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ABSTRACT

Heparin manufacturing generates significant volumes of by-products, which are typically treated as waste, and whose potential

as a source of alternative bioactive materials is yet to be fully developed. Here, we employed a circular economy approach to

support the repurposing of this waste stream for potential anti-inflammatory applications. Glycosaminoglycan fractions were

extracted and purified from porcine-derived heparin by-products and structurally characterised using nuclear magnetic reso-

nance and high performance size exclusion chromatography. The fractions exhibited distinct saccharide compositions, sulfation
patterns, and molecular weight profiles. Bioactivity assays demonstrated that selected fractions attenuated LPS-induced NF-xB
activation in RAW-Blue™ cells and enhanced IL-10 production ex vivo, indicating immunomodulatory potential. Heparin by-
products have negligible anticoagulant activity, which supports their safe use in non-anticoagulant biomedical applications.

These findings illustrate the potential of heparin by-products as therapeutic agents, while contributing to sustainable phar-

maceutical manufacturing.

1 | Introduction

Several recent and emerging challenges make the effective use
of existing bioactive materials for medical purposes an urgent
priority. The COVID-19 pandemic highlighted the un-
preparedness of global health systems to rapidly address
developing medical challenges. More recently, the geopolitical
uncertainty stemming from irresponsible government actions,
the scarcity of resources, conflicts, and climate change have also
illustrated the fragility of supply chains, which are already
under strain from inexorably growing demand [1]. Bioactive
materials that are already produced but, not fully utilised, offer

an attractive reservoir with the potential to serve various roles,
including as pharmaceuticals. However, the useful activities
that these materials may harbour have largely remained
unexplored.

Heparin, a highly sulfated glycosaminoglycan (GAG), is critical
in anticoagulation therapy. Structurally, its main repeating
disaccharide unit is a-p-glucosamine N,6-sulphate (GIcNS,6S)
linked 1,4 to a-L-iduronic acid 2-O-sulphate (IdoA2S) [2], yet
variable substitution patterns occur, contributing to its strong
interaction with proteins such as antithrombin (AT) [3]. By
potentiating the inhibitory activity of AT on thrombin and other
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serine proteases in the coagulation cascade, heparin is an es-
sential therapeutic agent for preventing and treating thrombo-
embolic disorders [4]. Beyond its well-established anticoagulant
function, heparin exerts additional biological effects, including
anti-inflammatory [5], antiviral [6, 7], and antitumor activities
[8], mediated through its ability to interact with cytokines,
adhesion molecules, and immune cells [9].

The large-scale extraction of pharmaceutical unfractionated
heparin (UFH) from porcine intestinal mucosa generates sig-
nificant quantities of structurally related GAGs and heparin
fractions with lower anticoagulant potency [10]. GAGs exhibit
redundancy between substitution patterns and bioactivity,
providing them with the unique property that several distinct
structures can elicit a particular activity, which, in turn, enables
the use of GAGs from a variety of sources. Since there are
potentially many active structures, those with favourable on-
target activities and minimal side effects can be selected.

Materials that retain desirable bioactive properties therefore
hold the potential for repurposing in non-anticoagulant bio-
medical applications [11]. This presents an opportunity to
diversify the use of heparin-derived materials while adding
value to its manufacturing waste products.

The valorisation of heparin manufacturing by-products aligns with
the principles of the circular economy, directly supporting the
United Nations Sustainable Development Goals (SDGs) [12].
Transforming heparin production waste streams into valuable bio-
active compounds can promote sustainability in biomedical man-
ufacturing, reduce dependency on primary resources, and
minimises environmental impact [13]. Furthermore, deploying such
an approach will address global challenges associated with the
ethical sourcing of animal-derived materials and the need for sus-
tainable innovation in drug development aimed at improved
resource efficiency and industrial resilience.

We set out to survey the side-product fractions generated during
pharmaceutical heparin manufacture, focusing on establishing
their basic anti-inflammatory properties while also considering
their anticoagulant potential. We employed orthogonal analyt-
ical methodologies to elucidate their molecular composition,
followed by functional assays using RAW-Blue™ cells [14], a
murine macrophage reporter cell line, and peripheral blood
mononuclear cells (PBMCs). The results contribute to the
growing body of evidence supporting the multifaceted applica-
tion of heparin-derived compounds, facilitating a transition
toward a more sustainable and innovation-driven heparin
manufacturing industry.

