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In the modern era of advanced technologies, rapid and accurate analyses are needed, both for scientific
research and for industrial applications. For this reason, the Surface Plasmon Resonance (SPR) technology
emerged as very successful particularly in the last ten years, being capable of measuring interactions in
real time with high sensitivity and without the need for labels. Thanks to these characteristics, SPR has
gained great popularity and represents a viable choice for many applications, from life sciences to

pharmaceutics, agrifood and environmental monitoring of harmful substances. Herein, we examine the
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recent advances in the development of SPR technology to provide an excursus on the various types of
instrumentation available on the market, discuss their advantages and their limitations as well as future
trends, and to analyze particular case studies addressed by SPR technology.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

The phenomenon of Surface Plasmon Resonance (SPR) gives rise
to a spectroscopic method that allows for real-time monitoring of
the interactions between a free analyte in solution and a biomol-
ecular recognition element immobilized on the sensor surface to
detect and capture a target analyte of interest [1,2]. Moreover,
thanks to the lack of susceptibility to the matrix effect, SPR has the
advantage of using minimal amounts of real and unlabeled samples
making sample pretreatment unnecessary [3]. This results in a
highly sensitive, very versatile and capable technology, which has
given rise to thousands of research articles [4—6], in-depth reviews
[7,8] and books [9—11] over the past decades. Indeed, a "Surface
Plasmon Resonance" search on the ISI Web of Science yields over
63,000 publications (April 2022), with the number of publications
doubling in 2020 when compared to 2010.

In detail, SPR is a physical process that can occur when plane-
polarized light hits a thin semitransparent metal film (usually
gold or silver) that is deposited on the base of a total internal
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reflection prism with high refractive index (RI). At a certain critical
angle of incidence (8), the incident light photons are absorbed in
the metal surface and the energy is transferred to the electrons,
which convert into surface plasmons (SPs) [12,13] (Fig. 1A). At this
point, all the incoming light reflects within the circular prism,
resulting in a total internal reflection. This allows for quantitatively
recording the adsorption of biomaterials at the interface, because
SPs excited along the metal-dielectric interface lead to a dramatic
reduction of the reflected beam intensity and to the formation of
reflection conditions [14]. Such conditions are very sensitive to any
changes taking place in the close proximity to the metal-dielectric
interface, such as the adsorption of molecules onto the metal sur-
face and the formation of the layers of molecules. This allows for
the detection of the binding of very low amounts of material thanks
to the very high sensitivity towards small changes in the refractive
index near the surface [15]. Indeed, the affinity interactions cause a
refractive index variation, which is measured as a change in reso-
nance angle and can be detected by providing analytical signals
that are proportional to the change in mass concentration upon the
sensing surface (Fig. 1B). The downside is that any outer changes
such as solvent composition, pH, ionic strength and temperature
and other causes of instrumental drift can negatively affect the
signal detection [16,17].

SPs were first discovered between 1902 and 1912 by R W. Wood
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Fig. 1. Representation of the Kretschmann-Raether configuration used for optical excitation of SPs. (A) At a certain angle 0, the energy is transferred from the light into the surface
plasmon and surface plasmon resonance occurs. (B) As molecules bind, the refractive index close to the surface changes causing a shift in the angle (1 — 2). The change in angle is

proportional to the mass of bound material.

at Johns Hopkins University (Baltimore, USA), who noticed a
pattern of unusual dark and light bands in the spectrum of dif-
fracted light on a metal diffraction grating [18,19]. In 1941 Fano
concluded that these anomalies were associated with surface (lat-
tice) waves supported by the network [20]. Later, in 1958, Thur-
badar observed a sharp drop in reflectivity when illuminating thin
metallic films on a substrate, but did not link this effect to SPs [21].
It was in 1968 that Otto demonstrated that the decline in reflec-
tivity in the attenuated total reflection method is due to the exci-
tation of the SPs [22].

In the same year, Kretschmann and Raether observed SPs exci-
tation in another configuration of the total attenuated reflection
method (Fig. 1A) [23]. The pioneering studies of Otto, Kretschmann
and Raether introduced SPs into modern optics which, in the late
1970s, were applied to the study of biological and chemical in-
teractions. In 1980 Pharmacia became interested in the SPR tech-
nique and in 1984 founded the company Pharmacia Biosensor AB to
develop, manufacture and market a functional SPR machine. Since
then, SPR sensors have made enormous progress in terms of both
technological development and applications. Generally, the basic
components of a SPR sensor are: i) an optical light source, which is
often a near-infrared, high-efficiency light-emitting diode (LED); ii)
an optical coupling component (prism, grating, waveguide, or op-
tical fiber); iii) the sensor chip, which is a glass layer coupled to a
planar metal layer upon which the molecule of interest is immo-
bilized; iv) the detection system, which is commonly a charge-
coupled device (CCD) that uses a linear array of light-sensitive di-
odes or pixels to cover the range of incident light angles; v) the fluid
handling system, which provides a consistent stream of buffer
flowing across the sensor chip to maintain a controlled environ-
ment (Fig. 2A).

