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Abstract: Sulfated saccharides are an essential part of extra-
cellular matrices, and they are involved in a large number of
interactions. Sulfated saccharide matrices in organisms accu-
mulate heavy metal ions in addition to other essential metal
ions. Accumulation of heavy metal ions alters the function
of the organisms and cells, resulting in severe and irreversi-
ble damage. The effect of the sulfation pattern of saccha-
rides on heavy metal binding preferences is enigmatic be-
cause the accessibility to structurally defined sulfated sac-

charides is limited and because standard analytical tech-
niques cannot be used to quantify these interactions. We de-
veloped a new strategy that combines enzymatic and
chemical synthesis with surface chemistry and label-free
electrochemical sensing to study the interactions between
well-defined sulfated saccharides and heavy metal ions. By
using these tools we showed that the sulfation pattern of
hyaluronic acid governs their heavy metal ions binding pref-
erences.

Introduction

The extracellular matrices (ECM) of higher organisms play vital
roles in the signaling, sensing and communication of cells ;
thus, targeting the ECM lies at the heart of drug and vaccine
development.[1] However, understanding the specific interac-
tions of each component of the ECM constitutes a major chal-
lenge. Since the ECM contains a huge number of different
chemical entities that have a variety of interacting partners
(i.e. , protein-protein, saccharide-protein, and saccharide-sac-
charide interactions), meeting this challenge requires the de-
velopment of original analytical approaches and new synthetic
strategies. Sulfated saccharides such as glycosaminoglycans
(GAG) and carrageenans are major components of the ECM of
organisms from animals to algae.[2, 3] These molecules have a
large variety of sulfation patterns that affect their structural
properties and biological activities.[4–6] Given that sulfated sac-
charides exist in metal-ion-rich environments, they interact
with, absorb, and store a variety of metal ions.[7–9] Metal ion
binding to saccharides can result in changes of the physical
properties and the biological interactions of these saccharides
and can lead to the accumulation of both essential and toxic

heavy metal ions.[10, 11] Previous studies suggested that the in-
teractions of metal ions with sulfated saccharides are dictated
by a combination of structural and functional factors.[12] These
studies claim that cations can form electrostatic interactions
with several moieties in the saccharide.[12] On the other hand,
the interaction between the two is subjected to conformation
related effects, which lead to binding preferences and specifici-
ty.[13, 14]

Most heavy metals are found at low concentrations in the
natural environment and can interact with sulfated saccharide
matrices.[15] Cadmium, mercury and lead are present in toxic,
sometimes lethal, concentrations in soil, fresh water sources
and sea water that are in proximity to industrial infrastruc-
ture.[16–19] Thus, it is important to monitor the concentrations
of these ions and to understand more deeply the factors that
govern their accumulation in the ECM of specific tissues and
by specific organisms.[20–22] It is suggested that sulfated oligo-
saccharides are used by organisms as protective matrices
against heavy metal ion toxicities but over-accumulation of
these cations results in diseases and death.[22, 23]

The effect of sulfation of saccharides on heavy metal binding
is largely unknown because it is very difficult to obtain saccha-
rides with defined size and sulfation pattern.[2, 3] Alternatively,
artificial sulfated polymers such as polystyrene sulfonate have
been used as replacements for saccharides but these com-
pounds lack the rich structural properties of the native enti-
ties.[24–26] These shortcomings suggest that well-defined saccha-
rides are required to study the exact effect of sulfation on
metal binding properties.[27]

Sulfated hyaluronic acids (sHA) are synthetic oligosacchar-
ides derived from hyaluronic acid (HA) that largely resemble
native sulfated GAG such as chondroitin, dermatan or heparan
sulfate (Figure 1 A and C).[28–31] They were used to study protein
glycan interactions, for biomedical applications, and they are
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well accepted as biologically relevant GAG related models.[32–35]

sHA have been successfully used to study the interactions with
GAG-binding sites of many regulatory proteins and for the
design of artificial extracellular matrices with tailored func-
tions.[36–39] Recently, we have developed strategies to produce
a variety of defined sHA from readily available HA in larger
quantities by using a combination of enzymatic and chemical
methods.[40, 41] These defined sHA are attractive tools for the se-
lective detection of heavy metals in polluted environments, to
study the molecular aspects involved in the interactions with
heavy metals, and finally to elucidate how sulfation patterns
effect GAG heavy metal binding preferences.[42]

