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ABSTRACT: The glycosaminoglycan hyaluronan (HA) plays
important roles in diverse physiological functions where the
distribution of its molecular weight (MW) can influence its
behavior and is known to change in response to disease conditions.
During inflammation, HA undergoes a covalent modification in
which heavy chain subunits of the inter-alpha-inhibitor family of
proteins are transferred to its structure, forming heavy chain-HA
(HC•HA) complexes. While limited assessments of HC•HA have
been performed previously, determining the size distribution of its
HA component remains a challenge. Here, we describe a selective
method for extracting HC•HA from mixtures that yields material
amenable to MW analysis with a solid-state nanopore sensor. After demonstrating the approach in vitro, we validate extraction of
HC•HA from osteoarthritic human synovial fluid as a model complex biological matrix. Finally, we apply our technique to
pathophysiology by measuring the size distributions of HC•HA and total HA in an equine model of synovitis.

Hyaluronan1,2 (HA) is an unbranched and nonsulfated
glycosaminoglycan (GAG) that is composed of repeat-

ing disaccharides of D-glucuronic acid and N-acetyl-D-glucos-
amine (GlcNAcβ1-4GlcAβ1-3). Common to all vertebrates,
the physiological roles of HA are guided by its molecular
characteristics.3 For example, HA helps to provide structure
and hydration to the extracellular matrix, tissues, and joints4−7

while its recognition by HA receptors contributes to leukocyte
adhesion and intracellular signaling.8 Another major driver of
HA function is its molecular weight (MW), which has been
reported to range dramatically from oligosaccharides to
polymers MDa in size, averaging between 1 and 8 MDa in
most vertebrates.2,9 In humans, HA homeostasis is achieved
through the balance of synthesis by hyaluronan synthases10,11

(HAS1, HAS2, and HAS3) and degradation, including
enzymatic degradation via hyaluronidases7,12−14 (e.g., Hyal1,
Hyal2, PH20, CEMIP, and TMEM2), that can turn over
approximately one-third of the total HA in the human body
daily.15,16 Dysregulation of these pathways or other factors
impacting the MW distribution of HA in tissues and biofluids
can influence its function in vivo. For example, low MW forms
of HA can act as competitive inhibitors17 to high MW HA for
receptor binding and promote pathological states. Conse-
quently, HA has also been implicated in a number of diseases,
including cancer where it is known to play a role in
tumorigenesis and metastasis18 due to its support of cell

motility, proliferation (including cancer stem cell popula-
tions19), and inflammation.4,20

The biological functions of HA are also regulated by its
interactions with hyaluronan-binding proteins.21 Its recogni-
tion by cell surface receptors, including CD44 and LYVE-1,
along with many other hyaladherins can be critical in guiding
its physiological activity.3,8,15,22 Notably, these interactions are
noncovalent in nature, with the only known covalently
complexed HA−protein interaction being with heavy chains
(HCs) of the inter-alpha-inhibitor (IαI) family of proteogly-
cans.23−25 In inflammatory conditions such as synovitis and
arthritis,26−28 and in some physiological processes (e.g., gut
development,29 ovulation,30,31 and cervical ripening32), the
upregulation of the secreted protein product of Tumor
Necrosis Factor-Stimulated Gene-6 (TSG-6) enables HCs
from IαI to transfer and attach covalently to the 6-OH groups
of the N-acetylglucosamine residues of HA30,33 to form
HC•HA24,34 (Figure 1a). Among many putative functions,
HC•HA has been reported to stabilize HA matrices via cross-
linking24,25,28,35 and promote leukocyte adhesion.36,37 In
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addition to displaying protective properties in some tissues and
having therapeutic potential,38,39 HC•HA has been implicated
in disease processes such as acute lung injury,40 airway hyper-
responsiveness,41 and rheumatoid arthritis,27,28,36,42 although
its precise roles in these contexts are still an area of active
study.
While it has been suggested that high MW HA can receive

