35 mM immobilized thiol groups) and
0.735 mg/mL (3.48 mM maleimide groups) respectively to yield a thiol
to maleimide molar ratio of 1.0:0.8. Solutions were mixed 1:1 and
incubated for 15min at 37°C under agitation. Reaction product was
then filtered to remove unbound 6-maleimidohexanoic acid using ZEBA
desalting columns (7 kDa MWCO, Thermo) and the manufacturer’s
protocol. Thiol content was measured via Ellman’s assay.

GAG biotinylation

GAGs were dissolved at 1 mg/mL in pH 7.4 1X PBS. Biotin-
maleimide (Bio-MAL, TCI) was diluted in pH 7.4 1X PBS to molar
concentrations matching the thiol content of each GAG form based
on previous PDPH deprotection absorbance results (HepMulti and
HepCap–0.435mM, HepSingle–0.0284mM, CSMulti - 0.2257mM,
CSSingle–0.0296mM, CS-AMulti–0.2586mM, CS-ASingle–0.0292 mM).
GAG and Bio-MAL solutions were mixed 1:1 and reacted at room
temperature for 15min under agitation. Biotinylated GAGs were
isolated from unbound Bio-MAL by filtering through ZEBA
desalting columns using the manufacturer’s protocol. HepCap was
isolated by dialyzing into pH 7.4 1X PBS overnight using a Slide-A-
Lyzer® Dialysis Cassette (2 kDa MWCO, Thermo Scientific).
Biotinylated GAG forms were stored at −20°C until use.

Bio-Layer Interferometry (BLI)

BLI experiments were conducted on an Octet RED96 system
(ForteBio) located in the UVA Biomolecular Analysis Facility. An
assay buffer consisting of 10 mM HEPES pH 7.4, 100 mM NaCl,

TABLE 1 Experimental parameters for BLI studies.

Protein
condition

Protein
concentration

(nM)

Initial
equilibration
duration (min)

Heparin
loading
duration
(min)

General
equilibration
duration (min)

Protein
association

duration (min)

Protein
dissociation

duration (min)

FGF-2 HepMulti, HepSingle: 48,
24, 12, 6, 3

10 2 5 15 15

HepCap: 24, 12, 6, 3, 1.5

CS: 100, 80, 60, 40, 20,
10, 5

CS-A: 400, 200, 100, 50,
25, 12.5, 6.25

FN 200, 20, 2 10 2 5 15 15

VEGF165 80, 40, 20 2 2 2 15 15
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0.001%BSA, and 0.01%Tween 20was used for all experiments. Kinetics
experiments followed the same format with small differences in protein
concentration and timing based on the protein being tested (Table 1).
All experiments were conducted at 30°C at an agitation speed of
1000rpm as recommended in the Octet user manual. Streptavidin
Biosensors (Sartorius) were initially equilibrated in assay buffer then
loaded with biotinylated GAG at optimized concentrations for each
GAG form (HepSingle, CSSingle, and CS-ASingle–10ug/mL, HepMulti,
HepCap, CSMulti and CS-AMulti–1 ug/mL). Following loading, probes
were equilibrated in assay buffer, associated with various protein
conditions (Table 1), and then again transferred into assay buffer for
protein dissociation. VEGF165 equilbration steps were abbreviated due
to the low solution stability of the protein. Each experiment used a
reference probe exposed solely to assay buffer throughout the
experiment to account for instrument drift. Heparin-FGF-
2 experiments were run in triplicate with probes being regenerated
to heparin-only with pH 2.0 10 mM glycine dissolved in assay buffer
(technical repeats). Each experimental setup for a GAG-protein pair
was repeated 4 times with new sets of probes (experimental repeats).
FGF-2 was purchased fromR&D Systems, human fibronectin (FN) and
VEGF165 were purchased from Gibco.

BLI curve fitting

Kinetic binding curves from BLI experiments were analyzed in
GraphPad Prism software (version 9.3.0). The protein association and
dissociation steps were isolated from raw traces of spectral shift and
reference probes were subtracted to eliminate assay drift. Curves were
fit using an “association then dissociation” non-linear regression
model with global fitting for Kon and Koff. For all experiments, Kon

was constrained to be positive and “ambiguous” fits were included.
For heparin-FGF-2 experiments, KDs were averaged first by technical
repeats then by experimental repeats. All KDs represent the average
and standard deviation of N = 4 experimental repeats.
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