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ARTICLE INFO ABSTRACT

Keywords: Circulating mannose-binding lectin (MBL) plays an important role in the progression of tissue damage caused by

Mannose binding lectin ischemic events, an account of its high-affinity, multivalent binding to carbohydrate arrays exposed on damaged

glyc‘ms el endothelium (damage-associated molecular patterns, DAMPS). MBL inhibitors have therefore been proposed as a
anoparticles

novel protective therapeutic strategy to prevent secondary injury.

We developed a new, convenient, robust surface plasmon resonance (SPR) assay for in vitro screening of
compounds interfering with the binding of native human MBL to an appropriate chip surface functionalized with
a pattern of sugar moieties mimicking DAMPS. We also characterized the procedure to regenerate the chip
surface after each experimental session, accomplished by sequential cleaning with piranha solution followed by
UV exposure. The SPR assay detects the specific binding of human recombinant MBL and native MBL present in
human serum, and can identify inhibitors of this binding. We observed inhibitory effects of mannose (IC50 = 5
mM), of a nine mannose residues carrying glycan (IC50 = 0.33 mg/mL, corresponding to ~ 175 pM), and mainly
mannose-coated gold nanoparticles (IC50 = 1.1 pg /mL). These in vitro results serve as a basis for testing the
protective properties of these molecules/nanoparticles later inthe more expensive and time-consuming studies in
cells and animal models of MBL mediated-injuries.

Surface plasmon resonance

1. Introduction the carbohydrate portion of glycoconjugates, such as a glycoprotein,
glycolipid, or proteoglycan, and are key players in innate immune re-

The interaction between lectins and glycans is fundamental in many sponses in all living organisms [4]. Their presence on the cell surface —
physio-pathological processes [1-3]. Glycans are chain-like structures for example the so-called glycocalyx on the endothelial cells of the
composed of many monosaccharides linked by glycosidic bonds. They are vascular lumen — is the basis for the recognition and binding by extrinsic
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assembled monolayer; LP,, lectin pathway; rhMBL,, recombinant human mannose binding lectin; rhFicolin-1, recombinant ficolin-1; SPR,, surface plasmon
resonance; IC50, the half-maximal inhibitory concentration; RU, resonance units; Kp, equilibrium dissociation constant; GNPs, gold nanoparticles; TEM, trans-
mission electron microscopy; DLS, dynamic light scattering.
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(viral agglutinins, bacterial and plant toxins, etc.) or intrinsic molecules
(lectin pathway initiators, etc.) [4]. The lectin pathway (LP) is an acti-
vation pathway of the complement system, an arm of innate immunity
triggered by lectin proteins, e.g mannose binding lectin (MBL) or fico-
lins, binding to specific carbohydrates—and carbohydrate patterns— on
the surface of pathogens (pathogen-associated molecular patterns,
PAMPs) or expressed by damaged self-cells (damage-associated molec-
ular patterns, DAMPs) [5]. While the complement activation consequent
to the lectin binding to pathogens has a protective role, the conse-
quences of their binding to DAMPs may be deleterious [6].

Many recent publications indicate that the activators of the LP,
particularly mannose-binding lectin (MBL), have a key pathogenic role
after myocardial [7,8], renal [9], gastrointestinal [10] and cerebral
ischemic injury [11,14,1213]. In all these conditions, MBL appears to
contribute to tissue injury, and its genetic deletion or pharmacological
inhibition are protective. MBL inhibitors might therefore be promising
therapeutic strategies, and reliable in vitro assays are needed to identify
them before more time-consuming and expensive studies in cells and in
vivo.

The so-called “mannan assay” [15,16] has already been used to
examine the binding of monovalent carbohydrates to MBL. However, it
requires long incubation and washing steps which may affect the ac-
curacy and precision of the measurements.

Label-free sensors, allowing real-time detection of biomolecular in-
teractions, offer important advantages over ELISA-like approaches and
might therefore represent very useful alternatives. Different techniques
are available in this regards, including those based, for example, on
Surface Plasmon Resonance (SPR), Quartz Crystal Microbalance (QCM),
Grating Coupled Interferometry (GCI) and Bio-Layer Interferometry
(BLI) technologies. Advantages and limitations of these and other label-
free sensors have been recently reviewed [17,18].