and also donate HCs, the transfer of HCs to low MW HA is
considered to be irreversible.42 The precise role of HA MW in
the functional activity of the complex is almost entirely
unstudied, with very limited data on its size and composition.
One notable exception is the work of Yingsung et al. which
probed HA chains following the removal of HCs from the
synovial fluid (SF) of patients with rheumatoid arthritis and
reported that 3 to 5 HCs could associate with HA chains of
approximately 2 MDa.28 However, a more complete under-
standing of the HC•HA size distribution requires the direct
determination of its MW profiles. Unfortunately, the
technologies available for investigating the HC•HA size are
limited. Both SDS-PAGE and Western blotting have been used
to probe the complex, but with few exceptions43 they only
assess the HC component and in fact require digestion of HA
in the process,40,44 thereby restricting their capacity for
investigating the glycan component. While agarose gel
electrophoresis methods have been applied to the quantitative
determination of HA MW,43 their general requirement for
significant sample amounts also creates a particular challenge
in probing HC•HA that is likely to be in low abundance in
most biofluids.45 Enzyme-linked immunosorbent assays
(ELISAs) have also been applied to HC•HA46,47 but can
only report on total concentration, yielding only a partial
picture. To address a related sensitivity gap in total HA MW
determination, we recently established a solid-state nanopore
(SSNP) approach for analyzing HA with molecular preci-
sion.48,49 Briefly, HA molecules are driven electrophoretically
through a fabricated nanometer-scale pore under high ionic
strength conditions. While transiting the pore, the presence of
each HA molecule perturbs the measured ionic current in a
manner that is characteristic of its individual size (Figure 1b).

Consequently, analysis of several hundred or thousand
representative HA molecules can deliver an MW distribution
of an entire specimen from a very small sample mass (as little
as ∼10 ng) with single-molecule resolution. The SSNP
approach has been applied to HA in a variety of complex
biological matrices including bacterial glycocalyx,50 bile
ducts,51 anterior axial tissues (anteroposterior AP axis),52

ovarian tissues,53 and equine SF,54 but has so far not been
applied specifically to HC•HA complexes.
Here, we extend SSNP analysis by incorporating an affinity-

coupling technique capable of HC•HA extraction from mixed
specimens with high selectivity. We first validate the basic
concept using HC•HA constructs synthesized in vitro and
then adapt our protocols to enable extraction from a complex
biofluid using osteoarthritic human SF as a test matrix. Finally,
we apply the approach to translational analysis by measuring
the MW distributions of both HC•HA and HA in SF from an
inflamed joint and a matched healthy contralateral joint in an
equine model of synovitis. Our results demonstrate a new tool
for probing HC•HA in biological matrices that will be valuable
in studying its role in physiology, inflammation, and disease
states.

■ MATERIALS AND METHODS
HA and HC•HA Samples. Quasi-monodisperse HA were

synthesized chemoenzymatically as described previously55

(Hyalose, LLC). HA MWs of 54, 81, 130, 237, 545, 1076,
and 2384 kDa were used to compose SSNP calibration
curves.48 MW values were within 5% of the reported mean
(polydispersity = 1.001−1.035, as estimated by size exclusion
chromatography with multi-laser light scattering). The 237 and
545 kDa samples were employed for subsequent analyses. The
237 kDa HA was used to produce HC•HA via a transfer
reaction34 carried out by incubating 30 μg HA with 1.8 μM IαI
(human serum-derived as described elsewhere56) and 0.28 μM
rhTSG-6 (ref. 2104-TS, R&D Systems) for 20 h at 37 °C in a
buffer of 20 mM HEPES, pH 7.4, 150 mM NaCl, and 5 mM
MgCl2 (100 μL final volume). To validate HC transfer,
samples (typically 3 μL) from each reaction were analyzed by
SDS-PAGE both with and without treatment with 1 U
hyaluronidase from Streptomyces hyaluronlyticus (ref. 389561,
Sigma-Aldrich) for 60 min at 37 °C to digest HA components.
Enzyme-treated and control samples (incubated with an
equivalent volume of water) were mixed 1:1 with 2× sample
loading buffer (125 mM Tris base, pH 8.0, 87.5 mM SDS, 2
mM bromophenol blue, 3.125% (v/v) glycerol, 5% (v/v) β-
mercaptoethanol) and incubated for 10 min at 80 °C before
loading onto a 4−12% Bis-Tris SDS-PAGE gel (ref. NPO322,
Invitrogen) and electrophoresed at 150 V for 2 h. Gels were
stained with Ready Blue (ref. RSB, Sigma-Aldrich) for 4 h,
then destained with water before imaging.
Affinity Extraction of HC•HA from In Vitro Mixtures.