Interactions of peptides, proteins and oligonucleotides with
small molecules and metal ions are mostly studied using ana-
lytical methods that rely on fluorescence, luminescence, circu-
lar dichroism (CD), or absorbance.[43–46] These methods are diffi-
cult to use for analyzing interactions between saccharides and
metal ions because little spectroscopic change arises from
such binding.[47] Peptides and oligonucleotides are much richer
in metal chelating moieties both in the side chains and in the
backbone, whereas saccharides contain mainly hydroxyl
groups that are weak chelators and are poor in stronger che-
lating groups.[48, 49] In addition, saccharide–metal complexes
lack characteristic absorbance, and labeling saccharides is syn-
thetically challenging and might interfere with these interac-
tions.

Electrochemical analysis does not rely on absorbance, mass
changes or heat transfer and can provide a valuable tool to
study interactions between saccharides and heavy metals. Elec-
trochemical impedance spectroscopy (EIS) is a label-free tech-
nique that is sensitive to dielectric properties of the interface
and surface density variation that results from the interactions
of the recognition layer with the analytes.[50] EIS of electrodes
with biomolecules as recognition element have previously

been used in many biosensors to detect trace amounts of
metal ions.[51–53]

Here, we develop original tools and strategies that will help
to establish the biochemical, pharmaceutical, and medicinal
significance of the interactions between sulfated saccharides
and heavy metals. We postulate that EIS can be used to study
the interactions of sHA with heavy metal ions and to overcome
the limitations of the other analytical techniques. In addition,
electrochemical characterizations should be able to provide in-
sights into the effect of sulfation pattern of a saccharide on
heavy metal binding preferences.

Therefore, we envision a label-free, robust and reproducible
system that is capable of detecting low concentrations of
heavy metal ions by using well-defined saccharides in a quanti-
tative manner. To achieve this, we will synthesize a series of de-
fined sulfated hyaluronic acid tetrasaccharides with distinctive
sulfation patterns functionalized with azide moiety (sHA4).
Next, we will develop a robust way to covalently anchor the
sulfated saccharides to electrodes using the copper-free strain-
promoted click reaction to avoid the presence of transition
metals in the system.[54, 55] The surfaces generated by this ap-
proach will be characterized by using atomic force microscopy
(AFM) contact angle (CA) and ellipsometry. These surfaces will
enable us to investigate correlations between sulfation pat-
terns and metal ion binding by using label-free electrochemical
techniques, especially, EIS and cyclic voltammetry (CV), and to
evaluate the response of different sHA4 to increasing concen-
trations of the heavy metal ions, Cd2 + , Hg2+ , and Pb2 + . In addi-
tion, metal ion binding to the surfaces will be verified by X-ray
photoelectron spectroscopy (XPS). For comparison, we will in-
vestigate isothermal titration calorimetry (ITC) as another label-
free method to analyze metal ion interactions with sHA4 in so-
lution.[56–58] As a result, we will be able to provide novel in-
sights into metal ion binding of defined sulfated GAG.

Results and Discussion

Synthesis of HA tetrasaccharides

HA is a linear polysaccharide made from a disaccharide repeat-
ing unit of N-acetylglucoseamine (GlcNAc) and glucuronic acid
(GlcA). Polymeric HA is natively non-sulfated, but chemically
sulfated HA serves as an attractive model for native GAG be-
cause they are easier to obtain in large quantities and high
purity. To investigate metal ion interactions of sulfated HA with
metal ions, b-azide HA tetrasaccharides with defined size and
sulfation pattern were obtained by using a combination of
chemical and chemoenzymatic protocols (Figure 1, and the
Supporting Information).[59, 60]

For partial sulfation, HA4 was treated with six equivalents of
sulfur trioxide pyridine complex in N,N-dimethylformamide
(DMF). Elution of the reaction mixture over a weak anion ex-
changer with NaCl furnished the mono-O-6-sulfo-tetrahyalur-
onan azide (msHA4) and di-O-6-sulfo-tetrahyaluronan azide
(dsHA4) in 32 % and 35 % yield, respectively, after desalting.
The following set of HA tetrasaccharide-azides with various sul-
fation patterns were used to study the metal ions interactions.