SPR is probably the most common and well-established label-free
technology. The main application is for the characterization of bio-
molecular interactions in terms of on and off rates (kinetics) and binding
strength (affinity) [19] although its versatility allows many other uses
[20-23]. In general, one molecule is immobilized on a sensor chip while
the other flows through a microfluidic system over the chip surface.

In order to screen putative MBL binders, a direct SPR design was used
at first in which the compounds were flowed onto recombinant MBL
immobilized on the sensor chip [12]. However, immobilization of MBL
can alter its binding properties so it makes this configuration different
from the physiological condition, in which MBL is the circulating pro-
tein. Thus we developed a different SPR design to mimic the real con-
ditions more closely [24]. This involved MBL-containing solutions, with
or without inhibitors, flowing over a sensor chip coated with man-
nosylated albumin. This enabled us to identify compounds that could
prevent the binding of murine MBL isoforms to immobilized mannose
residues. Although it gave satisfactory results with murine MBL, this
approach did not work with native human MBL [24] thus limiting its
application. The main aim of the present work was therefore to design a
novel SPR assay to allow investigation in human serum, supporting
translational studies.

After extensive development and characterization to generate suit-
able functionalized surfaces, we obtained a robust and reliable method
to measure the binding of human MBL (in solution) to a mannose-
exposing sensor chip, and to identify inhibitors of this binding. We
applied this new SPR-based biosensor to show the inhibitory properties
of a tri-antennary high-mannose glycan or sugar-coated nanoparticles,
which are therefore promising molecules worth further investigating.

2. Materials and methods
2.1. Chemicals and reagents

All chemicals were of analytical grade, used without further
purification. All water was double-distilled, supplied in house by a Milli-
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Q system (Millipore, Bedford, MA, USA). Hydrogen peroxide solution
(30% w/w) and D-(+)-mannose were purchased from Merck Millipore
(Overijse, Belgium). Tween 20 was from Sigma-Aldrich (Milan, Italy). 2-
Mercaptoethanol (14.2 M) and cleaning reagents (0.5% SDS, 50 mM
NaOH and 100 mM HCI) were from the ProteOn Regeneration Kit (Bio-
Rad, California, USA).

2.2. Biological materials

Recombinant human MBL protein (rhMBL) (9086-MB) and recom-
binant human Ficolin-1 protein, carrier-free (rhFicolin-1) (4209-FC)
were purchased from R&D Systems (Minneapolis, MN, USA). Soybean
agglutinin (SBA) unconjugated was purchased from Vector Laboratories
(L-1010). Human serum (from male AB clotted whole blood), USA
origin, sterile-filtered (H6914) was purchased from Merck Life Science
S.r.l. MBL, human, mAb 3E7 (HM2061) was purchased from Hycult
Biotech.

MBL-depleted human serum was prepared according to a method
described previously [25]. Briefly, a 5 mL column containing 2 mL of
mannan-agarose (Sigma-Aldrich, Belgium) as depleting beads was
equilibrated with Veronal buffer (Lonza, Allendale, New Jersey, US)
containing calcium chloride (3 mM) and magnesium chloride (10 mM).
Human serum was passed through the column, and the flow-through
was collected. The depletion of MBL was confirmed by Human MBL
Quantikine ELISA (DMBLOO; R&D Systems, bio-techne Ltd. Abingdon,
UK) showing > 95% depletion efficiency.

M9 Glycan (High mannose or oligo mannose N glycan with a di-N-
acetylglucosamine core and 9 mannose residues) 95% purity, was pro-
vided by Ludger Ltd. (Fig. S1).

2.3. Thiol-glyco-derivatives

Synthetic glyco-derives, Man-EGgC11S, Glc-EGeCi11S (Fig. S2) were
prepared according to the reference method [26,27] by Midatech (Bil-
bao Spain) and dissolved in water.

2.4. Synthesis, functionalization and characterization of gold
nanoparticles

Gold nanoparticles (GNPs) were synthesized and characterized as
previously described [28]. Briefly, sodium citrate (9 mL, 68 mM),
HAuCly (7.5 mL, 10 mM) and AgNOs3 (490 pL, 5.9 mM) were mixed and
stirred for 6 min at room temperature. Then the solution was added into
250 mL of boiling water in a 500 mL flask and stirred (750 rpm) for 1 h at
100 °C, allowing the formation of the seeds. The seed solution was
cooled to room temperature, 5 mL of glycerol was added, and the so-
lution was left stirring for 10 min

A second mixture of sodium citrate (10 mL, 34 mM), HAuCl4 (7.5 mL,
10 mM) and AgNOs (426 pL, 5.9 mM) was pre-mixed for 6 min and then
added to the seed solution, followed immediately by the addition of
hydroquinone (8 mL, 91 mM). The solution was left stirring at 750 rpm
for 1 h to age and improve homogeneity.

