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ABSTRACT: Mannose-binding lectin (MBL) activates the complement system S 1004 -

lectin pathway and subsequent inflammatory mechanisms. The incidence and §

outcome of many human diseases, such as brain ischemia and infections, are S 0.75 Man-GNRs
associated with and influenced by the activity and serum concentrations of MBL in < =
body fluids. To quantify MBL levels, tests based on ELISA are used, requiring 8 050

several incubation and washing steps and lengthy turnaround times. Here, we é 0.25 -

aimed to develop a nanoplasmonic assay for direct MBL detection in human serum 5

at the point of care. Our assay is based on gold nanorods (GNRs) functionalized = 0-00 '
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with mannose (Man-GNRs) via an amphiphilic linker. We experimentally Wavelength (nm)

determined the effective amount of sugar linked to the nanorods’ surface, resulting
in an approximate grafting density of 4 molecules per nm? and an average number
of 11 to 13 MBL molecules binding to a single nanoparticle. The optimal Man-GNRs concentration to achieve the highest sensitivity
in MBL detection was 15 ug-mL~". The specificity of the assay for MBL detection both in simple buffer and in complex pooled
human sera was confirmed. Our label-free biosensor is able to detect MBL concentrations as low as 160 ng-mL™" within 15 min
directly in human serum via a one-step reaction and by using a microplate reader. Hence, it forms the basis for a fast, noninvasive,

point-of-care assay for diagnostic indications and monitoring of disease and therapy.
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B INTRODUCTION

Mannose-binding lectin (MBL) is a collagen-like serum
protein and a major component of the innate immune system,
which is classified as an acute-phase protein because its blood
levels increase after the onset of inflammation. The main
function of MBL is the activation of the complement system
lectin pathway and the subsequent inflammatory mechanisms.
This is driven by the recognition and binding of specific
carbohydrate motifs, such as mannose and N-acetylglucos-
amine, which are frequently present on a wide range of
microbial surfaces (pathogen-associated molecular patterns,
PAMPs) or are expressed by damaged host cells (damage-
associated molecular patterns, DAMPs)."”” MBL activates the
complement cascade that leads to opsonization, phagocytosis,
and lysis of target microorganisms, thus playing a protective
role.’ In infections caused by severe acute respiratory
syndrome coronavirus (SARS-CoV), MBL has previously
been shown to bind the SARS-CoV spike protein, including
that of SARS-CoV-2 variants of concern that caused the recent
COVID-19 pandemic.”” Stravalaci et al. showed that MBL
recognizes the SARS-CoV-2 spike protein in a glycan-
dependent manner and has antiviral activity in three in vitro
models.® In the context of sterile inflammation, the activation
of complement may induce several effects, such as expression
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of adhesion molecules, activation of leukocytes, and secretion
of cytokines and chemokines, that could result in extensive
tissue damage, detrimental for the host.>” The incidence and
outcome of many human diseases that are characterized by an
acute inflammatory phase, such as rheumatoid arthritis,®
diabetic nephropathy,9 inflammatory bowel disease,"’ and
cerebral ischemia,'""” are associated with and influenced by
the activity and serum concentrations of MBL in body fluids.

Healthy adult Caucasian individuals generally have MBL
levels above 1 ug-mL™"," but during inflammation, MBL levels
increase 3 to 4-fold compared to the baseline level.'* The
allelic variants and frequency variation among ethnic groups
alter MBL transcription and translation, prevent oligomeriza-
tion of MBL subunits, or significantly up- or down-regulate
MBL expression, directly affecting the plasma level.'> On the
other hand, MBL deficiency, determined mainly by genetics, is
defined in adults as a plasmatic concentration lower than 0.5
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/,tg-mL_116 and is associated with a higher risk, severity, and
frequency of infections,'”'® as well as worse outcomes during
severe systemic infections, such as sepsis.19 For determining
MBL deficiency caused by variability in the MBL2 gene, an
assay based on a mini-sequencing method for combined
detection of six single-nucleotide polymorphisms was
developed and used for the haplogenotyping of healthy
individuals from the Czech population, but the isolation and
quality of the DNA are the main limitations for its use outside
of the laboratory.”

Monitoring of MBL levels may offer the opportunity of
detecting disease-based increases or Ipathogenic decreases, and
evaluation of the disease course.”’ MBL serum levels are
typically measured by using enzyme-linked immunosorbent
assays (ELISAs). These require either a significant hands-on
time for manual execution or specialized, expensive, and high-
maintenance equipment to enable the automated execution of
the assay. Moreover, requirement of multiple supporting
reagents and the multistep nature of ELISA are the main
limitations for its use as a point-of-care test.”” A rapid, simple
MBL assay capable of being adopted in a point-of-care setting
would be beneficial for a number of diagnostic and therapeutic
applications.

In the current study, we aimed to develop an alternative
MBL detection assay for direct measurement in biological
fluids, comprising a fast, one-step, and wash-free process
requiring minimal sample processing.

