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Abstract: Oligosaccharides derived from A-carrageenan (A-COs) are gaining interest in the cancer
field. They have been recently reported to regulate heparanase (HPSE) activity, a protumor enzyme
involved in cancer cell migration and invasion, making them very promising molecules for new
therapeutic applications. However, one of the specific features of commercial A-carrageenan (A-
CARs) is that they are in fact heterogeneous mixtures of different CARs families, and are named
according to the thickening purpose final product viscosity which does not reflect the real compo-
sition. Consequently, this can limit their use in a clinical grade. To address this issue, six commercial
A-CARs were compared for which differences in their physiochemical properties were shown. Then,
a H2Or-assissed radical depolymerization was applied to each commercial source and the number
and weight averaged molar masses (Mn and Mw) and sulfation degree (DS) of the A-COs produced
over time were determined. By adjusting the depolymerization time for each product, almost com-
parable A-CO formulations could be obtained in term of molar masses and DS, that ranged within
previously reported values suitable for anti-tumor properties. However, when the anti-HPSE activ-
ity of these new A-COs was screened, small changes that could not be attributed only to their small
length or DS changes between them were found, suggesting a role of other features such as differ-
ences in the initial mixture composition. Further structural MS and NMR analysis revealed indeed
qualitative and semi-quantitative differences between the molecular species, especially in the pro-
portion of the anti-HPSE A-type, other CARs types and adjuvants, but also showed that H2Oz-based
hydrolysis induced sugar degradation. Finally, when the effects of A-COs were assessed in an in
vitro migration cell-based model, they seemed more related to the proportion of other CAR types in
the formulation than to their A-type-dependent anti-HPSE activity.
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1. Introduction

The marine ecosystem is taking a real interest in the research for identifying new
natural anticancer molecules for targeted therapies [1l. Among them, carrageenans
(CARs) are among the most investigated bioactive marine carbohydrates [2]. They are
high molar mass (100-1000 kDa) linear sulfated polysaccharides (SPs) extracted from dif-
ferent species of red seaweeds (GigartinalesRhodophyta) [3]. Their backbone is mainly com-
posed of 3-linked (-D-galactopyranose (G-units) and 4-linked a-D-galactopyranose (D-
units) or 4-linked 3,6-anhydro-a-D-galactopyranose (DA-units), forming the disaccharide
repeating unit of CARs. Their classification is principally based on the presence of a 3,6-
anhydro-bridge on the 4-linked-galactose residue and, on the sulfate groups number and
position [4].

In addition to their significant use as versatile ingredients in food preparations and
cosmetics as thickening stabilizing or gelling agents, the biological properties of these pol-
ygalactans have also been the subject of particular attention in pharmaceutical formula-
tions and experimental medicine [5]. CARs have a wide range of bioactivities, including
anticoagulant, immunomodulatory, antiviral and antitumor effects [4-8]. Nevertheless,
they have some drawbacks that can limit their medical application. In fact, in their native
form, they are characterized by a low solubility, high viscosity and poor bioavailability,
making almost impossible their use by intravenous use [9]. Moreover, their broad range
of activities can include adverse effects. For instance, they are known to have potent pro-
inflammatory and anticoagulant activities [10-12]. This is illustrated by their common use
in preclinical studies to induce acute inflammation in animal models assessing anti-in-
flammatory drugs [13,14].

To lift these locks, the development of low molar mass (LMW) fractions called “’oli-
gosaccharides (OSs)”” is unavoidable [15]. It has been assessed using different methods,
including chemical, physical and enzymatic degradations [16-18], sometimes associated
with chemical post-modifications. Therefore, many CAR-based LMW fractions have been
successfully prepared in order to have physicochemical properties suitable for in vivo ap-
plications and a better specificity for a bioactivity of interest compared to their native
forms [19,20].

In this study, the anti-cancer activity of OSs derived from A-CARs (A-COs), the most
sulfated (-38%) polysaccharides in plants, extracted from different species of the Gigartina
and Chondrus genera [6] was investigated. Several studies reported the anticancer effect of
AA-COs, although, due to the structural complexity of A-COs formulae, their mechanisms
of action are difficult to elucidate, but associations with the stimulation of the immune
response [21], the induction of apoptosis [22] or an interaction with growth factors or as-
sociated receptors [23] have been reported. One of the most promising antitumor mecha-
nisms of A-COs involves the inhibition of heparanase (HPSE) activity [23,24], an enzyme
implicated in tumor progression. HPSE is the sole endoglycosidase able to cleave heparan
sulfate (HS) chains, an important component of the extracellular matrix (ECM). The enzy-
matic action of HPSE leads to ECM breakdown promoting cell invasion, and meanwhile,
HS-binding proteins (HSBPs) and cytokines are released from degraded HS, inducing
proliferative, angiogenic and inflammatory processes [25,26]. Many studies have focused
on the inhibition of HPSE activity by producing sulfated-based carbohydrate biomole-
cules that mimic the HS natural substrate such as A-COs [27]. Following this strategy, pre-
vious studies have described an anti-angiogenic activity of A-COs through the inhibition
of HPSE [23,28-30]. Moreover, we have recently shown a very promising anti-migratory
effect of a selected A-CO of 1,2 kDa on MDA-MB-231 breast cancer cells partially mediated
by the inhibition of HPSE [24,31].

Despite many improvements based on the use of CARs OSs to medically valorize
these algal PSs, their clinical maturation still faces challenges. In fact, these candidates are
formulations containing different biomolecules with variable dispersity (especially in
length/molar mass and sulfation pattern) that should meet the Good Medical Practice
standards for pharmaceutical development. Recent studies on OSs derived from marine


https://doi.org/10.20944/preprints202303.0374.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 March 2023 d0i:10.20944/preprints202303.0374.v1

SPs have shown that advances in purification processes are paving the way for the repro-
ducible production of clinical-grade batches [32]. However, these steps can be fastidious,
especially on an industrial scale, and efforts are still needed to control the initial hetero-
geneity of the CARs OS produced. The latter is due to the depolymerization method used,
which generates disparities (e.g. “harsh” H202-based radical depolymerization is not se-
lective and may affect the carbohydrate backbone), or to the starting raw material of native
polysaccharides [33,34]. Indeed, as for other marine polysaccharides, CARs composition
and structure depend on the algal source, cell cycle, life-stage, growth, environment and
also on the first industrial extraction method applied [35]. In addition, A-CARs present a
very specific particularity. Indeed, they are produced by the tetrasporophyte form of the
algae, whereas gametophytes mostly synthesize hybrid kappa (k) and iota (1) CARs [36].
The tetrasporophytes and gametophytes being difficult to distinguish macroscopically,
they are often collected together, and therefore industrial A-CARs are a mixture of miscel-
laneous CARs. In addition, additives or other types of carrageenan may be added to the
formulations in order to standardize the texture functionality. Thus, the “A’" appellation
of commercial products in based on the thickening behavior of the mixtures obtained,
rather than the molecular structure, and the proportion of true theoretical A-disaccharide
units (A-diads) is variable [37].

Based on these findings regarding native commercial products, it appeared essential
to investigate the influence of all these features in the perspective of clinical-grade A-COs
production with anti-HPSE properties. In this work, six commercial native A-CAR prod-
ucts were compared, and their initial characterization already highlighted distinct traits.
The impact of these differences on three basic features of A-COs (produced over time with
the radical-H202 based method [31]), i.e. the molar masses (Mn, Mw ), the polydispersity
index (D) and the degree of sulfation (DS) that play a key role in their bioactivities [19,20]
were assessed. An in vitro bio-functional monitoring was also performed, looking at their
ability to inhibit HPSE. Despite the possibility to obtain OS formulations with values close
to the targeted Mn, Mw and DS by adapting the depolymerization time for each brand,
small differences in anti-HPSE activities were observed. Comparative mass spectrometry
(MS) and 'H nuclear magnetic resonance (NMR) analyzes were performed to advance in
the elucidation of the composition and molecular structures of the species contained in
the formulations/mixtures. These data along with the first-series of characterization of the
native products provided insights on the other features that could be responsible for the
differences in anti-HPSE activity among the A-COs, but also into the influence of the struc-
tural changes resulting from the chemical H2Oz-based depolymerization method. Finally,
the impact of these differences was investigated on anti-tumoral activities of a A-CO from
each supplier by assessing their effect on the migration capacities of an Huh7 hepatocyte
carcinoma cell line.


https://doi.org/10.20944/preprints202303.0374.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 March 2023 d0i:10.20944/preprints202303.0374.v1

2. Results and discussion

2.1. Physicochemical and structural characterizations of native A-CARs

Table 1. Molar masses (Mn and Mw), number averaged degree of polymerization (DP) and polydis-
persity index (D) from the HPSEC-MALS analyzes; and degree of sulfation (DS) of commercial na-
tive A-CARs. Mn and Mw values are given with an error of 5%.