Synthesized citrate-capped GNPs were purified by centrifuging,
using Millipore Amicon Ultra-4 Centrifugal Filter Units, 30KDa cut-off,
at 6000 rpm for 4 min and stored as colloidal solution in water (12
mL, Au content 14 mg). These citrate-capped GNPs are stable in water
for months, and their core diameter is 14.1 &+ 2.1 nm, determined by
transmission electron microscopy (TEM) images (Fig. S3). We found no
evidence of residual silver on the gold surface, checked by TEM and
energy dispersive X-ray.

GNPs were functionalized by capping the metal surface with thiol-
glyco-derivatives, exploiting the strong thiol-gold bond and allowing a
self-assembled monolayer on the gold surface (Fig. S4). First, 15 pL of 10
pg/mL thiol-glyco-derivatives, Man-EG¢C11S or Glc-EG¢C11S, were
added to 85 pL of water and 500 pL of citrate-capped GNPs (1.16 mg/
mL) were added dropwise to the solution, then shaken overnight at 4 °C
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in the dark. The samples were centrifuged at 13000 rpm (16.1 rcf) for 25
min at 15 °C. After centrifugation, the supernatant was removed and the
GNPs were re-dispersed in 600 pL of water. This step was repeated three
times. After the final cycle the particles were dispersed in 300 pL of
water.

Citrate-capped GNPs and glyco-functionalized GNPs were fully
characterized by: 1) dynamic light scattering (DLS) and {-Potential, to
determine their hydrodynamic diameter and assess their colloidal sta-
bility (Table 1). DLS was done with a 90 Plus Particle Size Analyzer from
Brookhaven Instrument Corporation (Holtsville, NY, USA) operating at
15 mW of a solid-state laser (A 661 nm), using a 90° scattering angle. The
C-potential was determined at 25 °C, using the same instrument equip-
ped with an AQ-809 electrode, operating at an applied voltage of 120 V.
The {-potential was calculated from electrophoretic mobility based on
the Smoluchowski theory. 2) UV-Vis spectroscopy to characterize the
plasmon band was done with an Agilent 8453 instrument equipped with
a disposable cuvette with 1 cm optical path length (Fig. S5) and a con-
centration of NPs calculated with the Beer-Lambert law. 3) Inductive
coupled plasma optical emission spectroscopy (ICP-OES) to analyze the
metal content was done with ICP-OES iCAP 6200 Duo upgrade, Ther-
mofisher. Samples were acid-digested on a hotplate with aqua regia (HCI:
HNOj3 3:1) solution, diluted with water. 4) TEM was done on a specimen
prepared by dropping the GNP solution onto supported lacey-carbon
copper TEM grids, using a ZEISS LIBRA200FE microscope equipped
with an in-column Q-filter spectrometer/filter, operating at 200 kV
(Fig. $3).

2.5. Piranha/UV cleaning and chip surface coating

We recycled used GLC and GLM sensor chips from BioRad, which are
coated with a modified alginate polymer layer with a different ligand
immobilization capacity, which was removed. For this, the used chips
were taken out of the housing (Fig. 1) and their surface was immersed in
sequence in SDS (0.5%), NaOH (50 mM) and HCI (100 mM) for a min
each, with intermediate washes with water, then dried under a nitrogen
stream. After this pre-cleaning, the bare gold surface of the chip was
obtained by immersing the chip for 5 min in freshly prepared piranha
solution [H302:H3SO4 1:5] pre-cooled to room temperature for 15 min
under a magnetic-induction stirrer. Immediately after, the chip was
immersed in water to remove residual piranha solution, and rinsed again
with water (150 mL), followed by 96% ethanol (50 mL), then dried
under a nitrogen stream. After that, the chip was placed horizontally
under the biohazard safety VBH sterile hood and exposed to the
germicidal UV light of the hood for 1 h.