Our assay is based on the localized surface plasmon
resonance (LSPR) phenomenon of gold nanorods (GNRs).
The longitudinal plasmon band of GNRs is highly sensitive to
local refractive index changes of the surrounding medium.”*Via
a careful choice of the rod geometry, this band can lie in the
near-infrared region, where biological fluids exhibit the highest
optical transparency.””*> Binding of biomolecules to the gold
nanorods’ surface leads to changes in the spectral properties of
the LSPR peak, which has been exploited to produce biosensor
devices for rapid, simple, label-free, and sensitive detection of
low target molecule concentrations.*®

Lectins typically exhibit only weak affinity toward simple
monosaccharides. Multivalent presentation of such sugars on
the surface of nanoparticles leads to a nonlinear increase in the
binding affinity. This “cluster glycoside effect” has been
exploited to produce high-affinity lectin-binding systems.””
Glycosylated polymer-coated gold nanospheres have been
applied by Gibson and coworkers for the sensitive, label-free
detection of lectins in lateral flow and ﬂow—through,zg’29 and
glycosylated polymer-coated gold nanorods for binding the
SARS-CoV-2 spike protein showing correlation to the presence
of SARS-CoV-2 in primary COVID-19 clinical samples.”® For
high-affinity MBL recognition and binding, we developed so-
called Man-EG4C,;S-coated GNRs, consisting of monovalent
mannose coupled onto the GNR surfaces using an amphiphilic
linker (EG¢<C,;—SH) containing six units of ethylene glycol.
Similarly Man-EG4C,S-coated gold nanospheres have recently
shown promising results as MBL inhibitors using an SPR-based
assay.”’ The highly flexible chain of polyethylene glycol (PEG)
can adopt a wide variety of conformations making undesired
interactions with proteins or other blood components under
physiological conditions thermodynamically unfavorable.’”
Moreover, due to the hydrophilic nature of the ethylene glycol
chain, it generates a hydrated cloud leading to a low attraction
of surrounding proteins.”> Glyco-PEG coating of spherical gold
nanoparticles and gold nanorods not only ensures high

colloidal stability and biocompatibility, but also preserves the
lectin binding in protein-rich biological media.”* These
properties make them ideal for the development of a label-
free in vitro diagnostic assay. Furthermore, lactose-function-
alized GNRs demonstrated good specificity to the cancer
biomarker galectin-1 in aqueous solutions or in complex and
heterogeneous serum specimens.”

In developing glyco-nanoparticles for therapeutic and
diagnostic use, the density of the particle coating and the
surrounding medium are key for glyco-NP interactions with
target lectins. Here, we have investigated these aspects, as well
as the mannose-coated GNR dose and the sensitivity and
specificity of MBL detection, providing a solid proof of
concept for a label-free nanoplasmonic assay.

B MATERIALS AND METHODS

Reagents. Citrate-stabilized gold nanorods (GNRs) of 10
nm width and 38 nm length (A, = 780 nm) were purchased
from Nanopartz (Loveland, USA) (3.8 mg:mL™'). D-
(+)-Mannose, NaCl, trifluoroacetic acid, sulfuric acid (98%
w/v), anthrone, and mannan-agarose beads were all purchased
from Merck (St. Louis, USA); veronal buffer from Lonza
Bioscience (Basel, Switzerland); pooled human serum (off-the-
clot, type AB, male, sterile filtered) from Pan-biotech
(Aidenbach, Germany); recombinant human MBL protein
(rhMBL) (9086-MB), human MBL antibody (MAB2307) and
Human MBL Quantikine ELISA from R&D Systems
(Minneapolis, Canada). The thiol-linker COOH—OCH,—
(O-CH,-CH,)(CH,),;SH (termed COOH-OCH,—
EG¢C;;SH where (O—CH,—CH,)s = EG4 and (CH,),; =
C,;) was purchased from Prochimia (Gdynia, Poland). Gibco
Dulbecco’s phosphate buffered saline (DPBS) with calcium
and magnesium and EZ-Link NHS-PEG4-biotin were
purchased from Fisher Scientific (Massachusetts, USA).

Synthetic mannose and glucose derivatives, termed Man-
EG¢C,,SH and Glc-EG4C,,SH respectively, were prepared as
described previously’® by Midatech Pharma (Bilbao, Spain)
and dissolved in water.

All reagents used for the confocal microscope were
purchased from Fisher Scientific, while precision cover glasses
(22 X 22 X 0.17 mm) and microscope slides (26 X 76 X 1
mm) were purchased from Thorlabs (New Jersey, USA).

The preparation of the GNRs was conducted using Milli-Q
grade water (resistivity of 18.2 mQ-cm at 25 °C, 4 ppb total
organic carbon). Eppendorf Protein LoBind tubes were used
for all experiments involving rhMBL or human serum.

(Glyco)ligand Conjugation onto Gold Nanorod Sur-
face. Citrate-stabilized gold nanorods were functionalized with
thio-(glyco)ligands (i.e, Man-EG4C;;SH, Glc-EG4C,,SH, and
COOH—-OCH,—EG4C,;SH). Briefly, 700 uL of GNRs
suspension in water (2 mg-mL™") was added dropwise to 15
UL of thio-(glyco)ligands solution (2 or 100 mg:mL™") and
incubated for 1 h at room temperature on a shaker (30 rpm) in
the dark. The conjugates (termed Man-GNRs, Glc-GNRs, and
COOH-GNRs, respectively) were sonicated for 1 min using a
40 kHz ultrasonic bath (Branson CPX1800H) and centrifuged
at 12000 g and 20 °C for 10 min, and the supernatant was
removed. This was followed by 3 cycles of washing by
resuspension in 1 mL of water, centrifugation, and removal of
the supernatant by pipetting. A Sigma 3—30KS centrifuge was
used with 1.5 mL volume tubes for all preparative
centrifugations. The particles were finally resuspended in 0.5
mL of water and stored in polypropylene tubes at 4 °C until
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use. The GNRs suspensions were concentrated by centrifuga-
tion if needed.

MBL-Depleted Human Serum. MBL-depleted human
serum was prepared according to a method described
previously.”” Briefly, a 5 mL column containing 2 mL of
mannan-agarose as depleting beads was equilibrated with
veronal buffer 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 (R&D Systems) showing >94% depletion efficiency
(74 + 4 ng'mL™" of residual native MBL).