Native A-CAR DS %
M: (kDa) Muw (kDa) DP b

supplier (w/w)
A-CAR_1 215 762 871 3.5 26.0+1.2
A-CAR_2 500 850 1900 1.7 27.0+1.2
A-CAR_3 597 964 2607 1.6 21.4+0.2
A-CAR 4 279 711 1156 2.5 21.9+0.9
A-CAR_5 392 773 1465 2.0 28.5+0.7
A-CAR_6 289 600 1080 21 289 +0.2

The physicochemical properties of the six native commercial A-CARs (randomly
named from 1 to 6) were first determined based on their Mn, Mw, P and DS estimations
(Table 1). The calculation of the absolute molar mass relying on the HPSEC-MALS ana-
lyzes showed clear differences in Mn and Mw of A-CARs which could range respectively
from 597 and 964 kDa for A-CAR from supplier_3 to 215 and 762 kDa for A-CAR from sup-
plier_1 (Table 1 and Appendix A, Figure Al). There were also significant differences in
D. In particular, additional peaks were detected using a DRI in the 27-35 mL region of the
chromatograms, just before the solvent peak, showing the presence of additional LMW
species in the mixtures (Figure 1A). These species were more marked in the A-CAR from
supplier_4 that already showed two distinct populations in the sample signal (at 18 and
22 mL). Then, the ICP-MS analyzes showed that the A-CAR from suppliers_1,2,5 and _6
are more sulfated (26.0 %, 27.0 %, 28.5 % and 28.9% respectively) than the A-CAR from
supplier_3 and _4 (21.4 % and 21.9 %, respectively). These results confirmed the presence
of dissimilarities in term of Mn, DS and D between the native A-CARs depending on the
supplier.

The ICP-MS analyzes also revealed differences in the basic elemental composition of
the different raw materials, especially in terms of iron, magnesium, and manganese con-
tents (Appendix A, Table A1). Finally, a first basic overview of the structural characteri-
zation was achieved by FTIR. A typical absorption corresponding to SP was observed at
about 1,250 cm, corresponding to the sulfate ester groups present in the six commercial
native A-CARs. Marked broad absorption bands in the 1,000-1,100 cm! region were also
observed, corresponding to representative chemical functions of these polysaccharides, as
summarized by Fernandez et al [38]. When analyzing more thoroughly the vibrations char-
acterizing the CARs families, all the observed spectra presented vibrations at about 820-
830 cm, corresponding respectively to 2- and 6-sulfate galactopyranose of the A-CAR
type. However, a weak signal at about 805 cm™, corresponding to 3,6-anhydrogalactose-
2-sulphate present in the -family was also detected. In addition, strong bands at 850 and
930 cm were also observed, corresponding to 3,6-anhydro-D-galactose and 4-sulfate D-
galactose present in both k and -CARs types, respectively. Therefore, FTIR analyzes con-
firmed the presence of x and 1-CARs sequences in the six commercial native A-CARs.


https://doi.org/10.20944/preprints202303.0374.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 March 2023 d0i:10.20944/preprints202303.0374.v1

DRI voltage (mV)

Q)

A)

0.04 1

0.03 |

0.02 -

-0.01

Transmitance (%)

Overall, these first results confirmed that commercial A-CARs can present differences
in their physicochemical features. Such a variation is well-known for polysaccharides ex-
tracted from natural resources, the features of which will depend on the algal source,
growth/environmental conditions or industrial steps required for their extraction
[35,39,40]. Interestingly, the FTIR analyzes also confirmed the additional facet specific to
the commercial A-CARs that contain various proportions of other CARs types (k/t) de-
pending on the reproductive cycle at which algae were collected [36].
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Figure 1. A) DRI chromatograms. B) Example of cumulative molar mass obtained from the HPSEC-
MALS analyzes of A-CAR_1 and C) FTIR spectra of the six native commercial A-CARs.

2.2. Native A-CARs depolymerization for A-COs production

A-COs were generated from the commercial native A-CARs using a H20z-based rad-
ical hydrolysis, one of the most commonly used methods for CAR OSs production [19].
Hydrolysis was performed at 60°C with a H202/A-CARs ratio (w/w) of 1.5, two parameters
previously described as suitable for A-COs production [31]. HPSEC-DRI analyzes allowed
determining the molar masses (Mn, Mw) of the A-COs produced using a calibration curve
of pullulan standards for species above 10 kDa and a calibration curve of heparin stand-
ards for species below 10 kDa (Table 1 and Appendix A, Figure A2). Moreover, the Mn of
selected A-COs was also calculated by HPSEC-MALS (Appendix A, Figure A5, Table A2),
and showed that the Mn values were close to those of heparin equivalent confirming the
accuracy of using heparin standards to estimate the Mnand Mw of LMW OSs. As already
showed [31], a decrease in Mn was observed over time, confirming the depolymerization
method efficiency (Figure 2A). Clear differences in the Mn were observed between the A-
COs of each commercial native A-CAR before 24h depolymerization time, which could be
explained by the differences in the Mn observed between the different native A-CARs (see
above). In fact, a slower depolymerization kinetic was observed for A-CAR from sup-
plier_3 that showed the highest Mn of 597 kDa compared to the A-CAR from supplier_1
that was depolymerized more rapidly than all other native A-CARs and presented the
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lowest Mn of 215 kDa. However, this depolymerization kinetics of native A-CARs was not
the same for all the commercial products, suggesting the influence of other parameters,
such as a structural conformation more resistant to hydrolysis [4]. Interestingly, after 24h
depolymerization, the Mn values of all generated A-COs started to become closer over
time, suggesting more similar structural LMW patterns, and thus a similar efficiency in
the H202-based hydrolysis.

The DS of all generated A-COs was also measured over time during depolymeriza-
tion (Figure 2B). A slow decrease was observed when the Mn was > 20 kDa, whereas it
became faster after this Mn threshold while the depolymerization reaction was slowed
down, as shown in Figure 2A and in our previous work [31]. This desulfation behavior at
the beginning of the reaction could be explained by the complex tridimensional structure
of native A-CARs [4], that could limit the exposure of sulfate groups to the H20z depoly-
merization agent and thus, a slow desulfation at the beginning of the reaction. However,
this structure was removed through depolymerization and the sulfate groups were in-
creasingly exposed to the H20: agent, increasing the kinetics of desulfation (Figure 2B). It
has also been previously suggested that differences in resistance to hydrolysis, depending
on the position of the three sulfate groups that theoretically compose the A-diads, could
explain this observation [31]. Important differences in DS between all the A-COs were
mainly found when the M was above > 10 kDa and were consistent with the variations
observed between the native products i.e. higher was the DS of the native product, high
were the DS of the resultant A-COs compared to the other. Again, the DS appeared more
similar between shorter A-COs. These two observations indicated that even if the initial
products showed differences, the generated A-COs <10 kDa showed more homogeneous
M and DS regardless of the origin of the native A-CARs, provided an adjustment of the
depolymerization time according to each brand (Figures 2A, 2B and Table 2).

A) B)
15 60 -
: ;-Egs_: AA-COs_1
° A:co:_a g #A-COs 2
. =~ @®\-COs_3
g |53 SR R B N
a Y ! % * ©A-COs_5
< 10 AS o OA-COs_6 &
= A e E ® ® A OA-COs_6
7]
A Py O 20 - é
A @ s ' @ Oq}
L] > @
[
5 (=]
0 20 40 60 80 100 0 y - T T )
L 15 13 1 9 7 5
Depolymerisation time (hours)
Ln M, (Da)
(@)
40 -
5 AA-COs_1
= ®\-COs_2
n -
£g 30 ° @®A\-COs_3
= AN-COs_4
3 g A A O A\-COs_5
S o A -
g qg’- 20 e® 2 ..? OMA-COs_6
3 9 &A ¢ * £ %
eg 10 1%
= A A a
©
o Q0O
0 Qx .
15 10 5
Ln M, (Da)

Figure 2. A) Evolution of the number averaged molar mass (Mx) of the A-COs obtained by H20»-
based depolymerization from the six commercial A-CARs. B) Effect of depolymerization on the de-
gree of sulfation (DS) of the A-COs generated from each commercial A-CAR. C) Reducing sugar
quantification over Mn decrease.