As fluidics and non-specific responses strongly influence the
accuracy of an SPR sensor based on the Kretschmann-Raether set-
up, SPR sensing devices are required to distinguish specific sensor
response (due to the binding of the analyte with the ligand
immobilized on the sensor surface) from the non-specific response
(refractive index changes caused by temperature and sample
composition variations and adsorption of non-target molecules to
the surface) [24]. In recent years, multichannel SPR devices
including sensing channels with ligands for the detection of specific
analytes and reference channels responding only to non-specific
binding have been manufactured (Fig. 2B).

Given the large number of applications of SPR technology
(Fig. 3), the development of new multi-channel multi-parameter
SPR sensors with high integration density, high productivity and

simultaneous measurement of multiple sites has become the sub-
ject of increasing attention [25,26].

Herein, we introduce SPR basic principles and technology to the
reader and we provide an overview and comparison of the current
SPR platforms available on the market, with a wide summary of the
related sensor chips and their primary utilization. Moreover, in the
present review we analyze potential applications of SPR in various
fields through the critical discussion of different case studies and
we examine the recent advances in the development of SPR sensing
technology.

2. Commercially available SPR instruments

Because of the large range of applications of the SPR technique,
more companies are currently in the market with many in-
struments enabling distinct performances based on differences
regarding their optical system, their degree of development, and
their automation [27]. Thus, the choice of an SPR system depends
on a number of factors including throughput and samples scope of
the research, as well as flexibility, cost and ease-of-use of the
platform to be purchased.

Usually, if a high-throughput workflow is desired, a platform
enabling multi-channel analysis will represent the best solution,
whereas two-channel instruments are typically sufficient for aca-
demic labs and relatively low throughput needs. Besides this gen-
eral consideration, some other common specifications of an SPR
system must be considered to better meet a specific experimental
purpose: i) the sample injection volume; ii) the baseline noise to
ensure the best signal-to-noise ratio; iii) the baseline drift for good
data fitting; iv) the temperature range, particularly for thermody-
namic measurements; v) the flow rate range, that must be faster for
more accurate kinetics.

This paragraph provides an overview of some of the SPR in-
struments currently available on the market with a brief descrip-
tion of the main features and characteristics. For more
comprehensive details about the described instrumentations see
Table 1 or visit the vendors’ websites.

Since SPR was first introduced in the early 1990s, Biacore™ has
represented for many years the pivotal company for the manufac-
ture of instrumentation designed to measure biomolecular in-
teractions and its products are still considered the most reliable on
the market. Among them, Biacore™ S200 is currently the most
sensitive SPR-based sensor, facilitating work with low-level
responsive targets such as low-molecular-weight (LMW) mole-
cules in the LMW/fragment drug discovery process. Recently,
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Fig. 2. (A) Block scheme of the main components of a prism-based SPR instrument. (B) Magnification (top) and schematic representation (bottom) of serial flow cells showing the

reference channel (green) and the sensing channels (cyan).

Nuclelc acids
Pesticides,
W Insecticides...
N i :;.,_»
B
L 1 - N
o A —
Proteins H ,
¥ SURFACE PLASMON
Heavy metals,
il RESONANCE
[ 3
i=] |
- &£
Drug
discovery
( RN J
) MEDICINAL CHEMISTRY l
CHEMISTRY SCREENING OF PHARMACOLOGICALLY i FOOD
ACTIVE MOLECULES; UNDERSTANDING OF ‘) ENVIRONMENT -
THE MOLECULAR MECHANISMS INVOLVED - @° 'Y/ DETECTION OF SUBSTANCES
IN THE DEVELOPMENT OF DISEASES; . .._.. HARMFUL FOR BOTH HUMAN
DESIGN AND DEVELOPMENT OF NEW DETECTION OF SUBSTANCES HEALTH AND ENVIRONMENT,
DRUGS HARMFUL FOR ENVIRONMENT, ie. ALLERGENS, PESTICIDES,

re. HEAVY METALS, PESTICIDES,
BLCH

TOXINS, VETERINARY DRUGS,

ETC...

Fig. 3. Schematic representation of different applications of Surface Plasmon Resonance.

Biacore™ 8K + has been presented as a high-throughput and high-
sensitivity eight needle SPR system that delivers binding data of
outstanding quality in screening, characterization and quality
control, with a maximized capacity of up to 4608 samples [28].
Similarly, Bruker recently presented the Sierra SPR®-24/32 Pro,
which has the features expected from a high-throughput system,
including 8 flow cells with either 32 or 24 individually addressable
sensors and high-sensitivity SPR + imaging detection [29].

However, during the last decade, many companies have
expanded their commercial offer on the market by introducing new
platforms, which differ in the way of using the technology and
design of bringing the interactants in contact with each other. Thus,
besides the canonical prism-coupled total reflection systems,
several different configurations of SPR devices have been devel-
oped, such as those using grating, fiber and waveguide-coupling
SPR sensing mechanisms [15,30].