UV-Vis Spectroscopy. UV—Vis absorption spectra were
acquired at 25 °C by using a CLARIOstar Plus spectropho-
tometer (BMG Labtech, Ortenberg, Germany). All absorbance
spectra were recorded in the range of A = 400—1000 nm with 1
nm resolution, in clear, flat-bottom 384-well plates (NUNC).
The plates were shaken for 30 s at 100 rpm before each
measurement. Results were smoothed using a Savitzky-Golay
filter (order 4, window width 31), and full width at half-
maximum (FWHM) and peak asymmetry (i.c., a measure of
peak tailing defined as the distance from the center line of the
peak to the back slope divided by the distance from the center
line of the peak to the front slope) were estimated. Peak
maxima were determined from zero crossings of the derivative
of the smoothed data. LSPR wavelength peak shift is expressed
relative to the peak position at the start of the injection. All
measurements were performed with at least three replicates (n
>3).

Functionalized GNRs (5 uL of a 240 ug:-mL~" suspension in
water to reach a final concentration of 15 ug:mL™') were
added to a series of different concentrations of rhMBL (0—2
ugmL™") in 75 uL of DPBS. For the assay carried out in
human serum, 5 uL of different concentrations of Man-GNRs
were added to 75 uL of serum containing 1.2, 0.6, or 0.3 pug-
mL™' native MBL (nMBL) to reach a final Man-GNRs
concentration of 3.5 ﬂg~mL_1, 7 ﬂg-mL_l, 15 ,ug-mL_l, 30 pg:
mL™, and 60 pug'mL™'. The concentration of nMBL was
confirmed using Human MBL Quantikine ELISA. Human
serum containing 1.2 pg'mL™' nMBL was 2-fold serially
diluted in MBL-depleted human serum (preparation as
described above) down to 0.11 ug-mL™". Absorbance spectra
were recorded every 2.5 min after addition of 1S ug-mL™'
(final concentration) (glyco)ligand-coated GNRs. GraphPad
Prism 9.5.1 software ordinary one-way ANOVA with Tukey’s
multiple comparison test was performed on nMBL binding
data acquired at 15 min, and the ordinary 2-way ANOVA with
Tukey’s multiple comparison test was used to analyze time-
dependent and nMBL concentration-dependent statistical
differences.

ELISA. The 4.5 h solid phase assay (Human MBL
Quantikine ELISA Kit (DMBL00) from R&D Systems) was
performed according to the instructions provided by the
manufacturer. Serum samples diluted 20 to 400-fold in a
calibrator diluent (buffered protein solution with preserva-
tives) were added in duplicates according to the manufacturer’s
guidelines. Eight human MBL standards (from 10 to 0.156 ng:
mL™" with 2-fold serial dilution and 0 ng'mL™") provided with
the kit and reconstituted with calibrator diluent were assayed
in parallel.

lonic Strength Stability Studies. A solution of 1 M NaCl
was 2-fold serially diluted down to 0.031 M in a 384-well plate.
Citrate-GNRs and conjugated GNRs were added to each well

to a final concentration of 15 ug-mL ™', mixed, and incubated at
room temperature for 30 min, and then an absorbance
spectrum was recorded.

Nanoparticle Tracking Analysis (NTA). NTA was
performed to measure GNRs’ size before and after
functionalization using a NanoSight NSS00 instrument
(NanoSight, Wiltshire, UK) in scatter mode with a laser
output of 75 mW at 532 nm (green) and sCMOS camera
(camera level set at 15). All samples were analyzed in water in
duplicate at 25 °C, and 3 videos of 60 s were recorded (1499
frames with 25 frames/second) for each sample. The number
of particles per frame ranged from 40 to 80 for the GNR
samples, and none were detected in the buffer control. The
samples were diluted to 10°—10° particlessmL™" in Milli-Q
water prior to loading in the measurement chamber. For
calibration, 100 nm polystyrene (PS) spheres were used. The
mode was derived from a particle number concentration-based
size distribution using NTA software version 3.0. For the
analysis, a detection threshold of 4 was used.

¢-Potential. The {-potential was measured on a ZetaView
PMX-220 instrument (Particle Metrix, Inning am Ammersee,
Germany). Zeta potential standard (ALO,;) was used for
verification of the zeta potential. All samples were measured in
1 mM NaCl at 11 positions at 22 °C in triplicate (n = 3). Zeta
potential was automatically calculated from the corresponding
electrophoretic mobilities (uE) by using Henry’s correction of
the Smoluchowski equation. Software version 8.05.11 SP2 was
used.

Differential Centrifugal Sedimentation (DCS). DCS
was performed to assess GNRs functionalization by measuring
the particles’ size distribution. For this, a CPS DC24000 UHR
disc centrifuge (Oosterhout, The Netherlands) was used with
an 8—24% (w/w) sucrose gradient and a rotation speed of 24
000 rpm. Before each run, polyvinyl chloride latex beads (239
nm) with a particle density of 1.385 g:-mL™" were measured as
a calibration standard. All measurements were performed with
at least three replicates (n > 3). As the settling of particles is
shape-dependent, for GNRs a “nonsphericity factor” (NSF) of
2.85 was applied in the CPS software. The concentration of
particles at each size is determined by continuously measuring
the turbidity of the fluid near the outside edge of the rotating
disc. The disc centrifuge control system software automatically
converts the turbidity measurements to a weight distribution
using Mie Theory light scattering calculations and determines
the particle diameter based on the settling time using the
Stokes equation. The peak diameter was derived from particle
weight-based size distribution plots.

Transmission Electron Microscopy (TEM). TEM micro-
graphs were collected using a TEM-Zeiss LIBRA 200FE,
equipped with 200 kV FEG, in-column second-generation
omega filter for energy selective spectroscopy (EELS) and
imaging (ESI), HAADF STEM facility, EDS probe for
chemical analysis, and an integrated tomographic HW and
SW system. The samples for TEM analysis were prepared by
depositing a drop of nanoparticle solution on holey carbon
copper grids (300 mesh) and evaporating the solvent. The
particle size distribution was obtained by measuring at least
300 nanoparticles.