To complete this physicochemical characterization, the levels of reducing sugars
were measured in the solutions during the depolymerization process (Figure 2C). An
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overall trend of increasing concentrations of reducing ends (expressed in galactose equiv-
alent) was observed, showing the hydrolysis of glycosidic bonds resulting from the de-
polymerization reaction, with production of new reducing terminal galactoses over Mn
reduction. However, after a reaction time corresponding approximatively to the produc-
tion of 10 kDa OSs, the concentration of reducing sugars began surprisingly to decrease
even though the chain length continued to be reduced. This suggested a possible change
in terminal monosaccharides that will be furthered studied (see Analyzes of the selected
A-COs by MS and NMR). Noteworthy, the level of reducing ends was especially high at
the beginning of depolymerization for OSs originated from supplier_3 and supplier_4,
suggesting the presence of small reducing sugars in the mixtures such as glucose which
is often used as an adjuvant [41].

Finally, the reproducibility of the H202-based depolymerization was assessed be-
cause of its importance for large scale production of bioactive A-COs. In this regard, the
reaction was thus repeated using the same depolymerization times on all commercial A-
CARs (Table 2, dep (1) and dep (2)). The Mn and DS were calculated and differences were
observed between both depolymerizations reactions (depl and dep2). For example, for
the A-CAR from supplier_1, a A-CO with a Mx of 1.2 kDa and DS of 14% was obtained
after a first depolymerization for 24h, whereas a A-CO with higher Mn and DS of 2.3 kDa
and 24%, respectively, was obtained after the second depolymerization. This result could
be explained by the experimental setup, which was not implemented in bioreactors where
the conditions are tightly controlled, so that some temperature fluctuation was possible.
Besides, A-CARs were subjected to conditions close to solubility limit at the beginning of
the reaction, resulting in a heterogeneous medium that could also explain some variations
[4]. However, it should be noted that, except few exceptions, the Mn and DS of each OS
remained correlated regardless of their origin, in other word to one given M, a specific
DS is associated. This suggests that with a real-time adjustment of the reaction (looking
“on-live” to M and DS parameters), it is possible to obtain similar formulations with iden-
tified characteristics. Such “on-live” controls are quite common for the preparation of
LMW PS, e.g., a biological control based on anti-Xa activities is for instance performed for
the industrial production of standard batches of LMW heparins [42].
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Table 2. Molar masses (Mnand Mw), number averaged degree of polymerization (DP) and polydis-
persity index (D) calculated with HPSEC-DRI analyzes (using pullulan or heparin (*) standards);
and degree of sulfation (DS) of all the A-COs generated from the six commercial native A-CARs. dep
(1): first depolymerisation. dep (2): second depolymerisation.

A-COs Time (h) Mn(kDa) Mw(kDa) DP b DS % (w/w)
2 92.6 142.7 337 1.5 415+04
4 50.0 74.5 184 1.5 41.0+29
8 233 31.6 114 14 21.0+22
12 2.7% 4.7* 12* 1.8 27.5+0.9
dep (1) 24 1.2* 1.8% 6* 1.5* 14.0+1.5
A-COs_1

dep (2) 24 2.3* 4.0* 11* 1.8* 23.8+0.7
36 0.9* 1.2% 5% 1.5* 10.0+1.4

48 0.8* 1.1* 4% 1.4* 8.0x1.1

72 0.7* 0.9* 4% 1.3* 27+04

96 0.6* 0.8* 4% 1.3* 1.8+04

294.3 390.9 1069 1.3 42.0+14

160.7 236.2 579 1.5 422 +0.8

44.3 65.6 167 1.5 40.0+1.3

12 23.2 31.7 92 14 36.0+1.8

A-COs.2 24 2.0* 3.7* 10* 1.7* 250+1.3
36 1.4* 2.4* 7* 1.8* 16.8 £0.8

dep (1) 48 1.1* 1.7% 6* 1.6* 13.0+£1.2

dep (2) 48 1.1* 1.8* 6* 1.6* 9.8+0.6

72 0.8* 1.2* 5% 1.4* 8.0x1.0

96 0.7* 1.0% 4* 1.4* 55+0.6

383.6 475.6 1570 1.2 34.0+1.1

4 308.0 410.5 1290 1.3 32.8+0.5

156.8 233.0 664 1.5 32.1+0.8

12 88.4 133.0 382 1.5 31.0+1.2

A-COs_3 24 23.7 30.6 114 1.3 23.0+2.3
36 11.4 16.2 56 14 220+23

dep (1) 48 1.8* 3.1* 9% 1.7* 15.9+0.7

dep (2) 48 0.7* 1.1* 4% 1.5* 7.8+0.3

72 1.0* 1.6* 6* 1.6* 92+0.6

96 0.8* 1.1* 4% 1.4* 70+1.5

274.7 368.9 1156 1.3 320+1.2

188.6 271.6 792 14 32.6+0.3

72.1 110.0 316 1.5 29.7+0.4

A-COs_4 12 34.3 49.7 157 1.5 26.7 +0.1
24 12.4 17.5 60 14 21.7+0.8

36 1.7* 2.9* 9% 1.7* 14.0+1.1

dep (1) 48 1.2* 1.9* 6* 1.6* 126 £0.5
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dep (2) 48 2.0% 4.0% 11% 2.0% 8.5+0.4
72 0.8% 1.2* 5* 1.5* 6.5+0.5

96 0.7% 0.9% 4* 1.3* 3.5+0.5
411.6 492.8 1615 1.2 37.0+£1.3

4 263.3 344.9 933 1.3 43.0+29
147.7 225.5 582 1.5 37.0+£1.8
12 110.7 166.8 399 1.5 42.2+0.7

24 2.0% 3.8% 9% 1.9* 27.0+13

A-COs_5

dep (1)36 1.1* 1.6* 6* 1.5* 120+ 1.1
dep (2) 36 2.5% 4.5% 12% 1.8* 241+09
48 0.9% 1.3* 5* 1.5* 6.0+1.7

72 0.6* 0.8% 4* 1.3* 20+1.6

96 0.5% 0.7% 3* 1.2* 0.5+0.9
400.3 496.8 1610 1.2 35.0+£2.6

333.7 446.4 1170 1.3 44.0+25

197.8 279.4 792 1.4 36.0+£1.8

12 141.1 2239 537 1.6 39.0+£6.3

24 14.1 20.4 52 1.4 41.0x6.1

A-COs_6

dep (1) 36 1.9* 3.5% 10% 1.9* 159+0.9
dep (2) 36 1.4* 2.2% 7* 1.6* 18.0+1.8
48 1.2* 1.8* 7* 1.6* 10.0+1.8

72 0.7* 1.1* 5* 1.4* 50+27

96 0.6* 0.8% 4* 1.3* 23+0.3

2.3. Study of the inhibition of heparanase activity by A-COs
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Figure 3. A) Influence of the number averaged molar mass (Mn) of A-COs on the anti-heparanase
(HPSE) activity at 2.5 pg. mL-. B) Importance of the degree of sulfation (DS) on the inhibition of
HPSE activity.

We next achieved a biofunctional monitoring, studying, across the A-COs chemical
library, the different anti-HPSE activities for which A-COs are known promising [23,24,28-
31]. Thus, this bio-monitoring of A-COs was assessed at a concentration of 2.5 pug.mL",
suitable to encompass inhibition concentrations of all the A-COs . As expected, anti-HPSE
activity decreased according to the Mn and DS reductions throughout depolymerization
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(Figures 3A and 3B), regardless of the starting material. Taking independently, the two
variables Ln (Mn) showed a complete linear Pearson correlation with the inhibition of the
HPSE activity, with 2 of 0.962 and 0.929 (p-values <1.10%), respectively. A multiple linear
regression based on the least squares method was then performed using the two variables
together. The model obtained was consistent (Appendix A, Figure A3), explaining 97.6 %
of the variance of the system (Table 3). Both predictors were significant with coefficients
of 10.04 + 1.26 and 1.189 + 0.162 for Mn and DS, respectively. These two features have
already been widely associated with the biological activities of OSs, including their anti-
oxidant, antitumor, immunomodulatory, anti-inflammatory, antiviral and antibacterial
effects [19,20,43]. Regarding HPSE activity inhibition, we have recently reported in a
structure/function study their influence on the inhibitory activities of A-COs obtained af-
ter depolymerization of the native A-CAR from supplier_1 [31]. Therefore, this general
trend observed for all A-CARs was expected, but we wanted to further analyze the im-
portance of the raw material in the production of bioactive A-COs with anti-HPSE activity,
which had never been investigated.