Figure 1. Tetrasaccharides with different sulfation patterns. A and B were
azide oligohyaluronans used in this study, and C is an example of azide
chondroitin sulfate C (CS-C) tetrasaccharide analogue. A) Non-sulfated HA
tetrasaccharide (HA4) R = R’= H, mono-sulfated HA tetrasaccharide mixture
of R = SO3

� , R’= H and R = H, R’= SO3� (msHA4) and di-sulfated HA tetrasac-
charide (dsHA4) R = R’= SO3

� ; B) nonasulfated HA tetrasaccharide (9sHA4) ;
C) azide CS-C tetrasaccharide.
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HA4 was used as a non-sulfated control, whereas msHA4 has
only one sulfate group and dsHA4 has two. msHA4 is a mix-
ture of 60 % of 6SHA4 where the sulfate is on GlcNAc-1 and
40 % of 6’SHA4 with the sulfate on GlcNAc-3. As a second con-
trol, nonasulfated HA4 (9sHA4) was used.

Surface modification and characterization

To prepare a sensor in which the sulfated saccharides are cova-
lently linked to the surface, a strategy based on the bioorthog-
onal click chemistry was chosen. To avoid any metal-mediated
process, we relied on copper-free, strain-promoted click reac-
tion of azido sHA4 with a dibenzocyclooctyne (DBCO) moiety
that was previously anchored to a modified oxide surface
(Figure 2).[61, 62]

To characterize the system and the assembly process, all fab-
rication steps were performed on silicon wafer prior to elec-
trode preparation. Each assembly step was analyzed by three
different methods: spectroscopic ellipsometry, wettability by
contact angle (CA), and atomic force microscopy (AFM). In the
first step, the silicon wafer was oxidized by using a reported
procedure.[63, 64] The silicon-dioxide layer activation resulted in a
thickness of 17.9 �, root mean square (RMS) roughness of
0.67 nm and contact angle lower than 208. The resulting oxide
layer was reacted with (3-aminopropyl)triethoxysilane (APTES)
and an additional smoother and more hydrophobic layer was
formed with a thickness of 6.3 �, a roughness of 0.17 nm, and
a CA of 568.

Coupling of dibenzocyclooctyne-N-hydroxysuccinimidyl ester
(DBCO-NHS) to the amine modified surface resulted in addition

of a smooth and hydrophobic layer with thickness of 6.5 � and
CA of 678. On the last assembly step, the azide functionalized
msHA4 was attached to the DBCO moiety on the surface by
using a copper-free click reaction to eliminate exposure to
transition-metal ions that might form complexes with the sac-
charide.[62] This step required only the incubation of the azide
saccharides with DBCO functionalized surface in buffer solution
without the addition of any metal catalyst (detailed procedure
described in the experimental). The thickness in this step was
increased by 2.8 � and the CA decreased to 508 with no
change to the roughness. The observed CA trends in all of the
assembly steps correlates with the expected change in the sur-
face hydrophobicity. The ellipsometric measurements of the
layer thickness was compared to the value calculated based on
bond lengths in the extended geometry. The thickness meas-
urements of all steps correlate with the longitudinal axis of the
molecule in perpendicular alignment to the surface. The thick-
ness measured following the tetrasaccharide assembly step
was lower than the calculated one, thus suggesting that the
sHA layer is aligned parallel to the surface.