Anthrone—Sulfuric Acid Microplate Assay. This assay
was used to determine the amount of mannose bonding on
GNRs as previously described.’® Briefly, the anthrone reagent
was prepared right before analysis by dissolving 0.1 g of
anthrone (0.1% w/v) in 100 mL of concentrated sulfuric acid
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(98% w/v) and protecting it from light. The anthrone solution
was added slowly to the microplate containing various
concentrations of p-mannose in water (4—125 ug:mL™') to
obtain a calibration curve, blank, Man-GNRs and COOH-
GNRs at different concentrations (0.5, 0.8, and 1 mg-mL™).
The microplate was incubated for 10 min at 4 °C and then 20
min at 100 °C. After cooling to room temperature, the
absorbance at 620 nm was measured, and the data were plotted
against the concentration of p-mannose. The absorbance at
620 nm of the COOH-GNRs was used as the background
deducted from the total signals measured from the Man-GNRs.
All measurements were taken at least in duplicate (n > 2).

High-Performance Anion-Exchange Chromatogra-
phy-Pulsed Amperometric Detection (HPAEC-PAD).
HPAEC-PAD was used to analyze total saccharide concen-
tration after acid hydrolysis to release mannose monosacchar-
ides. Two concentrations of Man-GNRs and COOH-GNRs in
water (0.5 and 2.25 mg-mL™") and monovalent mannose sugar
(160 pgmL™') as reference were hydrolyzed in 4 M
trifluoroacetic acid for 2 h and 30 min at 100 °C. Man-
GNRs and COOH-GNRs were washed twice in 200 pL of
Milli-Q water via centrifugation (2000 g for S min) to remove
nanoparticles. The supernatant was collected and dried under
nitrogen overnight. The samples were redispersed in 400 yL of
Milli-Q water and analyzed using a Dionex ICS-5000 (Thermo
Scientific, Inc, Waltham, USA). The separation of mono-
saccharides was carried out with a Dionex CarboPac PA100 (4
mm X 250 mm) column coupled to a Dionex CarboPac PA100
(4 mm X SO mm) guard column at a temperature of 25 °C,
and an automated sample injector with an injection volume of
10 uL and a flush volume of 250 yL, as previously described.”
All samples were diluted in Milli-Q water, and different
standards (mannose, DP2-mannobiose, DP3-mannotriose,
DP4-mannotetraose, DP5-mannopentaose, and DP6-manno-
hexaose) were used at concentrations from 5 to 150 mg-L™".
The resulting chromatographic data were processed using
Chromeleon. Quantification was performed with a quadratic
calibration curve.

Quantification of MBL Binding to Man-GNRs. A
volume of 30 uL of Man-GNRs and COOH-GNRs prepared
in water as described in “(glyco)ligand conjugation onto gold
nanorod surface” was added to 1 mL of human serum
containing 1.2 pg'mL™" nMBL to reach different final
concentrations (15 ﬂg-mL_l; 30 ,ug~mL_1; 60 ﬂg-mL_l; 80
ugmL™"). They were prepared in duplicate and incubated at
room temperature for 1 h on a shaker at 40 rpm to enable the
formation of a biomolecule corona on the particles’ surface.
Moreover, 80 pg:mL™' Man-GNRs were also prepared in
MBL-depleted serum. The GNRs suspensions were centri-
fuged at 12 000g for 10 min at 4 °C, and the supernatant was
collected, while the pellet was resuspended in 1 mL of DPBS.
The samples were washed three times by pipetting in 1 mL of
DPBS and redispersed in 35 uL of DPBS for SDS-PAGE and
western blot densitometry analysis. The supernatant was
collected after every centrifugation step and analyzed using a
Human MBL Quantikine ELISA Kit.

Confocal Microscopy. Confocal microscopy was used to
verify the binding between Man-GNRs and rhMBL in the
buffer. rhMBL was first biotinylated using EZ-Link NHS-
PEG4-biotin, and the excess biotin reagent removed using a
Zeba spin desalting column, and then coupled to a streptavidin
Alexa Fluor 647 conjugate (termed Alexa647-rhMBL). Man-
GNRs, Glc-GNRs, and COOH-GNRs (15 pg:mL™') with

different concentrations of Alexa647-thMBL in DPBS (0.125,
0.250, 0.5, and 1 pg:mL™") were first incubated at room
temperature for 1 h on a shaker at 40 rpm and then placed on
cleaned microscope slides with a drop of ProLong gold
antifade mountant and covered with coverslips. Prepared
samples were protected from light and stored at room
temperature for 24 h before the analysis. The same procedure
was used for several controls.

Lasers at 633 and 543 nm were employed to visualize the
fluorescence signal related to Alexa647-rhMBL and the light
scattering signal of gold nanorods, respectively. FluoSpheres
carboxylate-modified microspheres, 0.1 um, yellow-green
fluorescent (dilution 1:50000) were used to focus and adjust
the lens. All images were recorded with a Zeiss LSM880 NLO
AiryScan confocal microscope scan head mounted on the rear
port of a Zeiss AxioObserver Z.1 inverted fluorescence
microscope equipped with a Plan-Apochromat 63x/1.4 Oil
DIC M27 oil immersion objective lens. More details are
available in the Supporting Information. The microscope and
acquisition configuration were controlled with the ZEN Black
2.6 SP1 software. Alignment of the Airyscan detector was
performed by using the automated alignment procedure
included in the control software. Airyscan processing was
performed with the analysis package included in Zen Black. All
images were processed by using the automatically determined
processing strength. Five confocal images were analyzed for
each set of experiments using CellProfiler software, and we
calculated the number of nanoparticles and the correlation
coefficient between Alexa647-rhMBL and GNRs.