2 | Materials and Methods

2.1 | Heparin By-Product Isolation and Structural
Characterisation

Crude material was sourced from Chenzhong Biopharma,
Shangdong, China. Two crude by-product fractions (ca. 5g
samples of each were supplied) were isolated from 1800 porcine
intestinal mucosa specimens as previously described [10].
Briefly, the original process involved treatment with protease

enzymes and anion exchange chromatography. The first frac-
tion was eluted and precipitated with ethanol before drying,
yielding fraction FI, 0.5 kg. The solution from this step under-
went a second round of purification, involving repeating stages
of anion exchange chromatography and ethanol precipitation to
yield fraction FII, 0.25 kg.

Samples were further fractionated by Ion Exchange Chroma-
tography (IEC) using a DEAE-Sephacel column (2.6 X 35cm). A
total of 1.2 g of the sample was loaded onto the column, and
separation was carried out using a stepwise NaCl gradient.
Elution was performed at a flow rate of 1.5 mL/min. The NaCl
gradient ranged from 0.0 M to 2.0M, and seven fractions of
200 mL each were collected. The fraction distribution and
respective NaCl concentrations were as follows: Fraction 1
(0.2M), Fraction 2 (0.4M), Fraction 3 (0.6 M), Fraction 4
(0.8 M), Fraction 5 (1.0 M), and Fraction 6 (1.2 M), with Frac-
tion 7 eluted at 2.0 M NaCl. All fractions were thoroughly de-
salted using a 2 KDa cut-off membrane dialysis.

Size exclusion chromatography (SEC) was further deployed to
generate size-defined fractions using a Superdex S75 (3 X 87 cm)
column coupled to a fast protein liquid chromatography (FPLC)
system. A total of 250 mg of sample was loaded onto the col-
umn, with elution carried out using 0.25 M NH,4Cl as the mobile
phase. The flow rate was maintained at 5 mL/min, and elution
was monitored at UV 210 nm. Fractions were collected based on
elution time windows and analysed for the yield of FI and FII.
The major elution peaks were observed within specific retention
times, with fractions labelled A to F. The time window
(in minutes) for each fraction was 37-51 (A), 51-65 (B), 65-79
(C), 79-93 (D), 93-107 (E), and 107-142 (F). Fractions were
pooled based on molecular weight distribution and further
processed for downstream applications.

2.2 | Nuclear Magnetic Resonance (NMR)
Spectroscopy

1D NMR spectra were acquired using a Bruker AVANCE III
600 MHz spectrometer (Karlsruhe, Germany) equipped with a TCI
5mm cryogenic probe. The experiments were performed at 298 K
with a constant presaturation power of 7Hz. The acquisition
parameters were set as follows: 32 scans, 8 dummy scans, a relax-
ation delay of 12, a spectral width of 18 ppm, and a transmitter
offset of 4.7 ppm. Data processing involved exponential multipli-
cation with a line broadening of 0.3Hz, followed by Fourier
transformation, phase correction, baseline correction, and calibra-
tion against the TSP signal. Two-dimensional *H/**C-HSQC spectra
were recorded using either a Bruker AVANCE III 600 MHz spec-
trometer or a Bruker AVANCE III HD 500 MHz spectrometer
(Karlsruhe, Germany), both equipped with TCI 5mm cryogenic
probes. The Bruker library hsqcetgpsisp2.2 pulse sequence was used
for data acquisition at 298 K. The experiments were acquired with
24 scans, 16 dummy scans, and a relaxation delay of 2.5s for the
600 MHz spectrometer, while the 500 MHz spectrometer used 40
scans, 16 dummy scans, and a relaxation delay of 2 s. The spectral
width was set to 8 ppm for F2 and 80 ppm for F1, with transmitter
offsets of 4.7 ppm and 80 ppm for F2 and F1, respectively. The
1JC-H coupling constant was fixed at 150 Hz. Data processing
involved zero filling to 4k points in F2, linear prediction to 640
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points with zero filling to 1k in F1, and apodisation using a 90°-
shifted squared sine bell function in both dimensions. Spectral
processing and integration were performed using TopSpin software
(version 3.5, Bruker BioSpin, Rheinstetten, Germany) [15, 16].