D. Capelli, V. Scognamiglio and R. Montanari

Trends in Analytical Chemistry 163 (2023) 117079

Table 1
Overview of the SPR instrument in commerce with main features and specifications as described on the vendors’ website.
INSTRUMENT MAIN FEATURES SPECIFICATIONS PICTURE
Biacore™ S200 High sensitivity Application: kinetics/affinity characterization, kinetics/affinity screening, single- s=— o
High-throughput cycle kinetics, LMW interaction analysis, fragment screening, epitope mapping,
LMW/fragment drug discovery thermodynamics

Sierra
SPR®-24/32 Pro

ABA injection type for competition

assay

High sensitivitylkmkmdk
High-throughput
LMW/fragment drug discovery
Hydrodynamic Isolation (HI)
microfluidic technology

Sartorius Octet® High sensitivity

SF3

Creoptix®
WAVEdelta

2SPR-Plus
system

White FOx

High-throughput
LMW/fragment drug discovery
OneStep® and NeXtStep™
gradient injection technology

High sensitivity
High-throughput
LMW/fragment drug discovery
Grating-Coupled Inteferometry
(GCI) technology

No clog microfluidic

High sensitivity
LMW/fragment drug discovery

Upstream/downstream connection
with other techniques (LC or MS)

Easy-to-use benchtop device
No fluidics: no clogging, no
cleaning

Cost-effective

User-friendly software

Analysis temperature: 4 °C—45 °C

Baseline drift: <0.3 RU/min
Baseline noise: <0.015 RU (RMS)

Capacity: 1 x 96- or 384-well microplate and up to 33 reagent vials or 78 vials for

samples and reagents
Flow rate: 1—-100 pl/min
Injection volume: 2—350 pl

Molecular Weight Limit: No lower limit

Number of flow cells: 4

Sample type: Small-molecule drug candidates to high-molecular weight proteins

(DNA, RNA, polysaccharides, lipids, cells, and viruses)

Sample recovery: yes

Application: high-throughput applications such as epitope characterization and

antibody, LMW/fragment screening
Analysis temperature: 10 °C—37 °C

Baseline drift: <0.15 RU/min
Baseline noise: <0.02 RU (RMS)

Capacity: 96-well (standard, medium or deep) or
384-well (standard or deep) microtiter plates and reagent rack with 24 x 0.8 ml

vials, 40 ml or 2 x 19 ml troughs
Flow rate: 5—100 pl/min
Injection volume: 2—200 pl

Molecular Weight Limit: No lower limit

Number of flow cells: 8

‘__-.

Sample type: Small-molecule drug candidates to crude samples, serums and

supernatants, as well as membrane preparations and vesicles

Sample recovery: ND

Application: kinetics/affinity characterization, high-throughput applications
(epitope characterization and LMW/fragment screening) and competition assay = -

Analysis temperature: 4—40 °C (max 15° below ambient)

Baseline drift: <0.3 RU/min
Baseline noise: <0.025 RU (RMS)

Capacity: 2x sample racks (96-vial, deep well and PCR formats, 384-well
microplates, custom high volume) plus 2x reagent racks

Flow rate: 0.1—200 pl/min
Injection volume: 2—700 pl

Molecular Weight Limit: No lower limit

Number of flow cells: 3

Sample type: small and large molecules

Sample recovery: yes

Applications: kinetics/affinity characterization, LMW interaction analysis

Analysis temperature: 4—45 °C (max 20 °C below ambient)

Baseline drift: <0.3 RU/min
Baseline noise: <0.01 RU (RMS)

Capacity: 2x microtiter plates (96 or 384 well, standard or deep well) or vial racks

(48 positions of 1.5 ml)
Flow rate: 1-400 pl/min

Injection volume: <450 ul, 100 pl typical
Molecular Weight Limit: No lower limit

Number of flow cells: 4

Sample type: small and large molecules, crude samples, blood, harsh chemicals

and particles up to 1000 nm
Sample recovery: yes

Applications: kinetics/affinity characterization, concentrations, thermodynamics

Baseline drift: <0.1 RU/min
Baseline noise: 0.05 RU (RMS)
Capacity: 12 to 768 samples

Analysis temperature: 4 °C—70 °C (max 10 °C below ambient)

Flow rate: 0.1—-3.000 pl/min

Injection volume: 1—4.500 pl (depends on installed loop volume)
Molecular Weight Limit: <100 Da

Number of flow cells: 2

Sample type: small and large molecules; crude samples, serum, cell lysates,

liposomes
Sample recovery: ND

Applications: kinetics/affinity characterization, quantification of proteins and

antibodies, sandwich assays
Baseline drift: ND
Baseline noise: ND

Capacity: 96 well plate; 96 probes
Analysis temperature: ambient to 42 °C
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INSTRUMENT MAIN FEATURES SPECIFICATIONS