Bl RESULTS AND DISCUSSION

Gold Nanorods Functionalization and Stability.
Citrate-stabilized GNRs were mixed with Man-EG4C,;SH,
Glc-EG4C,,SH, or COOH—OCH,—EG4C;;SH (100 mg-mL™"
each) to produce (glyco)ligand-coated GNRs (termed Man-
GNRs, Glc-GNRs, and COOH-GNRs, respectively). The
excess of ligands was removed by three centrifugation and
resuspension cycles. The physicochemical properties of the
resulting nanoparticles were characterized in Milli-Q water by
UV—vis, DCS, {-potential, NTA, and TEM (Figure 1, Figure
S1, and Table 1). UV—vis spectroscopy revealed a red shift of
the longitudinal LSPR band for the glyco-coated GNRs, {-
potential indicated a decrease of negative surface charge, and
TEM showed that the nanorod dimensions were retained
during coating, while DCS and NTA analyses indicated an
increase in particle size compared with the citrate-GNRs, as
expected (see Table 1). When nanoparticles are coated and
therefore the resulting density and size are changed, their size
measured by DCS is altered, showing here a shift toward
apparent smaller diameters.*”*' Altogether, these data
confirmed the successful attachment of the glyco ligands to
the particle surface and their stability in a colloidal suspension.

The high affinity of thiols for gold surfaces allows for the
easy displacement of citrate ions from gold nanoparticle
surfaces and produces a dense coverage of ligands."”” The
surface grafting density is a key parameter in stabilizing
nanoparticles in suspension and producing an LSPR binding
response to lectin interaction.”> The monodispersity of gold
nanoparticles is a crucial factor for diagnostic and therapeutic
applications™* and when applied as sensors, higher sensitivity
can be achieved with a smaller FWHM.* Lack of symmetry
and right-sided distortion of the longitudinal LSPR band of
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Figure 1. Characterization of citrate-GNRs, Man-GNRs, Glc-GNRs,
and COOH-GNRs. (A) UV—vis absorption spectra (Inset: zoomed
view on the LSPR peak bands after normalization to better visualize
the LSPR shift). (B) Particle weight-size distribution plots obtained
by DCS (Inset: zoomed view of the peaks of the size distribution).
(C) Particle number concentration-size distribution plots obtained by
NTA. A representative example of one out of three replicate
measurements is shown.

gold nanorods are a sign of high polydispersity in size and
aspect ratio or slight aggregation.

To analyze the impact of low versus high grafting densities
on glyco-conjugated GNR stability, citrate-GNRs (700 uL, 2
mg-mL™") were functionalized with 15 yL of 2 mg-mL™" or
100 mg-mL™" Man-EG4C,,SH, respectively. Whereas 100 mg:
mL™" Man-EG4C,,SH resulted in equally stable Man-GNRs
suspensions in both water and DPBS, the low grafting
concentration of 2 mg'mL™" (termed Many,,-GNRs) resulted
in higher FWHM values and an increase in the peak
asymmetry. This Man,,,-GNRs instability was enhanced in
DPBS compared to water as a dispersant as shown by the

Table 1. Characterisation of Glyco-Coated GNRs”

UV—vis LSPR  ({-potential DCS peak NTA mode
peak (nm) (mV) diameter (nm) (nm)

citrate- 778 £ 1 -452 £ 0.5 249 £ 0.1 40.6 + 0.5
GNRs

Man- 780 = 1 -378 £ 0.1 24.0 £ 0.1 46.0 + 0.2
GNRs

COOH- 787 £ 1 -41 £ 1 233 + 0.1 48.5 + 0.6
GNRs

Gle- 782 + 1 -37.5 £ 04 23.9 £ 0.2 46.8 + 0.2
GNRs

“UV-Vis LSPR peak (nm), {-potential (mV), peak diameter (nm) by
DCS, and modal diameter (nm) by NTA of citrate-GNRs and
(glyco)ligand-coated GNRs (N = 3, mean +/- SD).

increase in the peak asymmetry (Table S1). The observations
for Many,,,-GNRs both in Milli-Q and in DPBS are further
confirmed by a visible colorimetric shift in GNRs solutions
from red to purple indicating nanoparticles’ aggregation
(Figure S2 and Table S1). Hence, the GNRs conjugation
with 100 mg-mL™" Man-EG4C,,;SH was used for further assay
development in this study. Moreover, the amphiphilic linker
was also found to enhance the stability of the glyco-conjugated
GNRs, as aggregation was observed by the naked eye when
excess of Man-C,;SH (without the EG moiety) was used.

The stability of the Man-GNRs suspensions was furthermore
studied using a sodium chloride titration assay.*® The colloidal
stability of nanoparticles at physiological saline concentrations
(~150 mM NaCl) is a prerequisite for any biomedical
applications and a further indication of a successful
functionalization. UV—vis spectroscopy analysis of the LSPR
peak, which is highly sensitive to aggregation, showed
aggregation of citrate-GNRs above 63 mM NaCl with the
impossibility to analyze peak asymmetry and FWHM for
concentration >125 mM NaCl. No significant changes have
been observed in FWHM and peak asymmetry for all the
functionalized GNRs that remained as stable dispersions up to
1 M NaCl (Figure S3). This improvement in stability confirms
the suitability of the functionalized rods for testing in
physiological salt levels minimizing the probability of false
positives/negatives due to unwanted aggregation.