2.3 | High Performance Size Exclusion
Chromatography Combined With a Triple Detector
Array (HP-SEC/TDA)

The HPLC system comprised a Viscotek system (Malvern
Instrument Ltd, Malvern, UK) equipped with a VE1121 Solvent
Delivery pump and a Gastorr 150 metal-free two-channel online
degassing device. The detector system was a Viscotek Model 302
Triple Detector Array, which was configured as previously
described [17], with the addition of a Low Angle Laser Light
Scattering (LALLS) detector. The LALLS detector operated at
measuring angles of 90° and 7°, using a constant optical power
output laser diode as the light source, with a wavelength of
670 nm. The detection system consisted of a photodiode/
amplifier setup with a cell volume of 10 uL.

Chromatographic separation was performed using two TSK gel
columns in series, G3000 PWXL (7.8 x 300 mm) and G2500
PWXL (7.8 X 300 mm) (Tosoh Corp., Tokyo, Japan). The col-
umns, injector, and detectors were maintained at a constant
temperature of 40°C. The mobile phase consisted of an aqueous
0.1M NaNOj; solution, pre-filtered through a 0.22um filter
(Merck Millipore, Darmstadt, Germany), and was delivered at a
flow rate of 0.6 mL/min. The system was calibrated using a
polyethylene oxide (PEO) narrow standard with known
molecular weight (Mw), polydispersity, and intrinsic viscosity.

Data analysis was conducted using OmniSEC software, version
4.0 (Viscotek). A differential refractive index increment (dn/dc)
value of 0.120 was applied to convert refractive index (RI)
voltages into solute concentration at each data slice across the
chromatographic peak [17].

2.4 | RAW-Blue™ Cells Assay

The RAW-Blue™ cell line, derived from murine RAW 264.7
macrophages, was used to assess NF-xB and alkaline phos-
phatase (AP) production in response to pattern recognition
receptor (PRR) stimulation. These cells stably express an
inducible secreted embryonic alkaline phosphatase (SEAP)
reporter gene, making them an effective model for monitoring
inflammatory responses triggered by LPS stimulation. SEAP
activity in the supernatant was measured using QUANTI-
Blue™ Solution, a SEAP detection medium that provides a
direct readout of NF-xB/AP activation levels.

To investigate the impact of heparin by-product fractions on LPS-
induced NF-xB/AP activation, RAW-Blue™ cells were seeded into
96-well plates at a density of ~100,000 cells per well in a final
volume of 200pL. Cells were stimulated with 20uL of LPS
(10 ng/mL final concentration) and with (100 ug/mL final concen-
tration) or without by-product fractions, with appropriate controls
included. The plate was incubated at 37°C in a 5% CO, incubator

for 18-24 h. After incubation, 20 uL of cell culture supernatant was
transferred to a new well containing 180 uL. of QUANTI-Blue™
Solution and incubated at 37°C for 30 to 4h to allow colour
development. Optical density (OD) was measured at 620-655 nm at
time points ranging from 0.5 to 4 h using a microplate reader.

2.5 | Peripheral Blood Mononuclear Cells
(PBMCs) Ex Vivo Assay

Whole blood was collected in anticoagulant-treated tubes (EDTA
blood collection tubes) and diluted with an equal volume of Dul-
becco's Phosphate Buffered Saline (DPBS). Ficoll-Paque was shaken
thoroughly before use, and 3 mL was carefully layered into centri-
fuge tubes. Diluted blood (4 mL) was gently layered on top of the
Ficoll-Paque without mixing, maintaining distinct phases. Density
gradient centrifugation was performed at 400 X g for 30-40 min at
18°-20°C using a swing-bucket rotor, ensuring minimal disruption
of the separation layers by turning the brakes off.

Following centrifugation, the upper plasma layer was carefully re-
moved using a pipette without disturbing the underlying layers. The
mononuclear cell layer was then carefully transferred to a fresh
tube, avoiding contamination from the lower Ficoll layer. The iso-
lated PBMCs were washed by adding three volumes of DPBS and
gently mixed before centrifugation at 400 X g for 10-15min at
18°-20°C. An additional wash step was performed at a reduced
centrifugation speed of 60-100 X g to further remove platelets. The
supernatant was discarded, and the washing step was repeated
using the same volume of DPBS. The final PBMC pellet was re-
suspended in RPMI supplemented with foetal bovine serum (FBS)
and 1% Penicillin-Streptomycin (Pen-Strep) to a final volume of
1 mL for subsequent cell culture and stimulation assays.