Superparamagnetic beads (Dynabeads M-270 Epoxy, ref.
14301, Thermo Fisher Scientific) were coupled with a rabbit
polyclonal antibody raised against IαI (ref. A0301, Dako North
America, Inc.) using an antibody coupling kit (Dynabeads
Antibody Coupling Kit, ref. 14311D, Thermo Fisher Scientific)
at a ratio of 5 μg of antibody ligand per 1 mg of beads and
brought to a final coupled-bead concentration of 10 mg/mL. A
sample containing HC•HA was then added to the antibody-
beads and incubated at room temperature for at least 1 h.
Beads with captured HC•HA were isolated under magnetic
field, washed to remove unbound material, and resuspended in

Figure 1. (a) Heavy chain transfer from IαI to HA occurs in the
presence of TSG-6 to form HC•HA complexes. (b) HA is driven
electrophoretically through an SSNP (left), producing a series of brief
interruptions (events) in the nanopore conductance (upper right).
The event area (event charge deficit or ECD, lower right) for each
passing molecule is characteristic of molecular weight.
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100 μL of phosphate buffered saline (PBS; 11.9 mM
phosphates, 137 mM sodium chloride, and 2.7 mM potassium
chloride, pH 7.4; ref. BP399, Thermo Fisher Scientific). A
broad-range protease (Proteinase K, ref. AM2548, Invitrogen)
was then added following manufacturer’s directions to elute
attached material and digest HCs simultaneously. An equal
volume of phenol/chloroform/isoamyl alcohol, 25:24:1 (ref.
327111000, Thermo Fisher Scientific), was added to the
sample, followed by thorough mixing and centrifugation
(14000 × g for 15 min at 20 °C) in phase-lock gel tubes
(ref. 2302830, QuantaBio) to partition the sample into an
aqueous phase containing previously HC-bound constituent
polysaccharides and an organic phase containing proteins and
other byproducts of proteolysis. This procedure was carried
out two more times with pure chloroform (ref. AC423555000,
Thermo Fisher Scientific) to remove residual phenol. The
aqueous fraction was then diluted with 10 M LiCl in 1X Tris-
EDTA (10 mM Tris, 1 mM EDTA, pH 8.0; ref. BP1338,
Thermo Fisher Scientific) to a final salt concentration of 6 M
LiCl for subsequent SSNP measurements.
Human Synovial Fluid Collection. Human knee OA SF

was aspirated as part of standard care and stored as anonymous
“waste” material under a protocol approval by the Duke IRB
(Pro00008622). The sample was processed within 4 h of
collection by centrifugation at 1000−2000 × g at 4 C for 15
min. The supernatant was stored at −80 °C until analysis. The
human SF specimen used for this study was from a 72-year-old
black female patient who had recurrent effusion after having
received an intra-articular steroid injection 6 months prior.
Equine Synovitis Model Synovial Fluid Collection. SF

samples were obtained as previously described57 with protocol
approval by the Cornell University IACUC (#2018-0024).
Briefly a 20-year-old Mustang/Arabian cross mare was
evaluated by 2 veterinarians and determined to have no pre-
existing lameness or joint effusion. A total of 100 ng of
recombinant equine IL-1ß (Novus Biologicals) in 1 mL of PBS
was administered intra-articularly into a randomly assigned
middle carpal joint (to induce synovitis), while the
contralateral middle carpal joint was injected with 1 mL of
PBS (contralateral control). Three mL of SF were collected
from both joints 12 h after IL-1ß injection. Samples were
processed within 2 h of collection by centrifugation at 4000 × g
at 4 °C for 15 min, followed by storage of frozen supernatant at
−80 °C until analysis.
Affinity Extraction of HA from Synovial Fluid. HA was