X-ray photoelectron spectroscopy (XPS) analysis was used to
determine the presence of distinctive atomic features of the
modified silicon wafers. The XPS measurements of msHA4
modified silicon wafer show a binding energy (BE) peak, at
230 eV (S 2s), that correlates with the presence of a sulfate
group; this confirms the attachment of the sulfated HA to the
modified surface (see the Supporting Information). The analysis
of the assembly steps on the silicon wafer indicates that the
same protocol can be used to prepare sulfated saccharide-
based electrodes. The XPS analysis, in addition to the other

Figure 2. HA attachment to GCE surface or silicon wafers, modified with DBCO by copper-free click reaction to form HA4-GCE, msHA4-GCE, dsHA4-GCE and
9sHA4-GCE. Insert : EIS measurements after APTES assembly (step 1), DBCO coupling (step 2), and HA click coupling represented by green, red, and blue Ny-
quist plots in the insert, respectively.
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methods, confirms the robustness of the system. The XPS
show that the molecular features associated with the function-
al groups, especially the sulfate, of sHA4 are kept intact after
all fabrication steps have been performed.

Preparation of HA4-GCE electrodes

The electrodes were prepared by modifying an oxidized glassy
carbon electrode (GCE) by following the same procedure used
for the preparation of silicon wafers (Figure 2). All synthetic
modification steps on the GCE were monitored by EIS analysis
(see the Supporting Information). In all steps the EIS analysis
showed an increase in the resistance of the surface to ferricya-
nide-ferrocyanide redox couple transport through the layer
(Figure 2 insert and the Supporting Information). The prepara-
tion protocol was reproducible and the assembly of each of
the HA4 saccharides on the GCE resulted in very similar surface
density. This enabled us to further evaluate the response of
the saccharide functionalized electrodes to heavy metal ions.

Impedimetric response to heavy metal ions binding

After the preparation of the saccharide functionalized electro-
des, HA4-GCE, msHA4-GCE, and dsHA4-GCE, they were ex-
posed to increasing concentrations of Cd2 + , Pb2+ , and Hg2+ ,
and the response was evaluated using EIS. The measured
values are shown by Nyquist plot and fitted to the Randel’s
equivalent electrical circuit (see the Supporting Information)
extracting the resistance and the capacitance components of
the system. To quantify the response to the metal ions, the
charge-transfer resistance (RCT) was normalized by dividing the
RCT value after exposure to heavy metal ions by the RCT value
before exposure.

When HA4-GCE, dsHA4-GCE and msHA4-GCE were exposed
to increasing concentration of mercury ions, only the latter
showed a significant increase in the normalized RCT value and a
negligible decrease in capacitance in the range of 0.1 to
100 nm Hg2 + (Figure 3 A and B). This suggests that the interac-
tion of msHA4-GCE with mercury ions results in substantial
change in surface density that is translated to an increase in
the impedance. These results show that the interaction of

msHA4, which have only one sulfate, with mercury ions is
stronger than that of the other HA analogues.

We also evaluated the response of all three tetrasaccharides
to lead and cadmium ions over the same range of concentra-
tions (see the Supporting Information). To simplify the analysis,
we compared the EIS response of the three GCE-HA toward a
100 nm concentration of each of the heavy metal ions since it
correlates with the overall dose response trends (Figure 3 C).

msHA4-GCE showed some response to lead ions in this con-
centration region, although much less than to mercury; HA4-
GCE and dsHA4-GCE showed no response to lead. Interesting-
ly, we see a slight increase in the normalized RCT of dsHA4-GCE
as response to Cd2+ in that concentration range. The EIS re-
sults also show that neither msHA4-GCE nor HA4-GCE re-
spond to the presence of cadmium ions. We also performed
EIS studies of a nonasulfated hyaluronan tetrasaccharide ana-
logue (9sHA4) (see the Supporting Information). However, this
analogue showed no specific response to these metal-ions or
any monotonic tendency via dose response (see the Support-
ing Information). The results of the EIS screening described
above suggest that the metal binding is sulfation pattern de-
pendent. This study also demonstrates that polysulfation of a
substrate, as used in other materials, is not the appropriate
way to achieve metal ion selectivity and sensitivity using oligo-
saccharide. This supports our hypothesis that the pattern of
sulfation and not the number of sulfate groups is the crucial
factor for metal ion affinity.

The EIS studies prove that the HA4-GCE system is applicable
to all saccharides in the library and can be used to detect low
concentrations of heavy metal ions. Furthermore, the system is
reproducible enough to establish reliably the correlation be-
tween the sulfation pattern and heavy metal ions preferences.