The cleaned chip was then either used immediately for in-situ surface
coating or used ex-situ for thiol-mediated immobilization of the SH-
glyco-derivatives. For this, inside the sterile hood the chip was again
rinsed with water (150 mL) and 96% ethanol (50 mL) and placed in a
homemade sealed parafilm box.The dried surface of the chip was
covered with freshly prepared SH-glyco-derivative solution (800 pg/
mL) diluted in 50% ethanol, and left for 24 h on a circular shaker in the
dark. Then the surface was gently rinsed with water (50 mL) and 96%
ethanol (5 mL), dried under a nitrogen stream, and re-inserted into the
chip housing. All the above steps (chip cleaning and ligand immobili-
zation) were carried out in succession.

Table 1

Characterization by DLS of citrate and glycol-capped GNPs.
Gold Hydrodynamic Polydispersity ¢-Potential
Nanoparticles diameter (nm) index (mV)
Citrate-GNPs 33+9 0.201+ 0.03 -26+ 5
Man-GNPs 28+7 0.173 £ 0.03 -19+2
Glc-GNPs 29+ 7 0.177 £ 0.01 -9+ 2
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2.6. SPR binding assays

All the SPR analyses were done with the Proteon XPR36 SPR. The
running and dilution buffer was TBST with Ca** 10 mM Tris buffer [pH
7.4], with 150 mM NacCl, 0.005% Tween-20 and 1.2 mM CaCl,.

For initial binding studies different concentrations of rhMBL
(0.125-20 nM) were injected for 300 s at a rate of 30 pL/min, over chips
coated directly with different SH-glyco-derivatives, as described above.
Representative sensorgrams (i.e., the time course of the SPR signal in
resonance units (RU)) were obtained from parallel spots of the SPR chip
surfaces (Fig. S6).

For inhibition studies, 1 pg/mL (5 nM) rhMBL was pre-incubated
with monovalent mannose (10 mM and 30 mM) or M9 glycan
(100-200 pM) for 1 h, as indicated, at 25 °C on an orbital shaker, and
the solutions were then injected over the chip, for 150-300 s at 30 puL/
min.

In another set of experiments, 1 pg/mL rhMBL was preincubated
with or without Man-EG¢C;1S-functionalized GNPs (25, 12.5, 6.25 pg/
mL) or Glc-EGgCy1S-functionalized GNPs (25 pg/mL) for 1 h at 25 °C on
an orbital shaker. The solutions were injected over the chip surface for
5 min at 30 pL/min or centrifuged at 13000 rpm (16.1 rcf) for 25 min at
4 °C to precipitate the NPs, and the supernatants were injected as above.

To evaluate the binding of native MBL, 50-fold-diluted human serum
was preincubated with or without of Man-EGgC11S- or Glc-EGgCq1S-
functionalized GNPs (25 pg/mL) for 1 h at 25 °C on an orbital shaker.
Then the solutions were centrifuged at 13000 rpm (16.1 rcf) for 25 min
at 4 °C, to precipitate the NPs, and the supernatants were injected over
the chip surface, for 800 s at 30 pL/min. In parallel we used MBL-
depleted human serum with or without the addition of rhMBL.

The injection of diluted sera was immediately followed by injection
of anti-hMBL 3E7 antibody (10 pg/mL at a rate of 30 pL/min for to
specifically recognize the MBL captured by the immobilized sugars.

3. Results
3.1. In-situ functionalization of the SPR chip is not efficient

First, we attempted to immobilize the SH-glyco-derivatives directly
in the SPR instrument, i.e. flowing the SH-molecules over the bare gold
surface. This would allow different SH-molecules to be immobilized in
parallel lanes of the same sensor chip (Fig. S6) and would give more
control of the level of immobilization.

Fig. S7A shows the sensorgrams obtained when flowing Man-
EGgC11S (800 pg/mL) or mercaptoethanol 1 M (used as a control SH-
molecule) on the bare gold surface for 980 s, indicating that both of
them could be immobilized at high levels. The highest signal of Man-
EGgC11S was lower than with mercaptoethanol, despite the higher MW,
indicating that the number of immobilized Man-EGgC11S molecules is
about 15 times lower than the number of immobilized mercaptoethanol
molecules.

Fig. S7B shows the binding signals of rhMBL on the prepared sur-
faces. The response was good on the Man-EGgC;1S-immobilized surface
but not on the mercaptoethanol-immobilized surface; however, rhMBL
binding was even greater on the unfunctionalized bare gold, probably
due to the cysteine groups of the protein. We hypothesized that mer-
captoethanol efficiently coated the whole surface, while the immobili-
zation of Man-EG¢C1;S was not so efficient, leaving some
unfunctionalized gold-surface to which rhMBL can bind.