extracted following general protocols reported previously48

with some modifications. Briefly, biological samples (5 μL for
human SF, 25 μL for equine SF) underwent a buffer exchange
into 1× PBS using an ultrafiltration device (3 kDa cutoff
Amicon Ultra, ref. UFC5003, Millipore Sigma). Broad-range
protease treatment followed by solvent extractions and washes
was then carried out as described above to partition samples
into an aqueous phase containing HA, nucleic acids, and other
polysaccharides and an organic phase containing proteins and
other byproducts of proteolysis. HA was then captured and
extracted from the aqueous fraction by biomagnetic precip-
itation using recombinant versican G1 (VG1) domain58 to
bind HA on superparamagnetic beads (“VG1-beads”). For this,
streptavidin-conjugated superparamagnetic beads (Dynabeads
M-280 Streptavidin, ref. 11206D, Thermo Fisher Scientific)
were first washed according to the manufacturer’s directions
and then incubated for 1 h at room temperature with
biotinylated VG1 (bVG1, ref. G-HA02, Echelon Biosciences)

at a ratio of 1 μg bVG1 per 100 μg of beads in 1X PBS. The
resulting VG1-beads were washed thoroughly and resuspended
into 150 μL aliquots at a concentration of 10 mg/mL in 1X
PBS. An aqueous sample containing HA was added to an
aliquot of beads stepwise to avoid MW bias in the capture and
incubated at room temperature for at least 1 h. HA-bound
beads were isolated with a magnet and washed to remove the
unbound material. Beads were then incubated with 50 μL of
SSNP measurement buffer (6 M LiCl in 1X Tris-EDTA) for 1
h, wherein the high ionic strength disrupted the HA-VG1
interaction to elute HA.
Affinity Extraction of HC•HA from Synovial Fluid.

Biological samples (5 μL for human SF, 100 μL for equine SF)
underwent a buffer exchange into 1× PBS using ultrafiltration
devices. Sample was then added to antibody-beads stepwise to
avoid biased capture dynamics and incubated at room
temperature for at least 1 h. Beads with captured HC•HA
were isolated under magnetic field, washed to remove unbound
material, and resuspended in 50 μL (for human samples) or
100 μL (for equine samples) of 1× PBS. Broad-range protease
treatment followed by solvent extractions and washes was then
carried out as described above to elute attached material from
the antibody-beads and digest HCs simultaneously. The
solvent-extracted aqueous samples underwent an additional
purification of HA using VG1-beads, as described above, to
remove potential polysaccharide (e.g., CS) contaminants.
SSNP Measurements and Analyses. SSNPs consisting of

a single pore in a 20−30 nm thick low stress silicon nitride
membrane were fabricated using either a Helium ion milling
method reported previously,59 or obtained commercially
(Norcada, Inc.). All pores displayed a linear current−voltage
curve with a resistance that yielded a diameter in the range of
6.3−11.6 nm as calculated from an established model60 that
assumed an effective pore thickness of 1/3 membrane
thickness. Each device was rinsed with ethanol and water,
dried with filtered air, and then treated with air plasma (30 W,
Harrick Plasma) for at least 2 min per side before being
mounted into a custom 3D-printed flow cell (Carbon, Inc.).
Measurement buffer (6 M LiCl, 10 mM Tris, and 1 mM
EDTA, pH 8.0) was introduced to the flow cells to contact
each side of the nanopore membrane. Ag/AgCl electrodes
were connected to a patch-clamp amplifier (Axopatch 200B,
Molecular Devices) and used to both apply voltage and
measure current. For HA measurements, isolated HA samples
suspended in 10 μL of a 6 M LiCl SSNP measurement buffer
were loaded on one side of the pore. A 200 to 300 mV bias was
then applied, and the transmembrane current was monitored at
a rate of 200 kHz using a 100 kHz four-pole Bessel filter. Data
were collected and analyzed by using a custom LabVIEW
program (National Instruments). An additional 5 kHz low-pass
filter was applied during analysis. Molecular translocations
were marked by temporary reductions in the ionic current
events and analyzed using thresholds of 5 standard deviations
of the root-mean-square noise.49 The magnitude of each event
(i.e., the integrated area dependent on translocation dwell time
and amplitude of measured conductance) was correlated to its
corresponding MW using calibration curves produced by
measuring quasi-monodisperse samples of HA with known
MWs (see HA and HC•HA Samples) and calculating their
corresponding average ECD values as described previously.48