Voltammetric response to heavy metal ions binding

To confirm and quantify the ions binding on the HA-GCE sur-
face, cyclic voltammetry (CV) was performed on HA4-GCE,
msHA4-GCE, and dsHA4-GCE after exposure to 100 nm con-
centration of Cd2+ , Pb2+ , or Hg2+ . CV analysis for HA4-GCE,
msHA4-GCE, and dsHA4-GCE after exposure to mercury
showed two main differences (Figure 4 A). First, the quantity of

Figure 3. Impedimetric response of HA-GCE to heavy metal ions. A) msHA4-GCE in response to increasing concentrations of Hg2 + from 0.1 nm to 100 nm rep-
resented by Nyquist plots overlay; B) dose-response of different HA-GCE to increasing concentrations of Hg2 + from 0.1 nm to 100 nm (N = 3); and C) response
of different HA-GCE to 100 nm concentrations of Cd2 + , Pb2 + and Hg2 + (N = 3). Black describes HA4-GCE, blue describes msHA4-GCE and red describes
dsHA4-GCE.

Chem. Eur. J. 2019, 25, 1 – 9 www.chemeurj.org � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4&&

�� These are not the final page numbers!

Full Paper

http://www.chemeurj.org


ions detected depends on the sulfation pattern, with a clear
preference of mercury to the monosulfated functionalized
GCE. Second, there are variations in the mercury oxidation po-
tential shifts indicating that different complexes are formed.
We assume that the two peaks for msHA4-GCE originate
either from the formation of two distinctive mercury-HA com-
plexes or from the presence of two oxidation states.[65] CV anal-
ysis of all three HA-GCE after exposure to lead and cadmium
also showed differences in the quantity of ions detected on
each of the three sulfated HA-GCEs (Figure 4 B). Lead was de-
tected on msHA4-GCE and dsHA4-GCE, albeit in much lower
quantity compared to mercury, but not on HA4-GCE. We could
detect only small amounts of cadmium on msHA4-GCE and
dsHA4-GCE while none was detected on HA4-GCE. Similar to
mercury, there were shifts in oxidation potential of lead be-
tween the differently sulfated saccharides (see the Supporting
Information). We assume that these changes in the oxidation
potential may result from a different stabilization of lead com-
plexes.[65]

CV proved to be a valuable additional tool with which to
further decipher sugar metal interaction variances. First, the CV
analysis confirmed the presence of the metal ions on the sul-
fated HA functionalized electrodes. Second and equally impor-
tant, it allowed us to determine the number of ions on the sur-
face and approximate ratio of metal ions to saccharides.

Assuming homogenous and full coverage, the ratio of sac-
charide ligand varies from one metal ion per four saccharides,
in the case of Cd2 + and dsHA4, to two metal ions per saccha-
ride, in the case of Hg2 + and msHA4. Third, it demonstrated
that the sulfation pattern also affects the oxidation potential,
thus implying that there is a variation in the type of complex
formed in each case.

XPS analysis of msHA4 after exposure to heavy metal ions

XPS was performed on silicon wafer that was covalently at-
tached to msHA4 to further verify the presence of metal ions
on the surface. The XPS analysis clearly indicated the presence
of mercury ions (Hg 4f, BE = 101 eV) on surfaces and the ab-
sence of cadmium (Cd 3d, BE = 405 eV) as expected from our
electrochemical studies. Given that the inner electron energy

for lead is at the same region as the Si plasmon, we used glass
slides functionalized with msHA4 and verified the presence of
lead ions (Pb 4f, BE = 138 eV) on this surface (see the Support-
ing Information). The XPS analysis shows that the heavy ions
are complexed and not free, which is in line with the CV re-
sults. This provides clear indication that the changes in mea-
sured EIS results from complexation of the metal with the tet-
rasaccharides on the surface.