Purified PBMCs were resuspended in RPMI containing 10% FBS
and 1% Pen-Strep at a final concentration of 2 X 106 cells/mL. A
total of 100 uL of the PBMC suspension, corresponding to
2% 105 cells per well, was added to a 96-well plate. Immune
stimulation was carried out by adding 20 ug of heparin and
heparin by-product fractions per well, with a final concentra-
tion of 100 ug/mL. Phorbol 12-myristate 13-acetate (PMA) and
ionomycin (2 uL/mL) were added for positive controls, while
media-only wells served as negative controls [18]. All conditions
were tested in triplicate. Control wells containing only PBMCs
were included to assess baseline responses.

Plates were incubated at 37°C in a 5% CO, incubator for 72-84 h,
allowing for sufficient immune activation over the weekend. Fol-
lowing incubation, supernatants were collected for downstream
analyses to evaluate IL-10 production using ELISA MAX™ Deluxe
Set (Biolegend, UK) following manufacturers' instructions.

3 | Results

3.1 | Initial Purification and Recovery

By-products from the production of pharmaceutical heparin
were processed to isolate GAGs. Following anion exchange
chromatography and ethanol precipitation, the initial extraction
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yielded approximately 0.5 kg of material, FI. Another fraction of
0.25, FII, kg was obtained after a second round of anion chro-
matography and ethanol precipitation.

3.2 | Structural Characterisation of
Heparin-By-Products Precursors

The two samples were initially subjected to Mw analysis uti-
lising HP-SEC/TDA. FI (Table 1) and FII (Table 2) presented
similar Mw values of 25500 Da and 24500 Da, respectively; the
polydispersity of both samples was calculated, and they were
1.45 and 1.48, respectively (Table S1). Mw values are higher
than what is commonly observed in pharmaceutical heparin
samples, while the polydispersity values are indicative of poly-
disperse GAG populations typical of naturally occurring poly-
saccharides. The molecular weight distribution parameters of
the precursor fractions are detailed in (Table S1).

Partial structural elucidation was first achieved by applying H-
NMR and BBC-NMR spectroscopy (Figure 1), which revealed char-
acteristic chemical shifts that enabled the identification of specific
proton and carbon environments within the sugar residues corre-
sponding to the saccharide backbone. The combined spectral data
confirmed the presence of complex GAG mixtures, revealing

TABLE 1 | Yield of fractions obtained from FI and FII by IEC
and SEC.

IEC SEC

NaCl retention FII

variations in the monosaccharide composition and linkage patterns
across different fractions. Traces of nucleic acids were also detected
in both FI and FII spectra. Both samples were also subjected to 2D
NMR (*H/C HSQC), which suffers from less signal overlap
(Figures S6 and S7), enabling detailed monosaccharide composition
and determination of the degree of sulfation for each sample. The
relative distribution of heparin/heparan sulphate (HP/HS), derma-
tan sulphate (DS), and chondroitin sulphate (CS) within each
fraction were determined (Tables 2 and 3). Fraction FII exhibited a
slightly higher proportion of HP/HS (60.8%) compared to FI
(57.7%), while DS content was slightly lower in FII (25.3%) than in
FI (27.1%). CS levels were similar between the two samples, ranging
from 13.9% to 15.2%. The overall degree of sulfation, a critical
determinant of biological activity, was also slightly higher in FII
(1.71) than in FI (1.64).

Further differentiation of glucosamine residues linked to different
uronic acids (IdoA, GIcA) provided additional structural insights.
Both samples presented values for 3-O-sulfated glucosamine (A¥),
especially GlcA linked to A* (G-A*), a marker for anticoagulant
activity, below the detection level (Table S2). The relative compo-
sition of uronic acids was also investigated. IdoA2S was the pre-
dominant uronic acid species in both fractions, accounting for ~50%
of total uronic acid content. GIcA levels were higher in FI (36.9%)
compared to FII (32.0%), whereas IdoA20H was consistent in both
samples (12.9%). Minor components such as 2,3-epoxide-modified
uronic acids and GalA were below detection limits in both fractions,
and the presence of GlcA2S was also undetected in either sample
(Tables S2 and S3).