Man-GNRs Coating Density. To analyze the coating
density of Man-GNRs, the amount of carbohydrate ligands
coupled to gold nanorods via a thiol linker was determined by
a colorimetry method using anthrone—sulfuric acid. This
technique for the quantitative analysis of carbohydrates™ has
been previously adopted in glyconanoparticle analysis.”> The
amount of mannose attached to GNRs was subsequently
derived from the calibration curve and estimated to be 5506 +
885 mannose molecules per nanorod (calculated from 31 + §
,ug'mL_1 (175 + 28 M) mannose in 1 mg-mL_1 (0.032 uM)
Man-GNRs, Figure S4 and Table S2). The same method was
employed in other two studies to measure the presence of
lactose on GNRs: a concentration of 110 ug:mL™' was
determined on 2 mg-mL_1 Lac-GNRs;> a value of 5499 + 428
lactose molecules per nanorod was estimated for Lac-EG,C;
coated GNRs.* It is important to point out that in the latter
study, compared to ours, the different geometries of GNRs
used (64 X 16 nm vs. 38 X 10 nm), sugar (Lac vs. Man), and
linker (EG,C;;SH wvs. EG4C,;SH), respectively, led to a
different glyco organization on the GNR surface.

A noncolorimetric method, HPAEC-PAD, which enables
separation of gold nanorods before the quantification, was also
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applied to estimate the number of carbohydrates per
nanoparticle. HPAEC-PAD enables sensitive detection for
carbohydrate analysis and has been previously employed to
quantify sugar linked to gold nanoparticles.” Man-GNRs and
COOH-GNRs showed results close to the anthrone—sulfuric
acid colorimetric assay: an interpolated concentration of 26.6
+ 04 pgmL™' (148 + 3 uM) of mannose for 1 mg-mL™
Man-GNRs (4660 + 67 mannose molecules per nanorod) and
no sugar detected for the COOH-GNRs control. Moreover,
monovalent mannose sugar (160 ug-mL™') treated and
analyzed in the same way, was used as internal reference,
leading to a concentration of 155 ugmL™' proving the
reliability of the procedure.

Despite the HPAEC-PAD method determining the mannose
concentration after the release from gold surface (as opposed
to anthrone—sulfuric acid which directly quantify the mannose
attached to gold), HPAEC-PAD is more reliable with a lower
error due to the absence of gold absorbance interference. Both
methods showed good agreement with the maximum
theoretical number of thiol linkers able to bind the gold
surface (5527 molecules). This is estimated considering the
surface area of the GNRs used (1193.8 nm?) and the structure
of n-alkyl thiols on gold which has been studied and described
as an hexagonal \/ 3 X \/ 3R 30° arrangement of thiol
molecules with a sulfur—sulfur distance of around 5 A and an
area per molecules of 21.6 A%*®* Moreover, based on the
HPAEC-PAD results, the mannose-PEG grafting density was
calculated and found to be around 4 molecules-nm™>
(calculation in the Supporting Information). This is in
agreement with the values reported in the literature in which
for PEG ligands on spherical gold nanoparticles a grafting
density of 3.5 moleculessnm™ was obtained by quantitative
proton nuclear magnetic resonance and thermogravimetric
analysis,”” and a surface coverage from 4.3 to 6.3 molecules:
nm~2 by inductively coupled plasma mass spectrometry.”"

Optimal Man-GNRs Concentration for MBL Binding
Assay in Human Serum. In preliminary studies, we
measured the LSPR binding response of Man-GNRs at a
fixed GNRs concentration of 15 ug:-mL™' to varying
concentrations of rhMBL in simple buffer, and observed
aggregation with thMBL concentrations above 0.5 pg-mL™"
(Figure SS and Table S3). Control experiments indicated that
the responses observed are due to specific carbohydrate—lectin
interactions, as shown in Figure S6. Confocal microscopy
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studies also showed a high correlation between Man-GNRs
and Alexa647-thMBL in the buffer, which was not observed in
the different controls used, confirming the specific binding
(Figure S7). The binding response obtained in these first
studies with rhMBL pointed out the need to further optimize
the assay conditions to enable the measurement of
physiological MBL concentrations (~1 ug-mL™"). However,
the Man-GNRs behavior in simple buffer does not represent a
clinical in vitro diagnostic scenario. In biofluids such as human
serum, nanoparticles are exposed to many bio(macro)-
molecules which adsorb to their surface, leading to the
formation of a “biomolecular corona” which may influence the
physicochemical properties and impact the binding properties
of the nanoparticles.sz_54 For this reason, we decided to
further evaluate the performance of Man-GNRs for the
recognition of native MBL (nMBL) in the human serum
complex environment.

Since the interaction between nMBL and Man-GNRs is
dependent on the concentration of both species, we evaluated
the rod concentration yielding the highest performance in
terms of LSPR peak shift and reproducibility. Different Man-
GNRs concentrations were added to undiluted pooled human
serum which contained a natural concentration of 1.2 yg-mL ™"
nMBL as determined by a commercially available Human MBL
Quantikine ELISA Kit. The results showed statistically
significant differences (P-value <0.05) between the different
concentrations at 15 min read-out time (Figure 2B). The best
performance was reached using a Man-GNRs concentration of
15 pug-mL™', especially at early time points <20 min (Figure
2AB).

The optimal Man-GNRs concentration was also evaluated in
human serum containing lower concentrations of nMBL (0.64
ug:mL™" and 0.36 pug:mL™"). The results are consistent with
the behavior observed in Figure 2A and the same conclusions
can be drawn with 15 pg:mL™" of Man-GNRs reaching the
best performance (Figure S8). In conclusion, we showed that
the concentration of Man-GNRs strongly influences the
biosensor performance. A constant rods concentration of 15
ug-mL™" was used further in this study.