Events with ECD values corresponding to MWs between 50
kDa and 10 MDa based on calibrations were considered in the
analysis.
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■ RESULTS AND DISCUSSION
SSNP measurements are not intrinsically selective in that all
molecules with appropriate charge can be translocated by the
applied electric field and potentially produce characteristic
signals (“events”). As a result, studying any specific
biomolecule from a mixture requires either the accurate
identification and differentiation of mixed signals,61,62 the
implementation of a specialized assay to provide selectiv-
ity,63,64 or the deployment of a sample pretreatment designed
to sequester only the target molecules for further study.
Because of the challenges associated with applying the former
two approaches to HA, we have previously used an affinity
extraction protocol in our analyses of this GAG.48 This
extraction relied on HA-specific VG1-beads that can then be
pulled down to remove other background molecules. While
captured HA molecules should, in principle, include those with
covalently bound HCs, an initial broad-spectrum protease step
used to digest hyaladherins from the complex milieu would
render them indistinguishable from unmodified material.
Toward extending our analyses to HC•HA, we first

modified our extant extraction protocol to target the HCs
themselves by incorporating superparamagnetic beads coupled
with rabbit polyclonal antibodies raised against IαI isolated
from human serum (Figure 2a). In support of this develop-
ment, we produced a mixture of two quasi-monodisperse HA
samples: one unmodified HA with an average MW of 545 kDa
and the other an HA with an average MW of 237 kDa and

conjugated with HC in vitro through incubation with IαI and
TSG-634 (Figure 2b; see Materials and Methods). SSNP size
analysis of the mixture, following a simple protease treatment
to remove all bound HCs, yielded two discrete populations at
the expected sizes (Figure 2c, top). We then captured HC•HA
specifically from the mixture by introducing antibody-beads.
After precipitating the beads magnetically and removing the
supernatant, they were washed to remove any material bound
nonspecifically and were treated with a broad-spectrum
protease to digest both the antibodies and the HCs, resulting
in eluted HA that solely represented the glycan component of
the HC•HA population (Figure 2c, bottom). Following this
immunomagnetic extraction protocol, SSNP analysis yielded a
single peak at 237 kDa, corresponding to the HC•HA
population alone. No significant events were observed at the
545 kDa level, confirming both the lack of nonspecific capture
and the selectively of the extraction.
Having established a fundamental ability to capture and

elute HC•HA, we next applied the approach to a complex
biofluid. As a model, we used human SF collected from the
knee joint of a subject with osteoarthritis (OA). SF is known to
contain an abundance of HA in general9 and OA SF was used
specifically to provide a robust population of HC•HA
complexes as was shown previously to be associated with the
disease.27,65 To validate the utility of our extraction procedure
for capturing this HC•HA, we first spiked OA SF with the 237
kDa HC•HA made in vitro (as described above) and
performed an identical extraction process. While SSNP signals
were measured for the sample following extraction, the MW
distribution derived from these data (Figure 3a) did not yield

the anticipated spike-in peak at 237 kDa. This observation
called into question the origin of the observed signals and
suggested the possibility of some form of background
interference unique to the SF biological matrix. It was not
immediately clear what could account for this background,
since other protein constituents of the SF are digested by the
protease treatment component of the extraction process.
However, an explanation was identified in the presence of off-
target proteoglycans.
The anti-IαI antibody used to capture HC•HA would also

extract IαI itself as well as related molecules such as pre-alpha-
inhibitor (PαI), which contains a chondroitin sulfate (CS)
chain attached to a single HC.25 Additionally, HCs can be

Figure 2. (a) Schematic illustrating the HC•HA extraction protocol:
a synthetic mixture (i) of HA and HC•HA (HCs shown as red
circles) is incubated with antibody-beads (ii) to capture HC•HAs and
extract them magnetically. Beads are protease-treated to digest HCs
(iii) and release pure HA (iv) for subsequent SSNP analysis (v). (b)
Validation of HC•HA formed in vitro via SDS-PAGE. Lanes feature
equal volumes of HC•HA reaction mixtures, including “no HA” (IαI
and TSG-6 only; negative control), “+HA14” (positive control) or
“+HA237kDa” (experimental condition), each treated with and without
Streptomyces hyaluronidase (HAdase) to digest HA and analyzed by
SDS-PAGE under reducing conditions. Positions of IαI and
HC•bikunin are indicated with arrows. Free HC is denoted by §.
The covalent complex formed between HA14 and HC (HC•HA14) is
denoted by * and the HC (with an HA “stub”) released from this
complex by HAdase by #. The covalent complex formed between
HA237kDa and HC (HC•HA237kDa) is denoted by ** and the HC (with
an HA “stub”) released from this complex by HAdase by ##. TSG-6
(∼35 kDa) is not visible on the gel since it is present in the reactions
at a catalytic concentration. (c) MW distribution histograms derived
from SSNP analyses of (top) a synthetic mixture of monodisperse
HC•HA (237 kDa, light blue shaded region) and HA (545 kDa, light
red shaded region) and (bottom) the extracted population (237
kDa). Numbers of events: 10588 (top); 1481 (bottom).