Together, the NMR data confirmed that both FI and FII were

Fraction (M) time (min) FI(mg) (mg) highly sulfated GAGs with distinct, yet comparable, composi-
1 0.2 21 34 tional profiles. The relatively higher HP/HS content in FII
suggests a closer resemblance to heparin-like structures,
2 0.4 81.6 338 whereas FI contained a slightly greater proportion of DS and
3 0.6 634.4 594.7 CS. As a result of the overall composition analysis, the
4 0.8 286.5 113.6 disaccharide sulfation degree of the two precursors appeared
5 10 75 L5 slightly lower for FI (1.64) compared to FII (1.71).
A 37-51 121.4 151.5
B 51-65 207.6 205.7 3.3 | Further Charge and Size Fractionation of
C 65-79 60.8 71.5 Precursors
D 79-93 290 26.5 The precursor heparin production by-products FI and FII were
E 93-107 46.7 30.7 further fractionated utilising IEC and SEC to eliminate all residual
F 107-142 13.8 36 non-GAG species, such as nucleic acids and possibly peptides
resulting from protease digestion, and to reduce the complexity of
TABLE 2 | Molecular weight and composition of FI fractions.
Fraction HP/HS (%) DS (%) CS (%) Degree of sulfation Mw (kDa)
FI 57.7 27.1 15.2 1.64 25.5
IEC fractionation FI-3 65.8 20.6 13.6 1.49 23.2
FI-4 35.2 38.4 26.4 2.21 26.0
SEC fractionation FI-A 39.2 36.8 23.9 1.11 34.7
FI-B 55.7 25.6 18.7 1.52 21.9
FI-C 87.7 4.3 1.92 7.2
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FIGURE1 |

'H (A) and *C NMR (B) spectra of heparin byproduct precursor fractions. Main peaks associated with GAG type and substitution

pattern are assigned. Glc, glucosamine; GalNAc, N-acetyl galactosamine; S, sulphate; IdoA, iduronic acid; GIcA, glucuronic acid; HOD, residual

HDO; TSP, trimethylsilylpropanoic acid; x stands for sulphate or hydroxyl group.

TABLE 3 | Molecular weight and composition of FII fractions.
Fraction HP/HS (%) DS (%) CS (%) Degree of sulfation Mw (kDa)

FII 67.5 25.3 139 1.71 24.5

IEC fractionation FII-3 65.0 21.9 13.1 1.84 22.2
FII-4 22.8 44.8 324 2.30 26.0

SEC fractionation FII-A 422 35.1 22.7 1.18 34.3
FII-B 62.0 22.3 15.7 1.62 20.8

FII-C 84.2 10.4 5.4 1.99 7.2

the samples for in-depth structural analysis. A total of 1.2g of
sample was loaded onto the DEAE-Sephacel column for each run,
and fractions were eluted using a NaCl gradient ranging from 0.2 M
to 2.0 M. The yield of IEC fractionations for FI and FII precursors is
reported in Table 1. The results demonstrate that the majority of
GAGs were efficiently separated between 0.4M and 1.0 M NaCl,
with the highest proportion eluting at 0.6 M NaCl. This suggests
that the primary GAG species in both FI and FII exhibit similar
total charge density, although differences in recovery at higher salt
concentrations indicate some degree of heterogeneity in charge
distribution.

In parallel, FI and FII fractions were also subjected to size ex-
clusion chromatography (SEC) using a Superdex S75 column.
The SEC chromatograms for FI and FII revealed slightly distinct
elution patterns, with multiple fractions being collected at
specific time intervals (Figure S1). The presence of material in
lower molecular weight fractions suggested a degree of het-
erogeneity, possibly arising from minor degradation products or
natural variations in GAG chain length. The yield of SEC
fractionations for FI and FII precursors is reported in Table 1.