Sulfation pattern effect on heavy metal binding

EIS and CV are complementary analytical methods and, in com-
bination, provide additional insight on the system. EIS is very
sensitive to changes in the tetrasaccharides packing properties
caused by the metal ion binding, whereas CV measures directly
the amount of the metal ions on the surface and their oxida-
tive state. EIS show that mercury changes mostly the surface
properties, mainly packing density, of msHA4-GCE but not of
HA4-GCE and dsHA4-GCE. CV indicates that mercury is present
in all three HA models but show that the quantity of the ion
(2.2 nm�2) on msHA4-GCE is much larger than on the other
two (0.9 nm�2 and 0.5 nm�2 for HA4-GCE and dsHA4-GCE, re-
spectively). This observation is in correlation with our EIS re-
sults. There are shifts in the oxidation potential of mercury on
the three GCE-HA. In addition, there are peaks observed in the
response of msHA4-GCE to mercury. Given that oxidation po-
tential depends on the ability of the ligand to withdraw elec-
trons,[65] we assume that there are variations in the type of the
complex formed between the ion and the sulfated saccharides.
The presence of two peaks for msHA4 can also be correlated
to two oxidation potentials of Hg1+ to Hg2 + (+ 0.91) or Hg0 to
Hg2 + (+ 0.85).[65] The significant response of msHA4 to mercury
compared with the other systems suggests that the affinity be-
tween the two leads to considerable amount of ions on the
surface, which, in turn, results in substantial conformational
changes of the surface-bound saccharides thus forming a
denser monolayer packing. In the case of cadmium, the two
methods show slight preference to dsHA4 over the other two
analogues. However, the amount of cadmium ions on dsHA4
(0.2 nm�2) is much lower than that of mercury on msHA4
(2.2 nm�2), indicating a weaker affinity, which is in line with the

Figure 4. CV response of the three tetrasaccharides to: 100 nm Hg2 + (A) and to 100 nm concentrations of Cd2 + , Pb2 + , and Hg2+ presented as metal ion per
nanometer square (N = 3) (B). Black describes HA4, blue describes msHA4 and red describes dsHA4. The real concentration of different metal ions was calcu-
lated from the oxidation peak and is presented as metal ion per nanometer square (N = 3).
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relatively minor change in surface density. The response of
msHA4 to lead can be detected both by CV and EIS and results
in a considerable surface density change compared with the
other saccharides.

The nonasulfated control 9sHA4-GCE showed only minor re-
sponse to mercury and none to the other metals in CV analysis
and produced a response with high fluctuations by EIS. While
there was a clear correlation between the presence and quan-
tity of metal ions (CV) and the surface density changes (EIS) in
some cases, for example msHA4, in other cases the presence
of metal ion complexes did not change the surface density.
This indicates that the presence of metal ion complex on the
surface does not always lead to a change in the density of the
layer. We assume that these differences might originate from
variations in oligosaccharide surface number density.[66]

The thermodynamics of the interaction of heavy metal ions
with the saccharides in solution were investigated by isother-
mal titration calorimetry (ITC) (see Supporting Information, Fig-
ure S37). A solution of HgCl2 (500 mm) in phosphate buffer
(8 mm) was titrated in droplets into a solution of msHA4
(50 mm) in the same buffer (Figure S37a). For background con-
trol, the HgCl2 solution was titrated into the same buffer with-
out the monosulfated tetrasaccharide (Figure S37b). In both
experiments significant and very similar positive enthalpic con-
tributions were observed, indicating a strongly endothermic
process that was dominated by the thermodynamic effects of
dilution of the mercury salt solution and not by binding of
metal ions to the carbohydrate.

Our studies showed that although all the tetrasaccharides
have the same monosaccharide sequence and exactly the
same carboxylate and amide metal chelating groups,[67] their
distinctive affinity and mode of interaction with metal ions are
dictated by the sulfation pattern. Furthermore, we clearly ob-
served that a large number of sulfate groups interfere with the
chelation ability. This proves that simply “loading” a glycan
with sulfates does not necessarily provide preference to metal
ions and that the pattern is indeed crucial. It is likely that the
sulfation effect on metal binding preference results from a
combination of inter- and intra-molecular interactions, electro-
static attraction or repulsion and conformational differences.
The effect of sulfation on the conformation of furanosides and
GAG was previously reported.[68, 69] It shows that sulfation alters
the conformation of saccharides already on the monosacchar-
ide level. It is reasonable to conclude that sulfation will induce
significant conformational changes also on the oligo- and
poly-saccharide level that can result in modulation of the affini-
ty toward metal ions. A more profound analysis will be re-
quired to elucidate the exact contribution of sulfation to elec-
trostatic and conformational changes of oligosaccharides that
leads to the observed heavy metal ion preferences. Our sen-
sors provide us with valuable hints regarding the effect of sul-
fation on metal binding preferences that adds to the current
knowledge on the interaction of sulfated saccharides with
their environment.[32, 34] Our results suggest that the effect of
sulfation on the metal binding cannot be simplified merely to
the number of sulfate groups. The results indicate that the
system is not a simple ion-exchanger but that it is more com-