To confirm this, the Man-EGgCy1S-immobilized surface was sub-
jected to an intermediate flow of mercaptoethanol for 980 s, followed by
rhMBL injection. In this condition, the binding of rhMBL was substan-
tially lower (green), supporting the notion that in-instrument immobi-
lization of Man-EGgC11S is not sufficient to saturate the whole surface.
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Fig. 1. Diagramatic scheme of piranha/UV cleaning and the chip surface coating cycle.

3.2. Ex-situ functionalization of the SPR chip is efficient and reproducible

To overcome the low functionalization efficiency, we immobilized
the SH-glyco-derivatives on the bare gold surface outside the SPR in-
strument. This meant the incubation time could be extended to 24 h,
with the aim of allowing a complete functionalization. After this incu-
bation, the chip is inserted into the SPR instrument (Fig. 1) to evaluate
the MBL-binding to the functionalized surfaces.

To be feasible, this approach needed a suitable method for chip
regeneration. We therefore tested different cleaning strategies to remove
the immobilized ligands, e.g. dextran matrices or SH-glyco-derivatives,
and identified the combination of immersion in piranha solution fol-
lowed by exposure to UV as the best (Fig. 2A).

Fig. 2 B shows the binding of flowing rhMBL (10 nM) over a cleaned
surface functionalized with Man-EGeC1;S. This binding is highly
reproducible in six parallel spots of the same chip (see the dots in
Fig. S6), indicating homogeneous functionalization. However, to
exclude that this thMBL binding also involves binding to the gold sur-
face, we prepared a new chip functionalized with Glc-EG¢C;11S, as a
negative control. In this condition, there was not any binding of flowing
rhMBL (Fig. 2C), confirming that after functionalization with these
glyco-derivatives no residual bare gold surface is available for rhMBL
and the binding shown in Fig. 2B is specific for mannose moieties.

Further studies were carried out to evaluate the performances of the
same chip after sequential regenerations. Fig. 2D shows that this enabled
us to completely remove the immobilized Man-EG¢C1;S (compare
panels D and E), while maintaining the surface properties for subsequent
functionalizations (compare panels E and F, in which rhMBL binding is
reinstated after regeneration and functionalization with Man-EG¢Cy;S).

3.3. Characterization of the binding properties of Man-EGC1;S-coated
surface in buffer and serum

Using the conditions for surface cleaning and functionalization
described above, we characterized the binding properties of the Man-
EGgCq1S-coated surface.

Fig. 3 A shows the concentration-dependent binding of rhMBL to
Man-EGeCy:S previously immobilized on a cleaned GLC chip. The Kp
was 0.46 + 0.03 pg/mL, calculated by a fitting of all the sensorgrams in
Fig. 3A with the Langmuir equation. Assuming a MW of rhMBL of
230 kDa (i.e. trimers of structural monomers, each made up of three
identical 25.5 kDa polypeptide chains [29]), the estimated Kp is 2.3
+ 0.13 nM (mean+SD of six different detection spots) as in the literature
[30]. Results were very similar on a pre-cleaned GLM chip (1.6
+ 0.4 nM) (Fig. S8). The mean Kp from twelve injections of different
concentrations of rhMBL over eight piranha/UV cleaned chips (up to
four times) functionalized with Man- EG¢C11S is 2.3 & 0.33 nM (asso-
ciation rate constant ko, 7.4 + 0.7x10° M~!s™!; dissociation rate con-
stant kogr 1.3 & 0.2x1073 s71).

The Man-EGgCj;S-coated surface did not bind Soybean-agglutinin
and rh-Ficolinl (Fig. 3B), in agreement with literature data showing
no binding of these lectins to mannose [31,32].