3.4 | Structural Characterisation of Charge and
Size Defined Heparin Production By-Products

NMR spectroscopy was employed to characterise the fractions
obtained from IEC and SEC, providing detailed insights into
their disaccharide composition, sulfation patterns, and

structural features. First, "H and *H/**C NMR profiles of all the
isolated fractions were analysed to evaluate the degree of
purification of GAG structures. Representative spectra are pre-
sented in Figure 2, S8 and S9. Regarding the fractions isolated
by IEC, FI-3, FI-4, FI-5, and similarly FII-3, FII-4, and FII-5
exhibited substantially purified GAG profiles, while the frac-
tions FI-1 and FI-2, along with FII-1 and FII-2, appeared to be
composed exclusively or mainly of non-GAG structures. These
latter fractions turned out to be primarily nucleic acid degra-
dation products, as they were abundantly present abundantly in
fractions D and E isolated by SEC from both FI and FII. In fact,
as shown in Figures S2-S5, the "H-NMR profiles of fractions A,
B, and C of both precursors correspond to a highly purified
GAG mixture, whose components (HP/HS, DS, and CS) are
expected to be present in different proportion.

Based on these results, fractions 3 and 4, along with fractions A, B,
and C from both precursors, were selected for further structural
investigation. Fractions FI-5 and FII-5 were not considered owing
to their limited quantity (Table 1). HSQC analyses were performed
on the selected fractions to determine the relative content of HP/
HS, DS, and CS (Tables 1 and 2).

For the IEC fractions, FI-3 and FII-3 showed the highest HP/HS
content (65.8% and 65.0%, respectively). In contrast, DS and CS
were most prevalent in FI-4 (38.4% and 26.4%, respectively) and
particularly in FII-4 (44.8% and 32.4%, respectively). The overall
sulfation degrees were 1.49 and 2.21 for FI-3 and FI-4 fractions,
while they were 1.84 and 2.30 for FII-3 and FII-4. These
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FIGURE 2 |

Representative '"H (A) NMR spectra of heparin byproduct fraction (FII-A and FII-C). Main peaks associated with GAG type and

substitution patterns are assigned. DS, dermatan sulphate; CS, chondroitin sulphate; HP, heparin; HS, heparan sulphate; Glc, glucosamine; GalNAc,

N-acetyl galactosamine; S, sulphate; IdoA, iduronic acid; GIcA, glucuronic acid; x stands for sulphate or hydroxyl group.

findings illustrate that IEC effectively separated GAGs based on
their sulfation patterns and disaccharide composition.

For the SEC fractions, a similar trend was observed, with NMR
analysis revealing a progressive enrichment of HP/HS and a
decrease in DS and CS content from FI-A to FI-C. FI-A contained
the highest DS (36.8%) and CS (23.9%) content, while FI-C and
FI-D were almost entirely composed of HP/HS (> 80%). The degree
of sulfation increased across the SEC fractions, ranging from 1.11 in
FI-A to 1.92 in FI-C, indicating a greater abundance of highly
sulfated disaccharides in later-eluting fractions.

A similar pattern was observed in FII samples, where HP/HS
content increased progressively, while DS and CS content
decreased. FII-A contained a lower proportion of HP/HS (~42%)
and higher DS (~35%) and CS (~22%), whereas FII-C was highly
enriched in HP/HS (~84%), with only minor contributions from DS
(~10%) and CS (~5%). This shift in composition corresponded to an
increase in sulfation degree, ranging from 1.18 in FII-A to 1.99 in
FII-C, showing an increased sulfation density within later-eluting
fractions.

Fractions were further analysed using HP-SEC/TDA (Table 1
and S1). For the IEC fractions, FI-3 and FII-3 contained the smallest
GAG species (Mw 23.2kDa and 22.2 kDa, respectively), with broad
polydispersity indexes (1.72 and 1.62, respectively), whereas frac-
tions FI-4 and FII-4 were composed of slightly higher molecular
weight species (26.0 kDa) and reduced polydispersity (1.25). For the
SEC fractions, the HP-SEC/TDA analysis confirmed distinct
molecular weight differences among the samples, showing
decreasing molecular weight distribution from FI-A to FI-C. In
particular, FI-A exhibited the largest molecular weight species (Mw
34.7kDa), while FI-C contained the smallest primary peak
(Mw~7.2kDa). The polydispersity index (Mw/Mn) ranged from
1.05 to 1.26, indicating that all fractions were relatively homoge-
neous. A similar trend was displayed by the FII fractions; FII-A

containing larger GAG species (Mw 34.3 kDa) and FII-C exhibiting
a significantly lower Mw of 7.2kDa and a reduced polydispersity
value of 1.05, accounting for a homogeneous peak of short-
chain GAGs.