Figure 3. (a) MW distribution histogram derived from SSNP analysis
of HC•HA extracted from human OA SF with a 237 kDa spike-in
using the initial extraction protocol. Light blue shaded region denotes
the expected 237 kDa spike-in recovery. No peak was observed.
Number of events: 1332. (b) Schematic illustrating competitive
capture of HC•HA and HC•CS species (i), resulting in CS
contamination in the extracted HA (ii), and subsequent unintentional
detection by SSNP (iii).
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transferred to CS chains with regions of low sulfation66 in a
variety of proteoglycans67,68 including possibly fragments of
aggrecan that are known to be present in OA SF.69

Consequently, a protease treatment of antibody-captured
material would also release interfering glycans (e.g., CS) that
are potentially capable of being translocated through the SSNP
under the same applied voltage as that of HA (Figure 3b).
While the CS associated with proteoglycans can vary in both
chain length70,71 and degree of sulfation,72,73 CS translocation
dynamics through nanopores are almost74 entirely unstudied
and the nonhomogeneous charge resulting from their variable
sulfation may enable detection of smaller molecules than the
threshold that applies to HA. Indeed, we independently
subjected IαI alone to a protease treatment and then
performed SSNP analysis to test this concept. We found that
what remained after digestion produced significant events on
its own (Supporting Information, Figure S1), suggesting that
residual CS could have contributed to some fraction of the
signals detected from the OA SF.
To address this challenge, we next sought to modify our

extraction protocol to better target HC•HA alone. A possible
solution was to digest the remnant CS to leave only HA for
analysis, but CS enzymes have been reported to also degrade
HA.75−77 Alternatively, we reasoned that an extraction with
VG1-beads recognizing HA could be performed in addition to
the procedure described above to select only for HC•HA
(Figure 4a). Therefore, after protease elution from the
antibody-beads and subsequent cleanup, eluted material
derived from spiked OA SF was reintroduced to a second set
of superparamagnetic beads with VG1 attached. Following
binding, washing, and elution with high-molarity salt solution
(see Materials and Methods), pure HA material was collected
and analyzed via SSNP. Despite the limitations of overall bead
capacity and the unknown amount of captured HC•HA, this
double-extraction approach provided sufficient material to
enable robust detection of events (typical event rates ∼1.2 s−1)
and construction of MW distributions from the resulting data.
With the improved extraction protocol, we observed a clear
peak at 237 kDa for the spiked OA SF specimen, indicating
that interfering molecules (e.g., CS) had indeed been removed.
Consequently, the background distribution of the spiked OA
SF as well as that obtained from the native OA SF sample
could provide a MW assessment of HA molecules that had
been decorated with one or more HCs in the biofluid (Figure
4b, left).
For comparison, we also performed analyses of the OA SF

following isolation with only VG1-beads, thereby targeting all
of the HA present in the specimen. The spiked sample again
revealed a peak at the expected position of 237 kDa (Figure 4b,
right), although less pronounced than in the case of HC•HA
extraction, likely reflecting the larger abundance of total HA
(both with and without attached HCs) in the sample relative
to the spike. Notably, we found that the MW distribution of
total HA matched closely with that of the HC•HA in the
native specimen (Supporting Information, Figure S2). This
observation suggested no significant preference toward a
particular HA size range in the transfer of HCs by TSG-6,
consistent with conclusions from previous biochemical
studies.34