plex and that the distinctive sulfation pattern of saccharides is
crucial for modulating the metal-binding affinities, perhaps
through the formation of a secondary coordination sphere.

Conclusions

We have described a label-free system that can be used to elu-
cidate the interactions of saccharides with heavy metals. A
robust synthetic method was developed to anchor small and
well-defined sulfated saccharides to the electrode surface via a
series of covalent linkages. The method was mild enough so
that all the molecular features of the saccharides were kept
intact during the monolayer assembly process and robust
enough to enable us to characterize the heavy metal ions in-
teraction with the saccharides using various analytical meth-
ods. Our studies emphasize the importance of using homoge-
nous saccharides with a known size and sulfation pattern to
unravel the unique effect of sulfation on metal interaction
preferences. This work proves that label-free EIS and CV pro-
vide quantitative analysis of saccharide-metal interactions
which are otherwise much harder to elucidate. It also high-
lights the principle that using homogenous saccharide rather
than mixtures can be very attractive for producing selective
and sensitive sensors. Considering the large body of evidence
that connects the accumulation of heavy metal ions in sulfat-
ed-saccharide-rich matrices with alterations in the function and
chemical composition of cells, small organisms and brain tis-
sues of high organisms, these events are clearly understudied.
We think that the interactions of saccharides with metal ions,
especially heavy metal ones, might be governed by sulfation
patterns rather than by only the core glycan. These interac-
tions have to be further evaluated to provide a more compre-
hensive correlation. Studies using a larger set of sulfated sac-
charides in addition to using analytical tools such as NMR anal-
ysis will provide a deeper insight into the mechanism of these
interactions and will offer a more accurate picture of the be-
havior of ECM and saccharide matrices in heavy-metal-rich en-
vironments.

Experimental Section

Materials

All reagents were of commercial grade (purchased from Sigma–Al-
drich, Merck and Alfa Aesar) and were used as received. DBCO-NHS
ester was purchased from lumiprobe LTD. For the electrochemical
measurements, the trace selective salts, cadmium chloride, mercu-
ry(II) nitrate monohydrate, and lead(II) acetate trihydrate purchased
from Merck were used. sHA4 were prepared by following pub-
lished procedures, synthetic protocols and spectroscopic data are
added in the Supporting Information.

GCE surface modifications and the preparation of HA-GCE

GCE electrodes were manually polished on a micro-cloth pad with
de-agglomerated alumina suspension with particle size of 0.05 mm
and washed with triple distilled water (TDW). The GCE was activat-
ed in a solution of potassium hydroxide 1 % w/w in TDW for
40 min at 22 8C, washed with TDW and dried with nitrogen flow.[62]
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GCE were dipped into 1 % 3-aminopropyltriethoxysilane (APTES) in
EtOH solution for 40 min at 22 8C washed with EtOH and dried.
The electrodes were then placed in an incubator at 45 8C for
curing for 2 h, then immersed in a solution of 1 mg mL�1 dibenzo-
cyclooctyne-N-hydroxysuccinimidyl ester (DBCO-NHS, Lumiprobe)
in EtOH for 6 h at 22 8C and later washed with EtOH. The DBCO
functionalized electrodes were dipped into a solution of
0.1 mg mL�1 sHA4 in 50 mm ammonium acetate buffer (AA) with
pH 6.7 and were incubated for 15 h at 22 8C. After the exposure,
the electrodes were washed with AA and measured with EIS. The
sHA4 functionalized electrodes were stabilized in AA buffer for 2 h
before exposing them to metal ion buffer solutions.