We then investigated whether the Man-EG¢C;1S-coated surface also
binds native MBL. We injected human serum, diluted 50 times to reduce
non-specific binding due to other serum proteins. Diluted MBL-depleted
serum was tested in parallel to estimate this non-specific binding.
Fig. 4A shows the clear MBL-dependent binding, although there was also
significant MBL-independent binding. To specifically visualize the MBL-
dependent binding, we added a second injection with an anti-MBL
antibody, immediately after the serum. The antibody injection specif-
ically detected the MBL-dependent binding, since the signal was negli-
gible for MBL-depleted serum (Fig. 4B).
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Fig. 2. The cleaning method and its reproducibility. (A) Comparison of different cleaning approaches to reclaim the used SPR chip. Chips were cleaned as indicated,
and functionalized with Man-EG¢C;1S outside of the SPR instrument. rhMBL (20 nM) was flowed for 300 s as indicated. The data show the sensorgrams (i.e., time
course of SPR signal in RU) expressed as mean+SD of five detection spots of the same chip. (B-C) SPR signals obtained flowing rhMBL (10 nM) over a surface coated
with Man-EGeCy1S (B) or Glc-EGeCy;1S. The data show the sensorgrams obtained in the five different detection spots. (D-E-F) Sensorgrams obtained on the same chip
after sequential cleaning with piranha/UV, surface coating outside the SPR instrument as indicated, and injection of rhMBL. The data show the sensorgrams
expressed as mean+SD of six detection spots of the same chip (for clarity only one side of SD is shown). Black lines show the fitting of the sensorgrams in panel D and
F, with a common estimated KD of 2.3 nM (the small difference in the absolute RU values was accounted for small difference in the estimated Rmax, left free in the

fitting, as expected for different immobilizations).

To check for quenching of the MBL detection due to the matrix, we
added rhMBL to MBL-depleted serum and compared the binding signal
with those in buffer. Diluted serum had only a slight (13%) quenching
effect (Fig. 4C,D).

3.4. Recognizing MBL inhibitors in buffer

Preincubation of rhMBL for 1 h in buffer with 10 or 30 mM mannose
(1.8 and 5.4 mg/mL) resulted in concentration-dependent inhibition of
rhMBL binding to Man-EG¢Cy1S-coated surface, with IC50 5.1 mM (95%
CI 5.45 £+ 2.35 mM) (~ 1 mg/mL) (Fig. 5A).

We then tested a glycan carrying nine mannose residues (M9),
screened after 1 h preincubation of rhMBL in buffer (Fig. 5B). M9 was
tested at 100 and 200 pM, corresponding to 0.18 and 0.36 mg/mL. The
glycan inhibited rhMBL binding to the Man-EG¢Cj1S-coated surface with
an estimated IC50 of 175 pM (0.33 mg/mL). These data indicate that
this oligo-mannose glycan increases the affinity of MBL by about 30
times, presumably due to the multivalency effect.

We also investigated the inhibitory effect of Man- or Glc-coated NPs.
These NPs were synthesized starting from citrate-capped GNPs with a
core diameter of 14.1 + 2.1 nm (Fig. S3). The citrate-GNPs and glyco-
GNPs were fully characterized by TEM and UV-Vis (Figs. S3-4) and by
DLS in order to determine their hydrodynamic diameter and check their
colloidal stability by measuring their {-potentials (see Table 1).

For evaluation of the inhibitory effect of Man- or Glc-coated GNPs,
we preincubated rhMBL in TBST/Ca%" buffer for 1 h with different
concentrations of GNPs. In initial experiments we injected the mixture,
including GNPs, over the functionalized sensor surface. These data
indicated a relevant binding of GNPs themselves on the surface

(Fig. S9A), which made it necessary to perform a second injection with
anti-MBL antibody (Fig. S9B). Although suggesting an inhibitory effect
of GNPs (Fig. S9) the possibility that MBL bound to the GNPs might still
be recognized by the antibody would make the interpretation of the
results difficult. Since our aim here was to see whether GNPs actually
bind MBL, we centrifuged the solution in order to pellet GNPs with
bound MBL, injecting the supernatants (containing unbound rhMBL)
over Man-EG6C11S-coated surfaces. Fig. 5C shows that Man-coated NPs
reduced the rhMBL-dependent binding signal in a concentration-
dependent manner, with an extrapolated IC50 of 1.1 pg /mL (95% CI
0.2-3.3 pg /mL) whereas Glc-coated NPs had a much smaller inhibitory
effect, with IC50 > 25 pug /mL. The very small amount of NPs with an
inhibitory effect (1.1 pg /mL) indicates that the avidity effect markedly
raises the affinity of these multivalent mannose-based ligands of MBL by
2-3 orders of magnitude.