Finally, we used our approach to compare HA and HC•HA
between paired equine SF samples obtained from a joint with
experimentally induced synovitis and a paired, contralateral
healthy control joint. This model was selected to overcome the

challenge of obtaining healthy human SF as a counterpoint to
human OA SF. The equine carpal synovitis model is well-
established as a representation of early OA pathogenesis that
enables repeated arthrocentesis of sufficient SF volume for
biochemical analyses.78−81 Because this model employs an IL-
1β injection to induce synovitis in a single forelimb, the
contralateral limb provides a paired healthy control. Notably,
the anti-IαI antibody utilized here has been validated to
recognize equine isoforms of HC.54 We first extracted and
analyzed total HA from both SF specimens (Figure 5, left) and
found that median MW in the synovitis SF was significantly
lower (median 311 kDa, IQR 133−1118 kDa) than in the
contralateral healthy SF (median 439 kDa, IQR 151−1940
kDa). This shift coincides with the known reduction of HA
size distribution in OA82 and is in accordance with previous
data on the same model system wherein a specific loss in high
MW HA following induction was reported.57 Performing the
analysis for HC•HA from the same specimens (Figure 5,
right), a similar trend was observed wherein the size

Figure 4. Recovery of spiked-in HC•HA from a complex biofluid
(human OA SF). (a) Schematic illustrating the complete HC•HA
extraction protocol. Complex fluid (i) is incubated with antibody-
beads to pull down HC•HA and other HC•CS species magnetically
(ii). A protease treatment (iii) digests HCs and antibodies to release
HA and CS (iv), which are subsequently incubated with VG1-beads
(v) to capture and pull HA down selectively. High-molarity LiCl is
used to disrupt HA-VG1 and elute HA (vi) for SSNP analysis (vii).
(b) MW distribution histograms derived from SSNP analyses of (top)
spiked HC•HA and HA samples with shaded light blue region
denoting the expected 237 kDa spike-in recovery and (bottom) native
HC•HA and HA samples (no spike-in). Numbers of events: 1630
(upper left), 1665 (upper right), 1340 (lower left), and 1355 (lower
right).
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distribution shifted toward lower MW in the synovitis SF
(median 498 kDa, IQR 172−1660 kDa) compared to the
contralateral healthy SF (median 642 kDa, IQR 186−2718
kDa). Each distribution comprised two measurements on
independent SSNP devices (Supporting Information, Figure
S4), weighted equally in the analysis. The comparable shifts to
smaller sizes of both HC•HA and total HA in the synovitis SF
relative to those in the contralateral healthy SF could again
suggest a lack of MW preference for HC attachment. However,
under both conditions we observed a lower correspondence
between the distributions of HC•HA and HA than was
observed in the human OA SF measurements (c.f., Figure 4b).
Further measurements will be needed to determine whether
these differences are statistically robust for this model.

■ CONCLUSIONS
Herein we report a bead-based immunomagnetic technique
capable of extracting HC•HA that can subsequently be
analyzed by SSNP to yield a MW distribution of its HA
constituent. We first used in vitro mixtures of size defined HA
(545 kDa) and HC•HA (237 kDa) to demonstrate selective
retention and detection of the latter when an anti-IαI antibody
was used for capture. We found no significant nonspecific
interactions with this protocol. We then applied the approach
to biofluids by examining human OA SF, but observed
interference in the analysis signals that were associated with the
abundance of non-HA HC-bearing species present in the
complex matrix. To overcome this, we modified the approach
to include a secondary extraction, enabling better targeting of
HC•HA components alone. Analysis of the resulting material
yielded a size distribution of native HC•HA that was found to
match closely with that of total HA (i.e., both with and without
HC modification). Finally, we used our validated protocol to
probe SF from an equine model that provided one joint with
an IL-1β-induced synovitis phenotype emulating early stage
OA and a contralateral joint operating as a healthy control. We
showed that the size distributions of both HC•HA and total
HA shifted toward lower MW in the synovitis joint relative to

the control, in accordance with the inflammatory nature of the
disease.
Overall, our extraction methodology provides a route for

SSNP analysis to be applied specifically to the MW
determination of HC•HA in physiological biofluids. Com-
bined with the extant capabilities of the platform for measuring
total HA MW distribution, this added functionality will enable
a more complete assessment of the interplay between HC•HA
and HA in healthy and pathological processes.
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