Similar independent and multiple linear regression analyzes were performed, but the
A-COs were grouped and analyzed according to their commercial origin. The R? values,
reflecting the variance of the multivariate system, were higher than the one obtained with
the analysis of all the generated A-COs, showing good agreement between the HPSE inhi-
bition values calculated for A-COs issued from the same supplier. Interestingly, in the in-
dependent individual analysis, differences were found between the coefficients of the Ln
(Mn) which could range from 12.75 for A-COs from supplier_3 to 18.49 for A-COs from
supplier_2, as well as between the coefficients of the DS that could range from 1.82 for A-
COs from supplier_1 to 3.14 for A-COs from supplier_4 (Appendix A, Figure A4). These
data suggested that the ability to inhibit HPSE activity is not only dependent on the Mn
and DS, but can vary with the starting material and slightly differ in case of A-COs with
the same Mn and DS. However, these statistical values should be interpreted with caution
given the smaller populations used when separating the A-COs library according to the
commercial suppliers (as evidenced by the loss of significance of several p-values) and the
assumption of linearity across the scale, which could not be the case for the extremely
small and highly desulfated OSs.

To support this hypothesis regarding the role of other parameters than M» and DS
influencing the inhibition of HPSE activity, and to deepen in the biological evaluation, six
a A-CO from each A-CAR supplier with close (although slightly different) Mn, Mw and DS
was selected. Instead of assessing the anti-HPSE activity at a single concentration, the half
maximal concentrations (ICs) were calculated for each candidate (Table 4 and Appendix
A, Figure A6). The results were consistent and similar to those reported previously under
the same experimental conditions [24]. In this case, moderate to strong Pearson correla-
tions but with low significance were found between the calculated Ln (Mx), DS and ICso
variables: -0.845 (p-value 0.008) and -0.757 (p-value 0.03), respectively. This reinforces the
hypothesis that slight variations in Mn, Mw and DS could not fully explain the differences
in anti-HPSE activities observed for these six A-COs. Thus, while this bioactivity is obvi-
ously related to Mn and DS, these observations imply the possibility that it could also be
“supplier-dependent” i.e. related to potential structural or composition differences (carra-
geenan types, salt content, additives) between the different commercial products.
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Table 3. Results of the regression between HPSE inhibition with Ln (Mn) and DS taken inde-

pendently, and results of the multiple linear regression considering at the same time the two varia-
bles.

Independent single analysis Multiple parametric analysis

Coefficients in the equation %HPSE = a

Coefficients of the slope p-value
XLn (Mn) +b x DS R squared -
% HPSE inhibition vs. Ln (Mn) , variance of the
Ln (Mn)
r system
% HPSE inhibition vs. DS, r2 DS

15.84 (0.92) 10.04 +1.26 <1.10%

Whole Library 97.6%
2.59 (0.82) 1.189 +0.162 <1.10%
13.85 (0.94) 723+1.03 2.010*

A-COs_1 99.5%
1.82 (0.96) 0.92 +0.099 3.610°
18.49 (0.99) 14.38 +1.58 3.910°

A-COs_2 99.5%
2.82(0.91) 0.740 + 0.165 2.810%
12.75 (0.95) 6.55 +3.56 0.116 ns

A-COs_3 98.7%

2.83 (0.91) 1.526 +0.554 0.033

14.82 (0.97) 5.61+291 0.095 ns

A-COs_4 98.7%
3.14 (0.93) 2.131+0.423 1.5103
16.66 (0.90) 6.52 +3.11 0.081 ns

A-COs_5 98.5%
2.83(0.94) 1.804 +0.393 3.710°3
16.34 (0.96) 6.44+2.71 0.063 ns

A-COs_6 99.5%
2.86 (0.97) 1.831+0.379 4710
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Table 4. Half maximal inhibitory concentrations (ICso) to inhibit the HPSE activity of a selected
A-CO from each supplier.

Selected A-COs M (kDa) DS ICso0 (pug.mL-1)
A-CO_1 1.2 14.0+1.5 240+7.0
A-CO_2 1.1 13.0+1.2 35.0+9.0
A-CO_3 1.8 16.0+0.7 08.0+2.0
A-CO_4 1.2 12.6 £0.5 28.0+7.0

A-CO_5 dep (1) 1.1 120+1.1 22.0+5.0

A-CO_5 dep (2) 25 24109 07.0 +2.0

A-CO_6 dep (1) 1.9 16.0+1.0 13.0+4.0

A-CO_6 dep (2) 14 180+1.8 12.0+2.0

2.4. MS and NMR analyzes of selected A-COs
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Figure 4. MS chromatographic profiles obtained in negative polarity of a selected A-CO from each
supplier.

Given the previous results, it was important to go further in detecting the species
constituting the A-COs formulations and to advance in their first basic structural
determination. The first-set of analyzes performed on the commercial raw products
already revealed the presence of other types of CARs (detected by FTIR) and of unknown
LMW derivatives (detected by DRI signal during the HPSEC-MALS analyzes). An
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UHPLC-MS analysis was first performed on a A-CO from each supplier (see selected
candidates, Appendix A, Table A3) using an ion coupled eversed phase C18 column
(heptyl ammonium formiate- RPIR) coupled to an ESI q-TOF MS in negative polarity.
Qualitative differences were detected between the ionized species on the chromatograms
(Figure 4). Due to the complexity of the formulations, enhanced by the sensibility of the
analysis to detect even traces of exogenous contaminations, special attention was paid to
typical markers likely to be found in the composition (galactopyranose sequences,
anhydro-bridge indicating different CAR types and altered-products due to the HO:
reactivity, Appendix B). By comparing up to 35 markers, the typical A-type sulfated-based
galactopyranose sequences including Gal(OSOs)-Gal, Gal(OSOs)-Gal-Gal(OSOs"),
Gal(OS0Os)-Gal-Gal-(0OSOs) or Gal(OSOs#)-Gal (Appendix B) were found in all the
selected A-COs. These markers were subsituted by sulfate groups, confirming that the
depolymerization reaction did not cause a complete desulfation for these OSs.
Surprisingly, some sequences with higher sulfate substitution than expected were
identified (a Gal(OSOs)-Gal-Gal-(OSOs)4 marker was found). The galactopyranose
sequences detected were limited to DP3, but it is difficult to know if it is related to the
depolymerization reaction, the MS analysis condition (lack of ionization of species of
higher DP) or the fragmentation in source because of highly unstable moeities. The
presence of other types of CARs, with detection of markers comprising anhydrobridge,
for instance Gal(OSOs)-Gal-AnGal, Gal(OSOs)-Gal-AnGal-(OSOs) was confirmed. In all
the formulations, the presence of more complex modified species strongly oxidized, such
as lactone chemical groups or galactonic acid or destructured like polyols was also found
(Appendix B). Such by-products are often present when the H20: depolymerization
method is used, due to the high reactivity of the reagent that modifies the sugar backbones
[15]. Furthermore, this confirms the previous results obtained previously with the
quantification of the reducing sugars ends that suggested structural changes at the
reducing ends.
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Figure 5. '"H NMR spectra (500 MHz) in D20 of a selected A-CO from each supplier.

To support these data, a 'H NMR (500 MHz) analysis in D20 a selected A-CO from
each supplier was performed. Interestingly, notable differences were detected in the
different spectra (Figure 5). In particular, it was clearly observed in the region at 3.6-3.2
ppm that the A-CO from supplier_3 and supplier_4 contained glucose (Triplet at 3.2 ppm
attributed to the H2 of glucose). The use of this additive is common in manufacturing
processes to control the final viscosity of the mixture [41].The ratio glucose/CARs was
estimated by semi quantification for both suppliers and these formulations was estimated
to contain about 25 % of glucose. Again, this observation reinforced the preliminary
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results obtained with the quantification of reducing ends that showed an unexpected
amout of reducing sugars at the beginning of the A-CARs depolymerization from these
two suppliers. A more detailed analysis revealed that all formulations contained the other
various usual CAR types in addition to the A-type, confirming the results of the FTIR
analysis. The region 5.7-5.0 ppm is crucial to determine the proportion of each type of
CARs by '"H NMR (inset in Figure 5), because it corresponds to the anomeric Ha of the D
unit with different shielding depending on the sulfate substitution and anydro-bridge of
each type of CAR [41,44,45]. The lowest peaks at 5.55 and 5.52 ppm corresponded to A and
v CARs respectively, due to the sulfate groups on Cz2 and Cs. The peaks at 5.29 and 5.11
ppm correspond to the t and x CARs respectively, which are less deshielded due to the
anhydro-bridge on Cs-Cs and, for k, to the presence of the OH group on Cz. A semi-
quantification was then performed to determine the proportion of each type of CARs
(Table 5).The mixtures from supplier_4 and supplier_5 contained the lowest proportion
of A-type with only ~17%, while the mixture from supplier_6 contained the highest
proportion with 23%. Moreover, in the products from supplier_2 and supplier_6, the v-
type, which is very close to the A structure, was the most represented, whereas the k type
predominated in the 4 other products. To be noted that the analysis don’t differentiate if
K/t types correspond to hybrid or single species.