PICTURE

Flow rate: ND

Injection volume: 140 pl/well; non-destructive testing

Molecular Weight Limit: ND
Number of flow cells:

Sample type: proteins, antibodies, nanobodies, complex particles, vesicles,

viruses, blood

Sample recovery: yes
Affinite P4SPR  Portability
USB powered
User-friendly
Cost-effective

Weight: <1.3 kg
Resolution: 1 RU
Number of flow cells: 4

Applications: kinetics/affinity characterization, quantitative measurements
Size (W) x (L) x (H): 175 x 155 x 55 mm -

Sample type: small and large molecules; complex media such as serum, plasma,

cell lysates, wastewater
H5 PhotonicSys' Portability

equipment Weight: <1 kg
Friendly Graphical User Interface Resolution: <1 RU
(GUI) Number of flow cells: 2 or more upon request

Sample type: small molecules and large bioentities (viruses, bacteria, cells)

Plasmetrix Portability and modularity
CORGI IIF SPR USB 3.1 powered
System Cost-effective
For research & education

electrochemical

Weight: ND
Resolution: 1 RU
Number of flow cells: 2

Sample type: proteins, antibodies, lipids, nanoparticles, peptides, viruses

Applications: kinetics/affinity characterization, quantitative measurements
Combination with other inspection Size (W) x (L) x (H): 216 x 76 x 51 mm or smaller

Applications: kinetics/affinity characterization, specificity, concentration,

Size (W) x (L) x (H): 80 x 150 x 40 mm

Although based on traditional SPR, the Sartorius Octet® SF3
system can characterize a wide range of interactions with high
quality kinetics and affinity data for up to 768 samples in a single
unattended assay [31]. The Octet® SF3 system incorporates the
OneStep® injection technology, based on the well-established
concept of Taylor dispersion injection [32], which allows the
compound to diffuse into a moving stream of buffer to generate a
concentration gradient during the injections. As such, a single an-
alyte injection can be used to measure data accurately, providing
better resolved kinetic traces and rapid affinity data directly from
primary screens, significantly reducing the time and costs associ-
ated with secondary screening [33]. The Octet® SF3 system has a
higher sensitivity and also incorporates NextStep™ gradient in-
jection technology, which distributes two different analytes against
each other in a crossed sigmoidal profile and can be used for
determining competition mechanisms or inhibition concentration
(ICs50) in a single injection [34].

Malvern Panalytical newly introduced on the market the Cre-
optix® WAVEdelta, a novel optical biosensor platform for high
sensitivity and real-time label-free binding kinetics. The WAVE
system is based on the Grating-Coupled Interferometry (GCI)
technology and can support a wide range of sample types and sizes
thanks to the no-clog microfluidic cartridges, which allow high-
sensitivity data analysis also from difficult crude samples [35].

In recent years, Xantec significantly expanded the potentiality of
SPR with the 2SPR-Plus system [36], based on Reichter’s 2-channel
SPR platform [37], which combines SPR with other techniques such
as Mass Spectrometry and preparative Liquid Chromatography,
eliminating the limitations of all SPR platforms commercially
available.

FOx Biosystems newly presented the White FOx instruments
based on fiber optic SPR as sensor tool bioanalysis. In this robust,
low-maintenance and easy-to-use device, the fiber-optic probe
setup allows a fluidic-free dip-in protocol for the study of specific

biomolecule binding in complex samples including lysates, whole
blood and large particles, avoiding clogging issues and routine
cleaning [38].

Finally, many companies have developed small size devices that
still retain high-performance and reliability features. For instance,
the Affinité P4SPR is an accessible cost unique portable 4-channel
instrument that delivers measuring and monitoring data of spe-
cific targets in complex media, giving also the possibility to
combine with other analytical methods such as spectroscopy,
chromatography and mass spectrometry [39]. Similarly, Photo-
nicSys’ devices can be standalone or integrated into other systems
comprising optical microscopes, fluorescence and Raman systems
due to their miniaturized size [40]. Plasmetrix has also specialized
in compact, portable and modular devices at affordable prices for
research and education. The tiny CORGI IIF SPR System measures
only 15 cm in length, packing a lot of options and add-on config-
urations keeping high versatility and great performances [41].

An overview of some of the SPR instruments currently available
on the market with a description of the main features and char-
acteristics is reported in Table 1.

3. SPR sensor chips

The sensor chip can be considered the core of an SPR biosensor
and its surface chemistry has a great influence on the behavior of
the SPR device and the quality of the data retrieved [42]. The variety
of existing sensors and the different sensing schemes indicate that
a plasmonic solution can be found for an array of biochemical and
biomedical problems, from fundamental studies of protein-protein
interaction to disease diagnosis through the detection of bio-
markers at very low concentrations in complex biological samples
[43]. Indeed, a wide range of applications has been developed for
the use of SPR biosensors both in the biomedical field and in
pharmaceutical research [44,45]. In addition, they have been
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increasingly applied in the detection of chemical and biological
species in important areas such as environmental monitoring, and
food safety and security [7,44,46].