The combined NMR and molecular weight analyses confirmed
that both IEC and SEC fractionation strategies effectively sep-
arated GAGs based on their degree of sulfation, disaccharide
composition, and molecular size. Later-eluting fractions (FI-C
and FII-C) were primarily composed of low molecular weight
HP/HS, featuring greater abundance of highly sulfated IdoA2S-
containing structures, leading to higher degrees of sulfation. In
contrast, earlier fractions (FI-A, FI-B, FII-A, and FII-B) con-
tained a more heterogeneous mixture of high molecular weight
HP/HS, DS, and CS. These structural variations are anticipated
to influence biological activity, particularly regarding protein
interactions and inflammatory modulation, which were further
investigated in subsequent assays.

3.5 | RAW-Blue™ Assay

The biological activity of FI fractions was evaluated using the Raw
Blue assay, which measures cellular response to lipopolysaccharide
(LPS) stimulation in the presence of heparin-derived fractions.
Absorbance values at 620/655 nm were recorded over a 4-h time
course to assess the modulation of the inflammatory response by
different fractions (Figure S10 and S11).

A similar trend was observed across all fractions, where cells
treated with LPS alone exhibited the highest absorbance values,
indicating a strong inflammatory response. In contrast, the
addition of FI (Figure 3A) fractions reduced the absorbance,
suggesting a dampening effect on LPS-induced stimulation. This
effect was consistent across all fractions, implying that all frac-
tions exerted some level of inhibition on LPS-induced activation.
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for the complete data set.

Likewise, a similar general trend was observed across all FII
fractions (Figure 3B), where cells treated with LPS alone ex-
hibited the highest absorbance values, indicating a strong
inflammatory response. The addition of FII fractions reduced
the absorbance, suggesting a dampening effect on LPS-induced
activation. Notably, FII-C exhibited the most potent inhibitory
effect, suggesting that its distinct GAG composition, higher
sulfation degree, or molecular weight distribution may con-
tribute to greater suppression of LPS-induced activation.

Given these observations and the contrasting structural character-
istics - both substitution pattern and Mw - samples FII-A and FII-C
were selected for further Raw Blue assays to determine whether
pre-treating cells with heparin by-products had an effect (Figure 4).
Cells pretreated with heparin 21h before LPS addition demon-
strated a markedly reduced response, suggesting that heparin
modulates LPS-induced activation in a time-dependent manner.

These findings suggest that pretreatment with these fractions,
despite their differences in composition and Mw, enhances the
inhibitory effect on LPS-induced activation. This enhancement may
occur by altering cellular receptor interactions or modulating
intracellular signalling pathways over time, supporting the
hypothesis that timing plays a crucial role in the ability of GAGs to
suppress the inflammatory response. Thus, the mechanism of
action is likely to involve early modulation of receptor interactions
or intracellular signalling pathways, which become less accessible
once LPS-induced activation is initiated or when exposure to
inflammatory stimuli occurs shortly after GAG treatment.

3.6 | Peripheral Blood Mononuclear Cells
(PBMCs) Ex Vivo Assay

IL-10 production was assessed following stimulation with distinct
heparin fractions to evaluate their immunomodulatory effects. The
results showed that cells treated with both by-product fractions
exhibited an increase in IL-10 levels, indicating an anti-
inflammatory response (Figure 5). However, this increase was lower
than that observed with UFH, suggesting that while these fractions
possess some immunomodulatory properties, their capacity to
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FIGURE 4 | The time-dependent anti-inflammatory action of frac-

tions FII-A and C. Cells were pretreated with heparin fractions (100 ug/
mL) for 1 or 21 h before exposure to LPS (10 ng/mL). Activity can be
inferred from the alkaline phosphatase activity in the cell media. Data
are presented as the average of 3 replicates, and the error bars depicted
are standard deviations.

enhance IL-10 secretion is less pronounced compared to UFH. The
control condition, in which cells were not exposed to GAG frac-
tions, displayed low baseline IL-10 levels, confirming that the
observed cytokine induction was a result of GAG stimulation rather
than spontaneous production. These findings indicate that struc-
tural variations among the heparin fractions, including differences
in GAG composition, sulfation degree and molecular weight, may
play a crucial role in modulating IL-10 secretion.