Table 5. Semi-quantitative analysis of the molar composition of the different products in term of
CAR types on a selected A-CO from each supplier.

CAR type A-CO_1 A-CO_2 A-CO_3 A-CO_4 A-CO_5 A-CO_6

A 22% 19% 19% 17% 23% 17%
v 27% 35% 28% 25% 27% 33%
L 21% 23% 22% 24% 18% 23%
K 30% 23% 31% 34% 32% 26%

Based on these results, it was hypothesized that the presence of glucose and the
proportion of the different types of CARs in the different formulations could explain the
variations in HPSE activity inhibition between the products from different suppliers. In
an attempt to complete the picture, a multivariate principal component analysis of all
parameters was therefore performed. Results indicated that three principal components
with close Eigen-values were needed to capture 95 % of the variance: PC1 (2.929, 36.6 %),
PC2 (2.439, 30.5 %) and PC3 (2.228, 27.9 %) (Figure 6A). As expected, the Mn and DS were
identified as the main drivers of HPSE activity inhibition with a very good correlation and
their variance was almost entirely integrated in PC1. Second, the A-COs could be classified
in groups corresponding to their initial supplier. The presence of glucose draw logically
the A-COs from supplier_4 and supplier_3 groups in the PC2/PC3 axis, which were further
subdivided according to the proportion of t (variance mainly in PC3) and x (variance
mainly in PC2) types, respectively. The proportion of v-type appeared to be an important
input to distinguish the A-COs from supplier _6 and supplier_2 groups in the PC2 axis,
while variance in the proportion of A-type was mainly included in PC3 to differentiate A-
COs from supplier_1 and supplier_5 groups. It is interesting to note these two opposites
pairs of correlation, i.e., % of k-type vs % of v-type and % of A-type vs % of i-type. Indeed,
strong Pearson correlations were observed (Appendix A, Table A4), i.e., -0.979 and -0.913
(p-values < 1.10%). This is consistent with the fact that mu (i) and v-types are the
precursors of k/L types and are converted into these types after alkaline treatment. On the
other hand, the x/1 types are also inversely correlated to the A type depending on the
proportion of tetrasporophyte/gametophyte forms (from which they are extracted)
collected to prepare the crude samples. Finally, it was also observed that glucose was
added to the two samples that contained the highest level of i/t gelling CARs compared
to non-gelling CARs (i, v and A). In fact, these additives are precisely added to balance
and standardize the viscosity of the final product.
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Subsequently, the impact of variation in the composition of CARs types from differ-
ent suppliers on the anti-HPSE activity, was considered. First, the A-type was the only one
that weakly correlated with both axes that contained the minor variance in HPSE activity,
ie.,, PC2 and PC3 (Figure 6A and Appendix A, Table A4). However, these contributions
were masked in this analysis by the predominant input of the Mn and DS. Therefore, we
tried to replace these parameters by their respective coefficients (shown in Table 3) that
described the general trend for the selected A-CO from each supplier, and then to assess
possible Pearson correlation. No conclusive results were found, although a trend indi-
cated that higher Ln (M) coefficients were associated with a higher proportion of v-type
and low proportion of k-type (data not shown).

We still assumed that the proportion of the different types of CARs could represent
a minor parameter with respect to the ability to inhibit HPSE activity of the different for-
mulations. Therefore, k-CO and (-CO were produced in the same way as A-COs and their
anti-HPSE activity was monitored as a function of their Mn and DS (Figures 6B and 6C).
Surprisingly, the x-CO did not show any inhibition of the HPSE activity, regardless of
their M or DS, even those produced after a short depolymerization time, as previously
showed with native k-CAR [46]. On the other hand, the -CO followed a similar trend to
that of the A-COs (decrease along with Mn and DS) but with an overall lower anti-HPSE
activity. To confirm this result, ICso were calculated for a candidate 1-CO (M 2.8 kDa, DS
15.9 £ 0.1 %) and a -CO (M 3.2 kDa, DS 23.0 + 1 %). The values found were 206 + 51 ug.
mL! and 126 + 25 pg. mL* (Appendix A, Figure A6), confirming the above-mentioned
behaviors for these types of CARs. Overall, we could state that the proportion of true A-
CAR-diads in the formulations will clearly determine the effectiveness of the inhibition of
the HPSE activity, but through a complex balance with other parameters, such as the (rel-
atively) favorable presence of the -type, but also an unnecessary contribution from the
proportion of k-type included in the mixture.
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2.5. Anti-migratory activity on Huh7 hepatocarcinoma cells

In regard to preliminary results obtained on the ability of A-COs to reduce the migra-
tion of breast [24] and liver cancer cells (data not published), we chose to check this spe-
cific hallmark of cancer cells once again. For this experience, the Huh7 hepatocarcinoma
cell model, known to strongly overexpress HPSE, was used to determine whether the anti-
migratory effects of A-COs differed according to the physicochemical parameters or to the
different composition depending on the suppliers studied above. In addition, this will
allow to investigate if the anti-migratory effects of our A-COs are cell model dependent
comparing to the results previously published on MDA-MB-231 breast cancer line [24,31].
The anti-migratory effect of the selected A-COs candidates based on the Mn, DS and anti-
HPSE ICso values previously reported as suitable for in vivo anticancer applications was
tested [24,31], and for comparison and discussion purposes, k-CO and 1-CO were also
tested (selected candidates, see Appendix A, Table A3). The results showed differences in
the effect of the A-COs on Huh? cell migration depending on their origin. The A-CO from
supplier_1 had the greatest inhibitory effect of 26%, followed by A-CO from supplier_3
with 22%, the A-CO from supplier_6 with 20 %, and then the A-CO from supplier_4 with
12%; whereas, no effect was observed when the cells were treated with the A-COs from
supplier_2 and supplier_5 (Figure 7A).
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Figure 7. A) Effect of a selected A-CO from each supplier, k-CO and -CO (at 100 ug. mL") on the
migratory activity of Huh7 cells. The data are representative as the mean (+SEM of the errors mean)
from three independent experiments, with at least four replicates. * p < 0.05, test Anova-One way
Bonneferonni with mean + SD of the three independent experiments. B) Principal component anal-
ysis of the multivariate physicochemical features of the selected A-COs, their anti-HPSE and anti-
migratory activities.

Again, a principal component analysis to try to discriminate the parameters involved
in the effective inhibition of Huh? cells migration was done (Figure 7B). The two principal
components accounted for 82 % of the variance of the system. Interestingly, while the ICso
of HPSE inhibition was indeed related to an anti-migratory effect (inversely related on the
graph as a small ICs is equivalent to strong inhibition), the presence of « and t types in
the formulations also appeared to be an important triggering factor (Figure 7B). Indeed,
pearson correlation between the ICso and the cell-migration inhibition showed only a weak
relationship (data not shown). Furthermore, the strongest effects were obtained with x -
CO and 1-CO, with 32 and 38 % of inhibition, respectively, confirming the previous obser-
vations. In contrast, the A and v types did not appeared to correlate with cell migration
inhibition. However, the Mn, DS and proportion of A-type correlated consistently with
the ICso in PC1 (this correlation was demonstrated above) but they did not contribute in
PC2, where most of the of variance regarding the migration inhibition was observed. This
might be, in line with other experiments made with A-COs from supplier_1, which
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demonstrated that the Mn and DS did not directly correlate with the anti-migratory activ-
ity on in vitro cell models [31]. In addition, several studies have already shown that these
COs have multiple activities and could inhibit cell migration by mechanisms other than
the inhibition of the HPSE activity [33,47]. Based on all the results, we could assume that
the anti-HPSE activity of the formulations participates in the anti-migratory effect ob-
served in cell models, although other important mechanisms of action certainly involved,
especially related with the x species.

3. Materials and Methods
3.1. Native A-carrageenan (A-CAR) samples

Crude native A-CARs were purchased from six different suppliers named in this ar-
ticle as followed: A-CAR from supplier_1 (A-CAR_1), A-CAR from supplier_2 (A-CAR_2),
A-CAR from supplier_3 (A-CAR_3), A-CAR from supplier_4 (A-CAR_4), A-CAR from sup-
plier_5 (A-CAR_5) and A-CAR from supplier_6 (A-CAR_6).