As depicted in Fig. 4A, the base of a sensor is a thin glass slide. A
metallic layer (~50 nm), which can generate surface plasmon by
coupling with a p-polarized beam of light, is deposited on one side
of the slide and a very thin adhesion layer (~2 nm) of Chromium or
Titanium is inserted between the glass and the plasmonic metal
layer, thus improving the stability of the metal film [47].

Particularly for commercial sensor chips, gold still represents
the best choice among plasmonic metals because it combines
favorable SPR characteristics (i.e. low optical losses for SPs excita-
tion) with long-term chemical stability under a wide range of
conditions, including pH and moderate concentrations of many
organic solvents [48,49]. Although the wide assortment of the
different surface functionalization commercially available provides
application-specific immobilization basis for all possible
ligand—analyte combinations, unmodified gold sensors are also
supplied from some vendors allowing the design and the creation
of unique customized surfaces. Moreover, in the search for cost
reduction possibility and higher sensitivity, the gold metal film can
be replaced by other metals such as silver and copper, especially for
disposable sensor applications. Silver-based SPR sensors show
greater sensitivity and sharper reflectivity spectrum than those of
gold film, along with an improved limit of detection (LOD) and

Trends in Analytical Chemistry 163 (2023) 117079

resolution. However, the poor chemical stability that results in
oxidation and sulfuration restricts their application in this field.
Nevertheless, in recent years more sensitive and stable silver-based
SPR sensors have been improved and tested as a good alternative to
the gold ones [50,51]. A still rarely explored alternative is the
replacement of the gold film by a more affordable copper film,
which has the highest electrical conductivity among the metals and
exhibits almost identical optical properties, but it is still considered
as a poor plasmonic material because of its notorious oxidation
issues when subjected to air exposure. All of these considerations
encouraged efforts to explore copper utilization in the plasmonic
application looking forward to the possibility of the integration of
such SP-sensing elements into electronic devices [52,53].

Since the metal layer is in most cases incompatible with bio-
logical species, the surface must be protected against the non-
specific adsorption of proteins or other biological compounds.
The pacification layer (~2 nm) should bond tightly to the gold layer
and form a compact packaging, effectively shielding the metal layer.
In general, the pacification layer - also referred to as Self-
Assembling Monolayer (SAM) - has terminal functional groups
that can be used for further modifications of the sensor surface. In
this way, the most appropriate surface chemistry and density can
be chosen among a wide range of possibilities and exploited for the
study of the various molecular interactions.

Some of the commercially available sensor chips are listed and
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Fig. 4. Overview and schematic representation of a sensor chip structure. (A) Layered structure of a SPR sensor chip: glass layer is shown in cyan, adhesion layer in red, gold film in
yellow, SAM in blue and functionalized surface in gray (B), (C) Representation of some of the commercially available 2D and 3D sensor chips from Biacore™ with matrix of different

capacities.
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compared in Table 2. The mentioned manufacturers all use their
own techniques to make the sensor chip surface, therefore it is
difficult to compare the capacity of the sensor chip directly. More
information about sensor chips is available on manufacturers’
websites.

3.1. Immobilization strategies

The immobilization of the sensing surface is a critical step of the
sensing process because a proper selection of the immobilization
method should ensure high selectivity and sensitivity. In an SPR
experiment, the ligand is the bio-recognition element immobilized
onto the sensor surface and must maintain its biological activity
after immobilization, the analyte is the interacting molecule flow-
ing with the experimental buffer [54,55]. Resonance or response
units (RUs) are generally used to describe the increase in the signal,
where 1 RU is equal to a critical angle shift of 10~ and corresponds
to the binding of 1 pg to the surface of a flow cell with the area of
1 mm?. The sensor surface must be designed to immobilize a suf-
ficient number of bio-recognition molecules on the sensor while
minimizing non-specific binding to the surface [7]. For this reason,
despite the importance of the optical configuration and fluidics, the
sensor chip can be considered the heart of a SPR instrument.

Theoretically, molecules can be immobilized both directly and
indirectly, depending upon the molecular weight of the analyte. For
analytes of high molecular weight (greater than 5000 Da), direct
binding is used, while the indirect binding is used for low molecular
weight analytes [56]. Sensors with planar 2D surfaces (Fig. 4B) are
generally based on SAMs, which are modified with small func-
tionalizing groups (e.g. COOH). The flat surface can be useful in
experiments involving large analytes such as cells and viruses,
although steric hindrance could lead to a lower response if the
ligand is immobilized with too high a density.

In contrast, immobilization on a 3D-like matrix typically pro-
vides more binding sites and a better environment for storage of
the immobilized ligand (Fig. 4C). The three-dimensional surfaces

Table 2
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are modified with compounds including alginate or PEG, but the
most used is carboxymethylated dextran [57]. This shows a pro-
nounced tendency to covalent binding due to the presence of this
active functional group. Due to their hydrophilic properties, dex-
trans have a low capacity for non-specific interaction with biolog-
ical components.

