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Herein, we demonstrate that it is possible to design a sensor array
with one multivalent cationic receptor (a dendrigraft of lysine) and
one fluorescent anionic indicator (a fluorescein-labeled peptide).
Depending on the loading of the indicator on the receptor,
negatively charged glycosaminoglycans (GAGs) induce a positive
or negative variation of the fluorescent signal as they displace the
indicators from the receptor or they compact the indicators on the
receptor’s surface, respectively. This unique strategy allows not
only the blind identification of pure GAGs with a level of accuracy
of 100%, but also the differentiation of mixtures.

Glycosaminoglycans (GAGs) are an important class of
exogenous biopolymers that display numerous therapeutic
activities." Because GAGs are structurally analogous (Fig. 1),

orthogonal and lengthy analytical techniques — involving NMR

spectroscopy, HPLC, and capillary electrophoresis — are
necessary to identify them.” The ability to routinely
discriminate and assess the purity of these anionic

polysaccharides is mandatory in order to prevent public health
disasters. Indeed, the use of contaminated heparin in patients
undergoing dialysis resulted in serious acute hypersensitivity
reactions (including some resulting in death) during the late
2000s.® Contaminants in adulterated lots included chondroitin
sulfate A, dermatan sulfate (chondroitin sulfate B), and
hyaluronic acid. To address this issue, some research groups
developed pattern-based recognition assays for various GAGs
by using arrays of nanoparticles, macrocycles, or Iiposomes.4
Despite the success of those works, extensive synthetic steps
were systematically involved to obtain the multiple receptors
and/or indicators that were necessary to construct the arrays;
therefore impeding their use for cheap routine screening of
GAGs. Herein a much simpler sensor array for GAGs, from a
single receptor and a single indicator, is presented.

Institut des Biomolécules Max Mousseron, UMR 5247 CNRS — Université de
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Fig. 1 Left, from top to bottom: major repeat unit of selected GAGs. Top rigt...
bioconjugate homopolymer of aspartic acid and 5(6
carboxyfluorescein, D3CF. Bottom right: minimized structure with electrostat =
potential surface of the third-generation dendrigraft poly-L-lysine polymer DGL
G3.

between a

We recently reported that a cationic dendrigraft poly-L-
lysine polymer (DGL) was able to form a multi-ligand comple «
with a conjugate between an anionic homopolymer of aspart :
acid and 5(6)-carboxyfluorescein; leading to the extinction o1
the optical signal as a result of its aggregation on the surface ¢ ¢
the receptor.5 Fluorescence could be restored upon the
introduction of heparin in an indicator-displacement process
Although this sensing ensemble allowed us to detect _.._
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quantify — for the first time — heparin in human blood samples
at clinically relevant levels, it was not possible to discriminate
between GAGs such as heparin and chondroitin sulfate. In this
previous study, the fourth-generation dendrigraft poly-L-lysine
polymer and the seven-membered homopolymer of aspartic
acid and 5(6)-carboxyfluorescein bioconjugate were necessary
to work in presence of complex biological fluids in order to
ensure sufficient binding between the partners. Since the
following experiments were all performed in a much less
competitive medium (10 mM HEPES buffer, pH 7.8), the more
accessible DGL G3 and shorter D3CF were chosen in this study
in order to keep these assays for GAGs as simple as possible
(Fig. 1).7 We envisioned that, using an array that was based on
the variable loading of the fluorescent indicator on the
receptor, each GAG could generate a specific fluorescent
response pattern. Indeed, because they display specific

electrostatic surfaces, the complexes can be considered as
8,9,10

“differential” receptors for GAGs (Fig. 2).

Fig. 2 Minimized structures of G3-D3CF complexes at various loadings, with
electrostatic potential surfaces. Loadings: 100% (A), 75% (B), 50% (C), 25% (D).9
For calculation details, see ESI.T

Upon addition of dextran sulfate to G3-D3CF complexes in
water containing 10 mM HEPES and buffered to pH 7.8,
distinct optical behaviours were detected depending on the
loading of the indicator on the receptor (Fig. 3)." At 100%
loading, increased
positively with the fluorescence intensity (FI) response (Fig.

levels of dextran sulfate correlated
3A). At 75% loading, a decrease of the FI occurred upon
addition of dextran sulfate until a minimum value Fl.,;, (Fig.
3B), followed by the restoration of the optical signal. Similar
titration curves could be observed at lower loadings, although
reaching Fl,, required increasing amounts of dextran sulfate
(Fig. 3C and 3D). For all these titration curves, it could be noted
that i) the initial fluorescence Fly is in agreement with the
titration curve of G3 with D3CF (see ESIt, Fig. S1), and ii) a final
plateau with a specific maximum fluorescence value Fl,y is
reached at a GAG concentration of 4.8 mg.L'l.