3.2. Generation of A-COs from native A-CARs

Native A-CARs from each supplier were depolymerized using a previously pub-
lished radical H202-based hydrolysis method [31]. Briefly, native A-CARs were dissolved
in Milli-Q water at a concentration of 5 mg. mL-, and then the solutions were purged with
argon. Then, H20: 30% (Sigma-Aldrich, Saint Louis, MO, USA) at a weight/weight ratio
of 1.5 was added and the reaction mixture was immediately incubated at 60°C. Fractions
(10 mL) were collected at different times and they were dry frozen prior to analysis.

3.3. High pressure size-exclusion chromatography with multi-angle light scattering (HPSEC-
MALS) analyzes on native A\-CARs and selected A-COs

HPSEC-MALS was performed on native A-CARs and their corresponding selected A-
COs (Appendix A, Figures Al, A5 and Table A2) to estimate macromolecular magnitudes
(the number averaged molecular mass (M), the weight averaged molecular mass (Mw),
and the polydispersity index (D = Mw/Mh), in the diluted mixtures), according to a previ-
ously published procedure [48]. The system was equipped with two detectors in line: (i)
a multi-angle light scattering (MALS) filled with a He—Ne laser (A = 690 nm) and a K5 cell
(50 pL) (HELEOS II Wyatt Technology Corp, Santa Barbara, CA, USA), (ii) a differential
refractive index (DRI) (RID10 A Shimadzu, Kyoto, Japan). The solvent (0.1 M LiNOs) was
filtered through a 0.1 pm filter unit (Millipore), and degassed (DGU-20A3, Shimadzu,
Kyoto, Japan). The SEC line was composed of an OHPAK SB-G guard column and three
OHPAK SB 806, 804 and 802.5 (for native A-CARs) or 802 and 802.5 (for the selected A-
COs) HQ columns (Shodex Showa Denko K.K, Tokyo, Japan) eluted in series with a LINOs
solution (0.1 M) at a flow rate of 0.5 mL.min"!. Native A-CARs from each supplier and their
corresponding selected A-COs were solubilized for 48h at a concentration of 1 and 15 g. L-
1in 0.1 M LiNOs solution respectively, filtered (0.45 pm) and then injected through a 100
uL full loop (SIL-20A, Shimadzu, Kyoto, Japan). Astra 6.1.7.16 software was used to ana-
lyze the data using a DRI dn/dc of 0.125 mL. g*[49].

3.4. Structural and quantitative analysis by HPSEC with DRI (HPSEC-DRI) of the generated A-
COs

The structural and quantitative analyzes of the generated A-COs were performed by
HPSEC using two successive analytical columns (TSK-GEL G4000PW and TSK-GEL
G3000PWXL, Tosoh, Japan) coupled with a LC system from Agilent (Santa Clara, CA,
USA) equipped with a DRI (Agilent, Santa Clara, CA, USA). Products were isocratically
eluted with 0.1 M sodium nitrate (NaNQOs) solution at a flow rate of 0.8 mL.min". The Mn,
Muw, number averaged degree of polymerization (DP (with a monomer unit of 160.5 Da))
and D were calculated using a previously published method [31]. The chromatograms
were calibrated using a series of pullulan standards (from 1,3 kDa to 806 kDa, Polymer
Standards Service GmbH, Mainz, Germany). For fractions below 10 kDa, their molar mass
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equivalents were calculated using Heparin standards (from 1200 Da to 5750 Da, Iduron,
UK).

3.5. Determination of the degree of sulfation (DS)

The sulfate content of native A-CARs was determined by inductively coupled plasma
mass spectrometry (ICP-MS). Briefly, 250 mg of each product were dissolved in a 6:2 (v/v)
67-70% HNO3/34-37% HCI mixture (Fisher, trace metal quality). Acidic digestion of the
samples was carried out overnight at room temperature and then in a Milestone Ehos Up
microwave oven (30 min with constantly increasing temperature up to 120 °C, then
15 min at this temperature). Each sample was made up to 50 mL with ultrapure quality
water. The analyzes of were performed with an Agilent 5800VDV ICP-AES and a Ther-
mofisher Scientific XSeries 2 ICP-MS.

Regarding the generated A-COs, the sulfate content was determined using a (7-ami-
nophenothiazin-3-ylidene)-dimethylazanium chloride (Azure A, Sigma-Aldrich, Saint
Louis, MO, USA) based-colorimetric assay, which binds covalently to sulfated groups on
the sugar backbone to form a colored complex [50]. Briefly, 20 pL of three dilutions (0.03,
0.04, 0.05 mg. mL") of each sample were added in a 96-well plate. Then, 200 pL of a 10 mg.
L1 AzureA aqueous solution were added and the absorbance was measured at 630 nm
after 10 min of incubation. The DS was calculated from a calibration curve using absorb-
ance values obtained from a serial dilution (0-0.03 mg. mL-') of dextran sulfate standard
(Sigma-Aldrich, Saint Louis, MO, USA) with a known sulfur content of 18,1%.

3.5. Fourier-transform infrared (FTIR) spectroscopy measurements of the native A-CARs

The FTIR spectra of the native A-CAR powders were obtained using a PerkinElmer
UATR Two FTIR spectrometer; 64 scans per spectrum; nominal resolution: 2 cm-!; scan
speed: 0.2 cm. s; apodization: strong; source: MIR (8.000-30) cm™; detector: MIR TGS
(15.000-370) cm'; the background was subtracted for each sample and a baseline correc-
tion was applied. All the spectra were recorded in the 4.000-450 cm! region although only
the 1.500-500 cm! area was used for the spectral analyzes.

3.6. Structural characterization by ultra-performance liquid chromatography tandem mass
spectrometer (UPLC-MS) and NMR analyzes of the selected A-COs

Analyzes were performed using an UPLC system “Acquity UPLC H-class” (Waters,
Milford, USA) coupled to a high resolution mass spectrometer “XEVO G2-S QTof”
equipped with an ElectroSpray lonization (ESI) source (Waters, Manchester, England).
The UPLC system consisted of a quaternary pump (Quaternary Solvent Manager, Waters)
and an autosampler (Sample Manager-FTN, Waters) equipped with a 10 pL injection loop.
After dilution in an aqueous solution of 5 nM heptylammonium formiate (at 1 mg.mL™"),
10 pul of the selected A-COs from each supplier (see selected candidates, Appendix A, Table
A3) were injected into an Acquity UPLC BEH C18 column (50 mm x 2.1 mm, 1.7 um;
Waters), then heated at 45°C. The system was operated at 0.35 mL.min! under the follow-
ing elution gradient program, involving solvent A (5 nM heptylammonium in H=0, 0.0238
% (v/v) formic acid, pH=4.0) and solvent B (5 Nm heptylammonium in MeOH/H:0 (3:1,
v/v), 0.0238 % (v/v) formic acid, pH=4.0) as following: 0-4 min, 10-50% B; 4-6 min, 50% B;
6-10 min, 50-80% B; 10-15 min, 80% B; 16-27 min, 100% B; 28-34, 10% B. The column and
the autosampler were maintained at + 45°C and + 10°C, respectively. Eluted compounds
were ionized in the negative polarity (ESI') with the following parameters: capillary volt-
age 0.5 kV, source temperature 120 °C, source offset 80 V, desolvation temperature 500°C,
cone gas flow 50 L.h"' and desolvation gas flow 800 L.h-'. The MS and MS/MS analyzes
were performed using either the MSF or the MS/MS fast data dependent acquisition
(fastDDA) approaches (Waters, Manchester, England) in a centroid mode with a time scan
of 0.25 sec/scan. A MSE experiment consists in data acquisitions in a single same run, with
no collision energy in function 1, without fragmentation (low energy function) and a
ramped collision energy in function 2, to generate fragment ions (high energy function).
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MSE software algorythms then assign fragment ions spectra to their associated ion precur-
sor peak by profiling each chromatographic peak and determining their retention time. A
MS/MS fastDDA experiment consists on acquisitions in a single same run, with a selection
of precursor ions when their intensity rises above 50.000 a.u./s, during 5 seconds or until
their intensity falls below 1.000 a.u./s., and a ramped collision energy to generate frag-
ments ions. Both MSE function 2 and MS/MS fastDDA acquisitions were performed with
a ramped collision energy of 15-60 eV. Leucine Enkephalin (M = 555.62 Da, 1 ng.puL") was
used as a lock-mass shift correction and the mass spectrometer was calibrated before an-
alyzes using a 0.5 mM sodium formate solution.