In addition to the 2D and 3D matrices already mentioned,
matrices layered on the surface of the metal support are also used
in the SPR biosensors. These matrices are composed of layers of
silica (SiO,) [58], amorphous carbon [59], or graphene [60]. The
choice of a strategy for the immobilization of the ligand depends on
the type of ligand (protein, sugar, DNA, low molecular mass sub-
stance), the analyte to be used (small or large interactors), the
purpose of the study (specificity, concentration, affinity, kinetics)
and the bioanalytical format selected for the assay (direct, sand-
wich, competitive, inhibition) [61].

To determine the method of immobilization, any additional in-
formation such as the size of the ligand, the isoelectric point, the
amino acid composition and the possible orientation of the binding
sites is certainly helpful. Generally, the immobilization can occur
covalently and therefore be irreversible or by capture and be
transient. Depending on the nature of the ligand and the available
reactive groups, several covalent coupling chemistries can be
selected for the immobilization of the ligand. Among them, the
amine (-NH2) (Fig. 5), thiol (-SH2) and aldehyde (-CHO) coupling
chemistries are validated procedures [62,63]. Covalent coupling
ensures stability and low consumption of the ligand, which does
not need any modification, and whose immobilization level can be
easily controlled. Therefore, covalent coupling should be the first
choice when evaluating different ways to immobilize biomolecules
on a chip surface. However, covalent immobilization can lead to
random orientation of the ligand, with the binding sites that can be
hidden thus reducing or eliminating the affinity for the analyte
[42,64]. Moreover, the low pH or the blocking agent generally used
in the immobilization procedure can inactivate the ligand.

Conversely, affinity capturing can be used to reduce or eliminate

Some of the commercially available sensor chips with description of their surface modifications and specific applications. All of the acronyms used in the table refer to the

commercial name as provided by the manufacturer.

Surface Modification Biacore™ XanTec Sartorius Bruker Creoptix Applications
WWW. www.xantec.com WWW. WWW. WWW.
cytivalifesciences. sartorius. bruker.com malvernpanalytical.
com com com

Short matrix, medium CM3 CMD50L, HC30 M - -

- Protein - Protein, kinetics

capacity

Normal matrix, low CM4 HLC200 M — - PCL Assays in serum or culture medium; Positively
capacity charged analytes

Normal matrix, CM5 CMD200 M, CMD500L, CDL - — Protein - Peptide/Small molecule;
medium capacity HC200 M General purpose

Normal matrix, high CM7 CMD700 M, HC1500 M CDH, PCH  HCA PCH Large ligand-to-analyte molecular weight ratio;
capacity General purpose

No matrix, low C1 CMDP COOH1 - PCP Large analytes and/or cells, viruses, particles, lipid
capacity bilayers

Poly His binding NTA NiHC1500 M, HisCap — PCH-NTA, His-tagged ligands
group NiHC200 M, NiD200 M PCP-NTA

Hydrophobic surface HPA HPP - - - Model membrane systems

Lipid capturing L1 LD, LP — — PCP-LIP Hydrophobic ligands: vesicles, liposomes, lipid
surface bilayers, transmembrane proteins

Biotin capturing SA SAD200 L/M, NAD200 L/ SADH Biotin-tag  PCP-STA, Biotinylated ligands;
surface M capture PCH-STA General purpose

PEG-based sensor PEG — — _

Protein A, G, L Protein A, G, L PAGD, PAGP, PAGHC —
Plain gold surface AU AU — —

IgG capture PCP-PAG

— Alternative for analytes with unwanted binding to

dextran-based surfaces

Antibody (IgG) ligands

— Untreated gold surface for the design of unique
surface chemistries
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Fig. 5. Surface activation with EDC/NHS and amine coupling reaction. EDC N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride crosslinking protocol includes NHS (N-
hydroxysuccinimide) for a two-step reaction: 1. EDC Activates the carboxyl groups and forms an amine reactive O-acylisourea intermediate; 2. The O-acylisourea product inter-
mediate can be easily hydrolyzed, reverting to the original carboxylate molecule. To overcome this limitation, N-Hydroxysuccinimide can be used to form a more stable second

intermediate prior to amination.

induced heterogeneity caused by the random coupling chemistries
and to prevent the loss of activity for molecules which are sensitive
to covalent modification (e.g. binding sites containing free amine
groups). In these affinity capturing systems, the binding with the
ligand should be strong enough in order to obtain a stable complex.
Some of the systems employed for affinity capturing are completely
regenerable and a fresh ligand surface can be created with every
cycle, in this way the ligand is not required to retain its activity on
the surface throughout long assays [61]. Moreover, an additional
advantage is that the capturing procedure does not need highly
purified samples. However, although such indirect methods appear
to be more practical and result in a higher percentage of active li-
gands after the immobilization procedure, it must be considered
that a bulky capturing system occupies a significant fraction of the
evanescent field’s volume, which is then not available for ligand
molecules, thus resulting in smaller signals. Furthermore, the
capturing system can alter the affinity profile of the immobilized
ligand or induce non-specific interactions [42].