Silicon wafers modification and exposure to heavy metal
ions

Detailed description of the preparation and characterization of sili-
con wafer functionalized with HA4 can be found in the Supporting
Information.

EIS studies following the exposure of sHA4-GCE to heavy
metal ions

sHA4-GCE were exposed to solutions with increasing concentra-
tions (0.1 nm to 1 mm) of lead acetate, cadmium chloride, and mer-
cury nitrate in 50 mm AA buffer at pH 6.7 for 10 min. After the ex-
posure the electrodes were washed with buffer and measured by
EIS technique.

Electrochemical analysis

Electrochemical impedance spectroscopy was performed with ferri-
cyanide-ferrocyanide redox couple with a bio-logic SAS sp-300 po-
tentiostat on modified glassy carbon electrode (GCE). The system
was a three-electrode standard electrochemical cell that contained
three electrodes in impedance, the three electrodes used in the
measurements were: Ag/AgCl (in 3 m KCl) as reference electrode
(RE), Pt as counter electrode (CE) and GCE with 3 mm diameter as
working electrode (WE). The solution for impedance measurements
contained 5 mm Ferro/Ferri redox active couple, 100 mm potassi-
um chloride and 50 mm ammonium acetate buffer with pH 6.7.[52]

Electrochemical impedance spectroscopy (EIS) parameters
and Nyquist plot

All measurements were conducted by applying AC potential. Ny-
quist plots were fitted to equivalent circuit Rs[(RCT jW)kC] for clean
electrode, where Rs is resistance of the solution, RCT charge-transfer
resistance of the layer, C is the capacitance and W is Warburg diffu-
sion element. Electrodes that contain organic layers were fitted
with the circuit Rs[(RCT jW)kQ] , where Q is constant phase element,
that describes a non-ideal capacitor.[52, 62]

Cyclic voltammetry (CV) parameters and metal concentra-
tion calculation

CV measurements were conducted with sHA4 modified electrodes
before and after exposure to 100 nm metal ion in 50 mm AA buffer
solution for 10 min. The measurements were conducted from a po-
tential of �2 V to a potential of 1 V at a scan rate of 0.1 V s�1 in a
solution of 50 mm AA buffer at pH 6.7 and 0.1 m of KCl. The total
charge was calculated from peak integration with the EC-Lab pro-
gram. The concentrations of metal ions were calculated from M2 +

= (q � C)/(A � 2), where M2 + is the amount of metal ions, q is the

charge transfer, C is the coulomb constant and A is the area of the
electrode.

Isothermal titration calorimetry (ITC)

All ITC measurements were carried out with a Microcal PEAQ-ITC
calorimeter (Microcal, Malvern Panalytical, Malvern, GB) at 25 8C.
For each titration, 19 to 25 injections of 2.0 and 1.5 mL of titrant, re-
spectively, were conducted at 180 s intervals, while stirring at
750 rpm. Both the titrants and the sample cell solutions were pre-
pared in the same phosphate buffer (8 mm NaH2PO4·2 H2O, 2 mm

KCl, 0.1 % Triton X-100, pH 7.5) to ensure a reasonable baseline and
control for all experiments. Two ITC experiments were performed
using the following solutions: In experiment 1, (see Supporting In-
formation, Figure S37a), a solution of 500 mm HgCl2 in the same
buffer. In experiment 2, (background control experiment, Fig-
ure S37b), the solution of HgCl2 (500 mm) was added dropwise (1.5
or 2.0 mL per droplet) to the buffer solution without the monosul-
fated tetrasaccharide msHA4. Subtraction of the recorded heat
flow for each droplet of the control experiment from the thermo-
gram of the first experiment was conducted using the point-by-
point subtraction mode of the Microcal software.
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Sulfation Patterns of Saccharides and
Heavy Metal Ion BindingPattern recognition : The effect of sulfa-

tion patterns on the metal binding
properties of saccharides is enigmatic
because the accessibility to structurally
defined sulfated saccharides is limited
and because of the absence of suitable

analytical techniques. Herein, electro-
chemical methods are used to show
that the sulfation pattern of hyaluronic
acid governs their heavy metal ions
binding preferences (see scheme).
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