For NMR, the lyophilized powders of the selected A-COs were redissolved in a D20
solution at a concentration of about 20 mg.mL". NMR spectra were recorded using a
Bruker AVANCE III 500 MHz spectrometer at room temperature. Experiments of 'H (64
scans, 10 min), 3C (4,096 scans, 4h44), correlation spectroscopy COSY (32 scans, 3h) and
heteronuclear '"H/*®C chemical shift correlation (HMQC) (32 scans, 3h) were performed
using the using the Bruker's conventional pulse programs. Spectra were analyzed with a
fee-trial version of MestreNova. Chemical shifts are expressed in ppm in relative to the
deuterated peak solvent (4.65 ppm) and identifications were based on previous work in
the field.

3.7. Heparanase (HPSE) enzyme activity assay

The inhibition of HPSE activity and the half maximal inhibitory concentrations (ICso)
were assessed using the HPSE assay toolbox (Cisbio Assay, Codolet, France) and human
recombinant HPSE-1 (R&D systemps, Minneapolis, MN, USA), as previously described
[31], based on the principle of fluorescence resonance energy transfer (FRET). Briefly, 15
uL of the A-CAR, A-CO, k-CO or -CO powder dissolved in Milli-Q water (at 2.5 pg.mL-
for monitoring assay and at 0.025-1250 pg.mL range for ICso calculation) were added into
the wells, followed by 15 pL of the HPSE-1 solution (100 ng.mL). The enzyme reaction
was initiated after 10 min pre-incubation at 37 -C, by adding 30 pL of a Biotin-HS-Eu(K)
solution and the plate was incubated at 37 °C for 15 min. Then, 20 pL of a streptavidin-
XL665 solution were added for the detection step. The fluorescence was measured after 5
min at Aem1 = 620 nm and Aem2 = 665 nm, after 60 pis of excitation at Aex = 337 nm. The
Delta F (%) was calculated as previously described [31].

3.8. Cell migration assays on Huh7 hepatocarcinoma cells

Cell migration was assessed on 2.5 x 105 Huh? cells with Bio-coat cell migration cham-
bers (Corning, Amsterdam, Netherlands). Briefly, inserts of Bio-coat cell migration cham-
ber were coated with fibronectin (100 pg. mL-!; Corning, Amsterdam, Netherlands). Then,
2.5 x 105 Huh? cells were resuspended in basal DMEM low glucose media (Invitrogen,
Fisher Scientific Illkirch, France). Cells were added in the upper chamber and complete
media with 10% of Foetal Calf Serum for "Untreated Cells" or complete media with 100
ug. mL! of selected A-COs or controls (Appendix A, Table A3), were added in the lower
chamber. After 24h, cells that had migrated through the porous membrane were stained
for 30 minutes with 1% crystal violet (Sigma-Aldrich, Saint-Quentin Fallavier, France) and
counted manually by two different observers whom performed blindly acquired data.

3.8. Statistical analyzes

One-factor linear regression was performed by excel software. Pearson model of co-
variance and correlation, a two-factors multiple linear regression method (least square
method) and a principal component analyzes were performed using a free trial version of
Minitab or Origin. Statistical significance of the effects of the sugar candidates on the cell
migration was assessed using a One-way Anova Bonneferonni test on the GraphPad
Prism software with p-values < 0.05.
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4. Conclusions

Many studies already consider A-COs as very promising candidates for various bio-
medical applications. However, like polysaccharides extracted from natural resources, the
physicochemical structure of native parent A-CAR could depend on the algal sources, life
stage, the environment in which they grow, or the industrial extraction method used.
More importantly, a key often overlooked in this field is that the commercial products
sold are based on a functional definition of viscosity, but are actually a mixture of different
molecular species, especially other types of CARs. In this study, we explored several is-
sues regarding the A-CAR starting raw material used to produce bioactive A-COs with an
anti-HPSE activity through an H20»-based depolymerization reaction and their effect on
cancer cell migration. First, we found strong disparities between the A-CAR of six com-
mercial suppliers with respect to their physicochemical features (Mx, DS and D), but also
with respect to the composition of the mixtures. As expected, we found varying propor-
tions of k, tand v-types, the other types of CARs, in same or even higher proportions than
the A-type. In addition, an important amount of glucose was detected in two out of the six
products. The addition of this additive is common in products intended for agro-indus-
trial or cosmetic applications. However, when biological activities are analyzed, this can
bias the results obtained. In biomedical studies and the production of bioactive A-COs, all
these species will be present in the LMW formulations and it could be difficult to purify
them. A first recommendation is therefore to use a A-CAR self-extracted and self-purified
from tetrasporophyte algae form, or to perform a pre-purification step before depolymer-
ization if purchased from commercial supplier. Furthermore, the results already described
in previous studies that have used a commercial product should be interpreted with cau-
tion as the effects could also be due to other types of CARs. When we applied H2O2-based
depolymerization, desulfation occurred along with chain length reduction, which is char-
acteristic of these radical-based methods. This leads to the generation of OSs formulas that
could be considered as A-CAR derivatives different from the initial structure of the native
product. In fact, the depolymerization modified the sugar backbones by creating new
chemical groups, as shown by the MS analysis. It is difficult to determine the impact of
these changes, which could result in additional heterogeneity, but also in new or enhanced
bioactivities because of these original groups. Still, we showed that it is possible to obtain
nearly similar formulations in term of M», Mw and DS (corresponding to the means of all
species present in the mixture) despite initial differences between the suppliers, provided
that the depolymerization time is adjusted and that a close real-time monitoring is per-
formed. This real-time monitoring is also important to ensure reproducibility of the mean
Mn, Mw and DS of the A-COs produced, which is not possible with a similar reaction time
in our experimental conditions but should be possible in advanced bioreactors and work-
ing at a slightly lower concentration of A-CAR. Here, we investigated the production of A-
COs for their ability to inhibit the enzymatic activity of HPSE, a pharmaceutical property
of the A-CAR that is of increasing interest in medical research. As expected, and already
widely reported, the inhibition of HPSE activity strongly correlated with decreases in
mean Mn and DS of the formulations. We also showed that while the proportion of A-type
found in the mixture contributed significantly to the overall inhibition of the HPSE activ-
ity by the formulations, the -COs present in significant proportion also participated to a
lesser extent. On the other hand, specifically with respect to the inhibition of HPSE activ-
ity, the proportion of k-type would represent a significant loss. The inhibition of the HPSE
activity by the p and v types of CARs should be also examined in future studies to get a
complete picture, as they could also represent significant contributors to the final HPSE
inhibition. Finally, the evaluation of the effects of A-COs on Huh? cells migration showed
that these effects did not fully correlate with their anti-HPSE activities. These results also
confirmed that while HPSE targeting is very promising, it is only suitable in specific well
determined biological context in order to obtain adequate, controllable and effective ef-
fects. In general, the biomedical use of OSs is already characterized by multiple potential
synergic activities and by the difficulty to determine their various molecular mechanisms
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due to their structure complexity. For A-COs produced from native A-type products, an
additional challenge is that they actually correspond to a mixture of different macromo-
lecular species, which multiplies the possibilities and hypotheses when biological need to
be explained. Therefore, a commercial extraction only from tetrasporophyte algae or a
new industrial pre-purification process should represent a major step in the field and to-
wards further medical applications.

Supplementary Materials: Figure A1l. Cumulative molar mass of HPSEC-MALS analysis of native
A-CARs; Figure A2. HPSEC-DRI analysis of pullulan (A), Heparin (B) standards and the produced
A-COs_1 along the time (C). The SEC separation was performed on a TSK-GEL G4000PW column
in series with a TSK-GEL G3000PW XL at a flow rate of 0.8 mL/min using 0.1 M sodium nitrate
(NaNOs) as the eluent; Figure A3. Results of multiple linear regression statistical analysis on the A-
COs library from each supplier; Figure A4. Single linear regression statistical analysis on the Mn (A)
and DS (B) relation with anti-HPSE activity of the A-COs separated by suppliers; Figure A5. Abso-
lute weight calculation by HPSEC-MAL:S analysis of a selected A-CO from 5 suppliers; Figure A6.
Half-maximum concentration for HPSE inhibition of a selected A-CO from each supplier, selected
k-CO and -CO; Table A1. Elementary analysis of native A-CARs by ICP-MS; Table A2. Comparai-
son between HPSEC-DRI and HPSEC-MALS M and Mw calculations of a selected A-CO from each
supplier *: Mn and Mw calculated using heparin standards; Table A3. Selection of OS candidates for
each experience. *: M calculated using heparin standards; Table A4. Results of PCA analysis and
Pearson correlations. In green, the correlation with % of HPSE inhibition. In red, the opposite corre-
lation; Table B1. Molecular idenfication of the typical structures found in the formulations of a se-
lected A-CO from 5 suppliers.