The majority of affinity capturing systems consist of a
covalently-bound antibody immobilized using a standard amine
coupling procedure [65,66], thus enabling the recognition of
several types of antigens. Among them, the polyhistidine, the myc,
the GST, the MBP and the FLAG tags represent the most widely used
functional groups [30,67].

A different approach involves the modification of the sensor
chip surface to capture special tags. For instance, biotinylated li-
gands can be directly immobilized with high affinity on commer-
cially available streptavidin-coated sensor chips [68]. Furthermore,
the presence of a six histidines tag allows the capture of a protein
with the nitrilotriacetic acid (NTA) groups of the sensor surface. The
NTA molecule chelates metal ions such as Nickel (Ni2™), creating
coordination sites that bind to poly-histidine tags on recombinant
protein and other biomolecules. Finally, modifying the sensor chip
surface with a hydrophobic compound makes it possible to capture
vesicles. The immobilized vesicles can be used to insert proteins
with hydrophobic regions (e.g. membrane proteins), which are
otherwise challenging to immobilize without losing their biological
activity [30].

A summary of the above-mentioned immobilization strategies
with the list of the related suitable ligand types is reported in
Table 3.

When the immobilization process is completed, the solution
containing the analytes can be injected over the immobilized
ligand. The binding process, by increasing the mass at the chip
surface, induces a change in refractive index of the area sur-
rounding the metal dielectric interface; hence, the resonance
condition is deviated and can be observed as a change in signal

corresponding to the shift of the resonance angle. When RUs are
plotted versus time, a sensorgram is produced (Fig. 6).

4. Experimental optimization and data analysis

The main goal of a SPR experiment is to determine the kinetic
constants of a label-free biomolecular interaction by fitting the
sensorgram to a kinetic model using a mathematical algorithm.
Unfortunately, fitting the line through a data set is not always easy
and cannot be entrusted to a mathematical model but it is often
necessary to proceed on the basis of personal experience, chemical
knowledge and structural information of the target. In addition,
surface effects, such as immobilization heterogeneity or cross-link
and mass transfer effect or analyte rebinding, can significantly
affect the data [69,70]. Thus, in order to improve the experimental
design and to achieve high quality interaction data, there are a
number of tips that must be considered.

For instance, in some cases it is important to reduce the quantity
of ligand immobilized on the sensor chip in order to minimize the
effect related to mass transport, aggregation and overcrowding.
Mass transport is defined as the transport of an analyte from its
bulk solution to the sensor chip surface. When this transport is
slower than the association rate constant (Koy) of the binding sys-
tem, the binding kinetics will be mass transport limited, resulting
in an inaccurate measurement which can be sometimes identified
on the sensorgram as an association phase with lack of curvature.
To prevent such an artifact, besides the reduction of immobilized
ligand, the increase of analyte flow rate and the choice of appro-
priate analyte concentration should be also considered [71,72]. The
highest flow rate which is compatible with the analyte injection
time must be selected for the assay. To assess the existence of mass
transport effect, a single analyte concentration should be injected
at several different flow rates. Indeed, the mass transport effect is
influenced by flow whereas the intrinsic reaction rate is flow in-
dependent. Therefore, only in the case that the association and
dissociation rate constants are not affected by the flow rate varia-
tion, the mass transport limitation can be excluded. The analyte
concentrations throughout the experiment should be well spaced
out, covering a range between 0.1X and 10X the expected Ky of the
interaction when it is known (as an example, for an interaction with
an expected Kg = 10 nM, concentrations from 1 to 100 nM are
appropriate) [73]. In addition, with the aim to properly calculate
kinetics, the binding must be analyzed using at least five separate
analyte concentrations, which can reach the number of eight/ten
when performing steady-state affinity analysis.

Regeneration of the ligand between each analyte injection is a
further fundamental operation to obtain reliable data. Regeneration
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Table 3

Main suitable immobilization strategies for different types of ligands.
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Immobilization Method Ligand type Advantages Disadvantages
strategy
Covalent Amine coupling Proteins High coupling yield Random ligand orientation
coupling (most generally Peptides Stable bond (non-uniform coupling)
(irreversible)  applicable coupling) Small molecules Does not require any Partial/complete ligand deactivation or damage
Carbohydrates modification of the ligand
Glycoproteins Low ligand consumption
DNA Immobilization level easily
Thiol coupling Proteins controlled
Antibodies
Glycoproteins
Aldehyde coupling Carbohydrates
Glycoproteins
Capturing Streptavidin—Biotin Proteins Oriented coupling Unstable bond
(transient) coupling Antibodies Retention of the ligand’s Capturing system can interfere with the function or
Glycoproteins activity and structure binding site of the ligand
Peptides Regenerable Smaller signals
Oligonucleotides Does not require highly purified Non-specific interactions
NTA-Ni%* - Hisg Proteins samples
complexes Antibodies
Peptides
capture antibodies Almost any proteins, including
membrane proteins (via tags)
Cells
Viruses
Protein A/G Antibodies
Hydrophobic surface Vesicles
Liposomes
g
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Fig. 6. Spectrum of reflected light before (1) and after (2) refractive index change caused by the molecular interaction on the chip surface.