3.5. Recognizing MBL inhibitors in serum

Studies were carried out to see whether the GNP also inhibits MBL
binding in serum, i.e. to assess whether the protein corona possibly
formed on NPs in serum affects their ability to bind MBL. We pre-
incubated Man- or Glc-coated GNPs (6.25 pg/mL) in 50-fold diluted
human serum for 1 h. The solutions were then centrifuged to pellet NPs,
and the supernatants (containing unbound MBL) injected over the Man-
EGeCy1S-coated surface (Fig. 6A). To clearly dissect the MBL-dependent
binding, we added a second injection with an anti-MBL antibody, after
the one with serum. Fig. 6B shows that Man-coated NPs completely
inhibited the binding of native MBL (blue), while Glc-coated NPs had
negligible inhibitory effect (Fig. 6B, green).
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ability of the sensorgrams obtained in six detection spots (SD shown as shaded
area) with the fitting (black lines) obtained using the Langmuir equation results
in a KD of 0.46 pg/mL. (B) Binding specificity was evaluated by injecting a fixed
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chip surface.
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4. Discussion

We developed and characterized a new SPR assay for in vitro
screening of compounds inhibiting MBL binding to carbohydrate pat-
terns. The putative inhibitor is preincubated with MBL and these solu-
tions are flowed over a sensor chip exposing a suitable carbohydrate
pattern. With this experimental design we aim to identify compounds to
inhibit the binding of blood MBL to the sugar moieties exposed on cell
membranes (see in graphic abstract). This method has been successfully
applied to two novel materials, a glycan carrying nine mannose residues
and a mannose-coated nanoparticle. These multivalent mannosylated
constructs were produced to interfere with the multivalent interactions
underlying MBL binding to carbohydrate patterns [30,33], and behaved
as potent MBL inhibitors.

For the development and characterization of the method, we
considered different critical issues such as the need for chip function-
alization capable of specific and sensitive recognition of MBL (both re-
combinant and native in biological matrices) and the need for a robust
and convenient screening assay.

For the functionalization of the chip surface, we directly coupled
thiol-glyco-derivatives on the chip gold surface, in order to prepare a
self-assembled monolayer (SAM) in only one step. We employed
(-EGeC11SH) as previously investigated by their SAM formation [27,34]
with two different end-sugar groups, mannose for its affinity to MBL and
glucose as a negative control for the assay.

At first, we tried to functionalize the chip surface inside the SPR
instrument by flowing the SH-molecules over a bare gold surface. This
protocol would have had important advantages: to control the amount of
immobilized molecule by measuring the SPR signal in real time and to
immobilize different SH-molecules in each parallel strip of the same
sensor chip. Unfortunately, this approach was not successful, probably
because the exposure of the bare gold to the flowing Man-EG¢C;1SH was
too short to saturate the whole surface, and gave rise to significant non-
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Fig. 4. Capture of native or recombinant hMBL by Man-EG¢C;;S-coated chip surface. The graphs show representative sensorgrams, i.e., the time course of the surface
plasmon resonance signal in resonance units (RU). (A) Human serum (HS) or MBL-depleted HS was injected for 800 s at the rate of 30 pg/mL over chip surfaces
coated with Man-EG¢C;1S. (B) MBL-dependent binding was then determined by sequential injections of anti-hMBL 3E7 antibody (10 pg/mL) shortly after the sera.
(C) Injection of rhMBL (1 ug/mL) in TBST/ Ca®" buffer or in MBL-depleted HS over Man-EG¢C;1S. (D) MBL-dependent binding determined by sequential injections of
3E7 antibody (10 pg/mL) shortly after rhMBL. All sera were diluted 1:50 in TBST/ Ca>". Data show the mean+SD of the sensorgrams obtaind in six detections spots.
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specific binding of MBL to bare gold. Backfilling the surface with an
excess of mercaptoethanol — a smaller thiolated molecule — considerably
reduced the non-specific binding but also failed to produce an MBL-
specific signal, suggesting that the immobilization of Man-EG¢C1;SH
was insufficent. This is consistent with literature data [35-37] indicating
that the formation of well-organized and complete SAM requires expo-
sure of the chip to the solution for hours. Unfortunately, hours-long flow
of the ligands within the instrument was not feasible, since the flowing
solution could not be recycled and therefore an excessive amount of
material would have been required. We therefore carried out the surface
functionalization outside the SPR instrument.