Author Contributions: Conceptualization, C.M., H.G.,, T.M. and LF.-A; methodology, CM., H.G,,
P.E.-B., N.B,; validation, H.G., T.M., and L.F.-A.; formal analysis, C.M., H.G., M.P., P.E-B., N.B,, D.L
and T.V; investigation, CM., H.G., M.P,, P-E.B., N.B,, RM-A,, RP, S-AM,, BM,, D.L, T.V, O.H,
AS., J-M.P.,, TM and LF-A; data curation, CM., H.G,, M.P.,, P-E.B.,, N.B,, RM-A,, D.L, and T.V;
writing —original draft preparation, C.M., H.G.; writing—review and editing, N.B, D.L, T.M., and
LF.-A.; visualization, all; supervision, H.G., T.M., and LF.-A; project administration, T.M. and LF.-
A.; funding acquisition, H.G., ]-M.P., T.M. and LF.-A. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding: This work was supported by the Ligue Contre le Cancer (Comité CD16- Charente et
Comité CD17 Charente Maritime), the Region Nouvelle Aquitaine (“Molnat” and “Nanovect” Pro-
jects), and ANR (ANR JCJC NANOLIGO).

Institutional Review Board Statement: Not applicable

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: The authors warmly thank Carine Churlaud for the elementary analysis of the
native A-CARs. We also deeply thank Maheva Maura for her help on HPLC analysis.

Conflicts of Interest: The authors declare no conflict of interest.


https://doi.org/10.20944/preprints202303.0374.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 March 2023 d0i:10.20944/preprints202303.0374.v1

Appendix A
AR A-CAR_2 s
J P — 107 1.0 - LS at 90° 10
1.0 | — :Elsm“ 90 | DRI i
T 0.8 . + Molecular weight

0.8 4 Molecular weight ||
A P 107
‘f}_ I\ :

0.6 | R

0.6

/ 0.4 -
0.4 }'I L 100
0.2 ; 4

/ L

0.2

Response of detector (a.u.)
+ Molecular weight (g.mol)

Response of detector (a.u.)

0.0

-
o
Cl

S
» Molecular weight (g.mol')

-
(=]
™

10 12 14 16 18 20 22 24

0 12 14 16 18 20 22 24 Volume (mL)

Volume (mL)
= A-CAR_4

-CAR_3 7
- © 107 — '; 1.0 - L. -
510 LS at 90° t T 8 i ©
& DRI g - 08 | 1sat9o° | E
5 0.8 Molecular weight d =] |— — DRI | R}
E :? E 06 1° Mnle:ularwnight. i -_ _ 108 =
= 0.6 £ o f =
% 10¢ 2 o | ! I @
e g 5 04 | | ! I H
© 04 | T e
& ' @ ] A 108 @
© I} | v f o
g = £ 02 | | 3
o 0.2 [5] o .I (1]
a _- B i / 1 o
e o 3 0.0t | é

@ 0.0 105 = e : : . L 10

10 12 14 16 18 20 22 24 10 12 14 16 18 20 22 24
Volume (mL) Volume (mL)
A-CAR_5 A-CAR_6

ey 7 - 0 10? iy
5 1.0 0 10 310 =
3 _ /A, 5 ] S
— Y = 5 E
= 08 __ isat9o° PERY - 0.8 o
£ | b ‘SN L) S Ls at 90° =
o e i wotiiie 1% 11 100 = B DRI \ £
% 0.6 | ° Molacularwaigh [l )y 5 2 06 ' Molecular weight -/ o

b . = ] 100
b =] 1 I 12, N Q@ o g
5 04 | ! | T 2 504 5

i | W e —
o { ! {iy 10° 8 e S
c f 3 c 02 o
S 0.2 i v o 5 @
- | o N 2 2 2
0 )} Mo T =] 7] 0.0 =
& 00! o — ] 10¢ Eo & L0 : s 105 .
10 12 14 16 18 20 22 24 0 12 14 16 18 20 22 24
Volume (mL) Volume (mL)
Figure Al. Cumulative molar mass of HPSEC-MALS analysis of native A-CARs.
Table Al. Elementary analysis of native A-CARs by ICP-MS.
Native A-CAR X

As Cd Fe Mg Mn Na P Pb S Se Si Sn

Supplier

A-CAR_1 054 0.61 7895 442716 2480 4767513 89247 0.13 81173.34 <040 306.18 0.03
A-CAR 2 055 034 36.61 243205 5.63 53037.50 41725 0.16 84436.82 <0.40 205.1 0.02
A-CAR 3 034 013 5357 93151 411 4000291 2095.61 0.42 66406.10 <040 42727 <0.02
A-CAR 4 033 013 5460 952.18 4.14  40725.85 2066.10 0.42 68283.02 <040 43479 <0.02
A-CAR 5 021 039 4329 2075.66 11.83 43571.08 44032 0.14 8851893 <0.39 61279 <0.02
A-CAR 6 025 049 30.18 154534 6.25 4423730 343.74 0.10 89823.36 <0.38 426,57 <0.02
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Figure A2. HPSEC-DRI analysis of pullulan (A), Heparin (B) standards and the produced A-COs_1
along the time (C). The SEC separation was performed on a TSK-GEL G4000PW column in series
with a TSK-GEL G3000PW XL at a flow rate of 0.8 mL/min using 0.1 M sodium nitrate (NaNOs) as

the eluent.
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supplier.
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Figure A4. Single linear regression statistical analysis on the Mn (A) and DS (B) relation with anti-
HPSE activity of the A-COs separated by suppliers.
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Figure A5. Absolute weight calculation by HPSEC-MALs analysis of a selected A-CO from 5
suppliers.
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Table A2. Comparaison between HPSEC-DRI and HPSEC-MALS Mn and Muw calculations of a
selected A-CO from each supplier *: Mn and Mw calculated using heparin standards.

Selected HPSEC-DRI HPSEC-MALS
A-CO M. (kDa) Mw(kDa) Mhn(kDa) Mw (kDa)
ACO 1 2.3*% 4.0* 295+0.26 3.93+0.14
A-CO 2 1.1%* 1.8* 217+091 4.26+1.22

A-CO 3 0.7* 1.1%* n.d n.d

A-CO 4 2.0* 4.0%* 2.66+0.55 3.9410.28
A-CO_5 2.5% 4.5% 2.61+£0.56 3.34+0.31
A-CO_6 1.4% 2.2% 271+1.28 457+1.45
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Figure A6. Half-maximum concentration for HPSE inhibition of a selected A-CO from each supplier,
selected k-CO and -CO.

Table A3. Selection of OS candidates for each experience. *: Mn calculated using heparin standards.

Selected OS IC50 HPSE Anti-migration NMR MS
A-CO_1 1.2*kDa 1.2* kDa 2.3* kDa 0.9* kDa
A-CO_2 1.1* kDa 1.1* kDa 1.1* kDa 1.4* kDa
A-CO_3 1.8* kDa 1.8* kDa 29.2 kDa 1.8*kDa
A-CO_4 1.2*kDa 1.2* kDa 2.0* kDa 1.7* kDa
A-CO_5 1.1* kDa 2.5* kDa 2.5* kDa 1.9* kDa
A-CO_6 1.9* kDa 1.4* kDa 1.4* kDa n.d

x-CO 2.8* kDa 2.8* kDa n.d n.d
-CO 3.2*kDa 3.2*kDa n.d n.d
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Table A4. Results of PCA analysis and Pearson correlations. In green, the correlation with % of
HPSE inhibition. In red, the opposite correlation.

PC1 PC2 PC3
Ln Mn 0.55497 0.13043 -0.10275
DS 0.54558 0.04277 -0.18507
%HPSE 0.55948 0.11723 -0.10104
Glucose 0.05819 0.40542 0.45767
% A-CAR -0.18312 0.11617 -0.60582
% v-CAR 0.13358 -0.61068 0.00732
% -CAR 0.13125 -0.16581 0.60589
% k-CAR -0.09664 0.6238 0.03675

Appendix B

Table B1. Molecular idenfication of the typical structures found in the formulations of a selected A-
CO from 5 suppliers.
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