Assay Sensitivity and Specificity. Baseline MBL serum
levels and function are genetically determined, but levels rise
during infections and inflammation. An excess of MBL
activation might lead to tissue damage due to an unbalanced
inflammatory and coagulation response, whereas MBL
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deficiency confers a high risk for severe infections™ and can
predispose patients to SARS-CoV-2 infection.”®

Using the optimized Man-GNRs concentration, we next
evaluated the limit of detection (LOD) of nMBL in serum. For
this, undiluted human serum containing 1.2 yg-mL™' nMBL
was 2-fold serially diluted down to 0.11 pg-mL™" using MBL-
depleted serum®’ to keep other serum constituents at
physiological levels. Serum nMBL levels and the successful
removal of nMBL from the same pooled serum batch (>94%
depletion efficiency) were measured with ELISA. A residual
nMBL value of 0.074 + 0.004 pg-mL™" was found in MBL-
depleted serum and was included in the dilution.

We monitored the LSPR peak over time following the
addition of Man-GNRs using a microplate reader. Man-GNRs
showed dose-dependent LSPR blue-shifts in serum (Figure
3A), typical indicative of the loss of material from the surface,
as shown in a previous study where addition of a plant lectin
led to binding and displacement of biocorona components due
to specific lectin/glycan interactions.”® Two-way ANOVA
showed statistically significant time-dependent differences for
concentrations above 0.14 ug-mL™" (see Table S4).

Adult individuals generally present MBL levels close to 1 ug-
mL™" in healthy Caucasians with increased and lower levels
associated with several conditions. We showed that our assay
can measure nMBL directly in undiluted human serum. It is
important to point out that a concentration of 1.2 /4g~mL_1
nMBL was used as the highest point, because it was naturally
present in the used pooled human serum. Higher concen-
trations require minimal sample dilution (ie, 2 to 4-fold
considering that during inflammation, MBL levels increase 3 to
4-fold compared to the baseline level). This assay may directly
measure concentrations >1.2 ug-mL™!, but a plateau is almost
reached at 1.2 yug-mL™" after 60 min. While ELISA is able to
detect MBL concentrations much lower than our assay (e.g,
R&D Systems, DMBLO0O, 0.2 ng~mL71), for clinical use our
assay can identify MBL-deficiency (i.e., concentration <0.5 pig
mL™") without any dilution required. Moreover, sequencing
technologies™® can be used as a complementary tool to confirm
that severe pathogenic low MBL (<0.1 ug-mL™") is caused by
genetics. To obtain an assay capable of rapid measurement
within the clinically relevant concentration range, we identified
an incubation time of 15 min as the earliest time point for
differential analysis (Figure 3B), while ELISAs require long
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turn-around time (3—4.5 h). One-way ANOVA identified
statistically relevant differences (P-value <0.001) in the LSPR
peak shift above 0.14 ug'mL™" at 15 min read-out time, as
shown in Figure 3B. Therefore, this assay has the potential to
both identify MBL deficiencies and disease-related elevated
levels. At 15 min read-out time and up to 1 h the LOD for
native MBL detection in human serum using mannose-coated
GNRs, determined from the average and three times the
standard deviation of blank measurements in a dose—response
curve, was found to be 0.16 pugmL™'. LOD was also
determined for different time points based on the standard
deviation of the response and the slope of the calibration curve,
excluding the two highest nMBL concentrations (0.64 and 1.2
ug-mL™") to have a linear range. Using this approach, after 15
min as an acceptable assay response time, the LOD was 0.072
ug-mL™", whereas the lowest LOD was found at 30 min (0.029
ugmL™).

The response of Man-GNRs to nMBL in serum was found
to be reproducible across four different coupling reactions from
2 batches of GNRs (N = 4, Figure 3). An LSPR shift of 0.14 +
0.28 was observed in MBL-depleted serum (containing 0.074
+ 0.004 ug'mL™" of residual nMBL). In control experiments,
using COOH-GNRs without glycan modification in human
serum containing different nMBL concentrations (Figure
S9A), or addition of Man-GNRs to different SBA concen-
trations in MBL-depleted serum, did not lead to any response
(Figure S9B), confirming the selective nMBL recognition in
complex media. To further assess the nMBL assay specificity,
Glc-GNRs (15 ugmL™") were supplemented with the same
nMBL dose series in serum. Glc-GNRs aggregated showing a
high LSPR peak shift of ~10 nm in just 15 min, which was
independent of the nMBL dose (Figure S9C). This behavior
could be explained by the binding of many proteins with
affinity for glucose,59 such as®® human serum albumin, the
most abundant serum protein. Besides confirming Man-GNRs’
specificity, these experiments provided proof that the serum
MBL-depletion strategy did not significantly affect other serum
lectins, which have no affinity for mannose.

Finally, whereas the original nMBL assay was performed in a
384-well plate format, we have also verified and confirmed a
similar assay performance in the commonly used 96-well
format using a larger working volume (200 vs. 80 uL) (Figure
$10).
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Quantification of MBL Binding to Man-GNRs. The
behavior of nanoparticles in physiological systems is a highly
dynamic process influenced by the nanoparticles’ properties.’’
When added to human serum, Man-GNRs will not only bind
the available nMBL with high affinity, but also form a surface-
adsorbed corona of other serum biomolecules, mainly proteins.
This biomolecular corona is formed through competitive
interactions, also involving nMBL, and evolves over time,
forming an inner layer of tightly bound molecules with a longer
lifetime (termed “hard” corona), and an outer layer of weakly
bound molecules with a shorter lifetime (called “soft” corona).
We used here theoretical and experimental approaches to
confirm the specificity of the interaction of Man-GNRs with
nMBL and estimate the amount of lectin bound to every
nanoparticle. Considering the surface area of one rod in
relation to the area of the carbohydrate recognition domains of
the MBL monomer (estimated via Pymol based on the protein
structure PDB ID: 1HUP), the maximum amount of lectin
molecules was estimated to be about 25, without considering
intermolecular forces. The reliability of this value was
experimentally tested by using ELISA and western blot
densitometry.