Besides the preparation of SAMs by gold-thiol interaction, we also
developed a method for efficient and complete cleaning/regeneration of
a previously used chip, allowing multiple uses. This was accomplished
by sequential cleaning with piranha solution followed by UV exposure
[38]. While several studies [35,39,40] have used piranha solution for

chip cleaning, to our knowledge there are no data on combining this
process with UV exposure. We found that binding of rhMBL to a Man--
EGgCi1S-coated surface was three times higher with a chip cleaned with
piranha/UV than with piranha solution only. Most probably this is due
to the more efficient removal of the sulfur contamination by UV light
which converts the alkylthiolates to water-soluble alkylsulfonates, that
can be removed from the surface by thorough washing [38]. We also
demonstrated that this cleaning/regeneration method achieves com-
plete removal of the immobilized SH-glycopolymer, while maintaining
the surface properties for subsequent functionalization, hence very good
reproducibility after different regeneration/functionalization steps (e.g.
Fig. 2D-F). This protocol can be applied to different SH-ligands and
therefore it might be useful in different research areas:

We found Man-EG¢C1;S was the best MBL-capturing molecule. As
expected [15], there was no binding with Glc-EGgCy1S, immobilized in
the same manner, indicating that the whole surface is covered by the
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glycopolymer. Other, different sugars can be added to the -EGgC11S
moiety in order to have ligands specific for the different lectins, making
this a highly flexible tool.

We also confirmed the specificity of the Man-dependent MBL bind-
ing, since no binding to Man-EG¢C11S was observed with other lectins,
with different sugar selectivity [15]. This is a further proof that the chip
surface was sufficiently coated with Man-EG¢C11S to prevent
non-specific adsorption of proteins. Furthermore, the binding of MBL to
immobilized Man-EGC1;S was concentration-dependent and the sen-
sorgram analysis indicated a Kp of 2.3 nM. This high-affinity binding
suggests a multivalent interaction, i.e. each MBL molecule binds
— through its different CRD domains — to different mannose residues on
the chip [41].

This novel method also proved able to measure native MBL in human
serum, which is a very important feature not accomplished with our
previous approach [24]. Since human serum gives quite a high
non-specific signal, a second injection with an anti-MBL antibody was
required to specifically recognize the serum MBL captured during the
first injection.

The most important application of this new SPR assay is the possi-
bility of screening MBL inhibitors with an experimental design resem-
bling the in vivo condition. In fact, the putative ligands are incubated
with MBL in solution (mimicking what occurs in blood, since MBL is a
circulating protein), to look for their effect in preventing MBL binding to
chip-exposed sugars (mimicking the carbohydrate patterns exposed on
endothelial cells). Inhibitor screening can be carried out with rhMBL in
buffer or with human serum (i.e. native hMBL). It is important here to
highlight an important advantage of SPR even other assays (e.g. mannan
immunoassay) [15] carried out at equilibrium. In fact, the long incu-
bation of MBL-containing solution in sugar-coated microtiter wells may
reduce the binding between the inhibitor and MBL, due to the equilib-
rium shift induced by the high-affinity binding of free MBL to immobi-
lized sugars. This potential artifact, leading to underestimation of the
compound’s inhibitory effect, is minimized during the very short flow of
plasma over the mannose-coated SPR surface. Another worthwhile
advantage of the SPR assay is that it does not need any labeled reagent
and uses less antibody than for microtiter wells.

We applied this approach to monomeric mannose, which inhibited
MBL binding with an IC50 in the mM range, as expected [42,43]. A new
oligo-mannose glycan was also purified and tested which had three
times higher inhibitory potency than monomeric mannose, presumably
because of the multivalency effect.

Finally, we developed, characterized and tested new poly-
mannosylated NPs, i.e. Man-EGgC;1S-coated NPs, which proved to be
extremely potent as hMBL inhibitors, both in buffer (rhMBL) and serum
(native hMBL), with a potency at least 2-3 orders of magnitude higher
than monomeric mannose, presumably a result of the multivalence ef-
fect provided by the coated NPs [44,45]. As expected, Glc-EG¢Cq1S--
coated NPs had much less potency (> 25-fold).

The SPR-based screening assay described here suggests that novel
polymannosylated glycan and Man-EG¢Ci1S-coated NPs are promising
MBL inhibitors. These in vitro results offer a basis for testing the pro-
tective properties of these molecules/NPs in the more expensive and
time-consuming studies in cells and animal models of MBL-mediated
injuries.
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