A simple model to explain such unexpected behaviors,
which depend on the loading of the indicator on the receptor,
is proposed (Fig. 4).
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Fig. 3 Fluorescence titrations of the G3-D3CF complexes with dextran sulrate.
Loadings: 100% (A), 75% (B), 50% (C), 25% (D).9 Dashed lines: grey = Flo, blue =
Flmin, red = Fly.. Conditions: 10 mM HEPES buffer, pH = 7.8, [G3] = 162
([lysine] =20 mM), Ay = 485 nm, Aery = 535 Nnm.

4__# indicator-displacement regima

4 # indicator-compaction regime

Fig. 4 Proposed model for the various binding behaviours of GAGs to G3-D3i r
complexes.

Starting from a fully loaded G3 with D3CF, Fl, is equal to Fl;-
since the distance between the indicators on the receptor s
surface is at its smallest, resulting in maximum fluorescenc 2
self-quenching (Fig. 4, top). The subsequent stepwise addition
of GAG leads to the continuous displacement of the indictc

from the dendrigraft’s surface and to the increase of Fl, until <
plateau that indicates that all the fluorophore is actually f _e
in solution according to the calibration curve of D3CF (see E 1,
Fig. S1). In contrast, a lower loading gives a less compactea
starting arrangement of the indicators on the dendrigraft s
surface, yielding a higher Fly (Fig. 4, bottom). Additional GA ,
molecules can therefore bind to the receptor
displacing but with compacting the fluorophores on th.
receptor’s surface. This results into the diminution of the

withou.

optical signal until Fl,;, that is correlated with maximur .

compaction. Upon this point, additional GAG molec '
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restitute the indicator-displacement regime. In this model, i)
the lower the loading is, the higher the GAG concentration
necessary to reach full compaction is, and ii) the same amount
of GAG is needed to fully displace the indicator whatever the
loading is.

Such a model could be used to virtually explain the similar
behaviors that were observed upon the addition of other
GAGs, each one displaying specific indicator-displacement or
indicator-compaction regimes (see ESIt, Fig. S2). As a
consequence, differential optical responses were observed
when the selected GAGs were submitted at a concentration of
3.5 mg.L"1 to our sensor array (Fig. 5).

25

w/o GAG
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hyaluronic acid
chondroitin sulfate B
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Fig. 5 Fluorescence intensities from the addition of GAGs to G3-D3CF complexes.
Loadings: 100% (A), 75% (B), 50% (C), 25% (D). Conditions: 10 mM HEPES buffer,
pH = 7.8, [G3] = 163 nM ([lysine] = 20 mM), [GAG] = 3.5 mg.mL", A = 485 nm,
Aem=535 nm.

Differentiation was demonstrated and validated by linear
discriminant analysis (LDA), which is a supervised procedure
that allows the classification of data.? In a first place, known
samples of GAGs (Fig. 6, triangles) were used as a training
input to the procedure, giving a captured variance ratio of
93.4% for the first linear discriminant and 6.1% on the second
one. Decision boundaries (Fig. 6, dashed lines) were then
generated by using Bayes’ rule.”® These boundaries delimit
areas of the reduced space that are exclusively attributable to
a single GAG. Finally, unknown samples (Fig. 6, circles) were
tested against the training set, achieving 100% of identification
with 50 correct cases out of 50, and demonstrating therefore
the robustness of this assay.14 In order to further demonstrate
the applicability of our sensor array, we tested its ability to
assess the purity of samples of heparin contaminated with
10%, 20%, 30%, and 50% of chondroitin sulfate B, which is the
most  prevalent pharmaceutical heparin
preparations.15 From the resulting score plot it was clear that

impurity  in

all mixtures were separated with good resolution (Fig. 7).

In conclusion, we reported a simple sensor array that
allows not only the unambiguous identification of structurally
similar pure glycosaminoglycans, but also the differentiation of
mixtures of glycosaminoglycans. The simplicity of this array
relies on the use of only one commercial receptor and one
highly accessible fluorescent indicator. Furthermore, a new
sensing approach is introduced in this study that one could
describe as a compaction/displacement-indicator assay. We

This journal is © The Royal Society of Chemistry 20xx
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are confident that such an original approach will find futu: :
applications in the supramolecular analytical field.
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Fig. 6 LDA canonical score plot for the response of the sensor array to GAGs. Dg<h>
lines: decision boundaries, triangles: training set, circles: blind tests, ellipses:

confidence limits at 99% for the training set.
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Fig. 7 LDA canonical score plot for the response of the sensor array tr
heparin/chondroitin sulfate B mixtures. Ellipses: confidence limits at 99%.
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