4 | Discussion

This study provides a comprehensive structural and functional
characterisation of GAG fractions derived from heparin pro-
duction by-products, demonstrating how variations in sulfation,
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FIGURE 5 | Anti-inflammatory action of fractions FII-A and C on

PBMCs ex vivo assay. IL-10 levels were measured after PBMCs activa-
tion and treatment with heparin and heparin byproduct fractions
(100 pg/mL). Data are presented as the average of 3 replicates, and the
error bars depicted are standard deviations. UFH, unfractionated
heparin.

disaccharide composition, and molecular weight can influence
their biological activity [19]. These fractions generated during
heparin production exhibit potentially useful anti-inflammatory
activities combined with low anticoagulant potential. Hence,
they are existing reservoirs of potentially valuable pharmaceu-
tical materials and have been produced under current regula-
tory frameworks.

Structural analyses using NMR and HP-SEC/TDA confirmed
that both IEC and SEC fractionation effectively separated GAGs
into distinct populations. The heparin-like fractions exhibited
high levels of sulfation; some fractions displaying more highly
sulfated IdoA2S-containing structures, presenting a more
heparin-like character [20], while other fractions retained a
more heterogeneous composition of HP/HS, DS, and CS. The
variations in sulfation patterns and molecular weight suggest
that these fractions are likely to display differential interactions
with biological targets, particularly in modulating inflammatory
responses [21].

The RAW-Blue™ assay demonstrated that heparin-derived
fractions exert an inhibitory effect on LPS-induced NF-xB
activation, suggesting their potential role as im-
munomodulatory agents. All fractions were capable of reducing
the inflammatory response, though to varying degrees. Notably,
FII-C exhibited the most potent inhibitory effect, implying that
its higher sulfation degree, more heparin-like characteristic and
specific molecular weight distribution may enhance its ability to
modulate inflammatory signalling pathways. Further investi-
gation into receptor-mediated interactions is warranted to
understand whether these fractions influence TLR4 or other
pattern recognition receptors involved in LPS-induced activa-
tion [22]. Additionally, the time-dependent nature of heparin
by-product pretreatment was shown to significantly reduce
LPS-induced activation. This highlights the importance of early
intervention in inflammatory pathways which, similar to many

cases involving the effect of heparin in signalling pathways [23],
may include changes in receptor interactions or intracellular
signalling pathways that alter the expression of cell-surface
molecules acting as cell signalling centres [24].

The immunomodulatory properties of the heparin by-product
fractions were further validated through the ex vivo
PBMC assay, which assessed IL-10, a well-established anti-
inflammatory cytokine [24], production following stimulation.
Both fractions stimulated a measurable increase in IL-10
secretion, indicative of an anti-inflammatory response; how-
ever, the levels remained lower than those induced by UFH.
This suggests that while these fractions retain some im-
munomodulatory potential, structural variations such as sac-
charide composition, substitution pattern and molecular weight
may influence their capacity to enhance regulatory cytokine
production [21].

Notably, these fractions are derived from heparin production
by-products, which are known to exhibit negligible antic-
oagulant activity [10, 21]. This characteristic is particularly
beneficial, as it suggests that, despite their lower potency
compared to UFH, these fractions may exert fewer off-target
effects, reducing the risk of unwanted anticoagulation and
bleeding [25]. Additionally, their repurposing contributes to the
valorisation of heparin manufacturing waste, aligning with
circular economy principles, enhancing resource efficiency and
directly supporting the United Nations SDGs by promoting
waste reduction and sustainable bioprocessing [26].

Together, these findings highlight the potential of heparin by-
products as bioactive molecules capable of influencing inflam-
matory pathways. The observed structural and functional dif-
ferences among the fractions underline the importance of
sulfation patterns and molecular weight in modulating biolog-
ical activity [9, 19]. While UFH remains the most potent mod-
ulator of IL-10 production, by-product fractions show promise
as alternative therapeutic candidates. Further studies should
focus on determining the interactions at the molecular and
signalling network level responsible for their im-
munomodulatory effects and assessing their potential applica-
tions in inflammation-related disorders.
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