A method commonly used for determining the amount of
binding protein on the surface of nanoparticles is to measure
the protein remaining in the supernatant after interaction.’”
We used ELISA to determine the concentration of unbound
nMBL in the collected supernatant after incubation of several
Man-GNRs and COOH-GNRs concentrations (15, 30, 60, and
80 ug-mL™") in duplicate in human serum containing 1.2 ug-
mL™" nMBL, centrifugation, and washing steps. The amounts
of nMBL bound to rods are listed in Table 2. For all COOH-

Table 2. Amount of nMBL Bound to Man-GNRs in Human
Serum, Determined by ELISA and Western Blot (WB)
Densitometry Analysis®

man-GNRs  bound nMBL concentration ~ bound nMBL concentration
(ug-mL™) (ng'mL™" and %) by ELISA (ng'mL™" and %) by WB
15 210 + 30 (18%) 227 + 6 (19%)
30 430 + 40 (36%) 370 + 20 (31%)
60 810 + 20 (68%) 740 + 40 (61%)
80 955 + 34 (80%) 890 + 20 (74%)

“Man-GNRs samples were prepared twice (N = 2) and a duplicate
analysis (n = 2) was performed for each sample (mean + SD). MBL
bound (%) according to ELISA and WB compared to the start
concentration of nMBL in human serum (1.2 pg-mL-1).

GNRs concentrations, the level of bound MBL was below 60
ng'mL™" (data not shown). Using these results, an average
number of 11 to 13 nMBL monomers (formed by three
identical polypeptide chains) binding onto each functionalized
nanorod could be derived (calculations and Figure S11).
Starting from the same Man-GNRs and COOH-GNRs
incubations in serum, the concentration of effectively bound
nMBL was also estimated using western blot (see the Materials
and Methods section in the Supporting Information) followed
by densitometry analysis. For this, the nanoparticle—corona
complexes were isolated by a total of three centrifugation steps,
resuspended in DPBS, and the pellet after every centrifugation
step was characterized by SDS-PAGE and western blot (see
the Materials and Methods in the Supporting Information).
The abundance of GNRs’ surface-adhered proteins making up
the soft corona gradually decreased after the first three washes

(Figure S12A). It has been demonstrated that the hard corona
proteins do not elute from the NP surface after any additional
washing steps.”> The presence of nMBL bound on the Man-
GNRs’ surface was confirmed by western blot (Figure S12B)
after every washing step (as expected), with the decreasing
amount indicating an appearance in both the soft and hard
corona. No traces of the lectin were observed in the control
COOH-GNRs samples, as well as for Man-GNRs incubated in
MBL-depleted serum (Figure S12C). Moreover, the concen-
tration of nMBL present in the hard corona was estimated in a
second western blot loaded with different sample dilutions
using densitometry analysis against a known amount of rhMBL
(Figure S12D). The derived concentrations were in good
agreement with the ELISA results, as shown in Table 2. The
higher amount observed for the ELISA values can be explained
considering that the amount of nMBL is measured in the
supernatant containing unbound nMBL and washed off soft
corona molecules, while with western blot only the hard
corona after 3 washing steps is analyzed.

It is well-known that the function of MBL strongly depends
on its oligomeric structure with large oligomers (mainly
trimers and tetramers) activating the complement cascade
through the lectin pathway, while monomers and small
oligomers act as opsonins.’* The theoretical maximum amount
estimated to be about 25 is based on monomers whereas in
blood there is a variety of MBL oligomeric forms which have a
direct effect on carbohydrate-binding properties.”” Moreover,
the MBL pattern recognition molecule circulates in blood in
complexes with MBL-associated serine proteases (MASPs).*®
SDS-PAGE and western blot confirm the presence of
molecules bound to MBL (Figure S12A,B) since higher
molecular weight complexes can be detected under reducing
conditions with the polypeptide chain of MBL having an
apparent mass of ~32 kDa. To further prove the presence of
proteins bound to MBL, we purified nMBL from pooled
human serum using column chromatography and analyzed by
liquid chromatography—mass spectrometry (LC-MS) (see the
Methods section in the Supporting Information). Besides
MASPs, we found several protein components with a
percentage >1%, of which serum amyloid p-component,
alpha-2-macroglobulin, and immunoglobulin (Table SS) have
previously been reported to interact with MBL.”"® The
presence of trypsin can be caused by sample handling.
Therefore, oligomers impose a larger intermolecular distance
explaining the lower experimental values of 11 to 13 nMBL
monomers compared to the theoretical value of 28.

B CONCLUSIONS

We report here on a new nanoplasmonic biosensing platform
for MBL detection in human serum, which we developed
toward a point-of-care MBL assay faster and simpler than
standard ELISA to be employed in several scenarios and in
large patient cohorts. Man-GNRs biosensors were designed
and fabricated for the detection of MBL based on the high
affinity for mannose and unique LSPR properties of GNRs.
The core of our assay consists of Man-GNRs conjugates
showing an approximate mannose-PEG grafting density of 4
molecules per nm? and 4660 mannose molecules per particle.
We confirmed the interaction of Man-GNRs with nMBL in
human serum and determined the amount of lectin bound to
every nanoparticle to be 11 to 13. The assay specificity for
nMBL in complex serum environment was demonstrated, with
a limit of detection as low as 160 ng'mL™" in just 15 min by
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using a microplate reader, enabling the measurement of MBL
concentrations within the physiological and pathological range
directly from complex biofluids.

This proof-of-concept for a fast, easy to perform, single-step
assay using only a microplate reader shows major promise for
adaptation into a rapid point-of-care diagnostic.
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