has the function of totally removing the analyte without irrevers-
ibly damaging the immobilized ligand [74] and it is a must when
the dissociation is very slow. This procedure has to be evaluated
empirically, since the combination of physical forces responsible for
the binding are often unknown. As the regeneration solution needs
fewer gentle conditions to break the interactions, it is important to
check the baseline after regeneration and perform control injection
to monitor the possible degradation of the ligand.

A further common artifact that can be found in an SPR experi-
mental curve can be ascribed to the non-specific binding, which can
occur when the analyte interacts with the surface instead of the
ligand. A number of experimental methods are often used to reduce
non-specific binding, such as increasing salt concentrations,
adjusting buffer pH and adding surfactants. Moreover, most sensor
chips in use have many channels through which the analyte is
passed and one of them is typically used as a reference channel
[75]. Reference subtraction serves to exclude artifacts associated
with the injection to compensate for non-specific binding to the
sensor chip and also for bulk refractive index differences between

flow buffer and analyte sample, which represents an additional
issue in an SPR assay. In some cases, particularly when a high-RI
solvent such as DMSO is used to dissolve the analytes, giving rise
to large shifts in RI during the injections, and simple subtraction of
the signal from the reference channel is no longer enough, a DMSO
calibration curve can be constructed by injecting the solvent with
varying concentrations and used for correcting response levels
obtained during sample injections [76].

After reference subtraction, large spikes can appear both at the
beginning and at the end of the injection. This happens because in
many instruments the flow channels are in series and the sample
rate deviates slightly and generally can be minimized by using a
reference subtraction function usually included in the data analysis
software.

Many blank injections, which correspond to the zero concen-
tration of the analyte, are also recommended to prime the system at
the beginning of an experiment, and waiting for the system to
equilibrate is advisable before starting a new assay. The baseline
should be practically flat before any experiment can start [77].
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As soon as the blank signal is stable, the closest blank for each
injection or the average of overall blank injections can be used to
compensate for the drift and small differences between the refer-
ence and active channel.

The reference subtraction and the blank subtraction are often
referred to as double referencing, which allows to compensate for
the differences between the reference and the active channels
[77,78].

Furthermore, as with any analytical technique, good quality data
can only be obtained with instruments that are in perfect working
order [79] and it is highly recommended to perform the binding
experiments in duplicate or even in triplicate. In this way, a stan-
dard deviation for the kinetic results can be obtained to evaluate for
goodness of the measured data.

While it can be relatively simple for SPR users to obtain binding
signals in their experiments, a rational experimental design seems
to be of crucial importance for achieving high-quality data. More-
over, tools for the analysis of SPR data are very limited in their
ability to correct for poorly designed assays [80]. After an accurate
evaluation of the experimental conditions, some tools such as KD-
Assistant, SPR-Simulation, BlAcalculation and BiaMethodwriter can
be very helpful in the initial stage of assay development and opti-
mization. These platform-independent packages can generate
theoretical response curves and time to equilibrium, and calculate
analyte concentrations, sample volumes and experiment run times
necessary to achieve the desired signals. In addition, these tools are
available for free or for a small fee [81], giving the opportunity to
explore assay design in more detail and to allow the importation of
data for platforms lacking in machine-specific software.

Due to the variety of instrument configurations and to usage
restrictions imposed by manufacturers, many of the software
packages in use for the data analysis are platform specific and they
exist independent from the software for instrument control and
data collection, so that data analysis can be accomplished while an
assay is being actively run [80]. Besides the preconfigured software
tools, third-party software can also be used with an instrument’s
specific hardware and database format. Among them, Scrubber
(Biologic Software), TraceDrawer (Ridgeview Instruments),
Screener (Genedata) and CLAMP (University of Utah) [78] are ex-
amples of instrument-independent analysis tools that can be
employed with many different commercial platforms. Additional
information about the software, their application and their
compatibility on different SPR platforms can be found on de-
velopers' websites.

Recently, the workflow concept, design and experiences with a
software module depending on a browser-based software platform
for the processing and the analysis of SPR data has been presented
[82]. Among others, this novel solution showed great benefits in
terms of time saving thanks to the experimental templates and the
automatic data reporting, increased consistency and visibility
because all data are analyzed in the same way, and reduced training
and infrastructure burden since updates to the SPR module are
applied on a server environment and become available immedi-
ately to all users.

5. Case studies

SPR is not limited to monitor protein-protein interactions, but it
also allows to investigate the binding of a protein towards small
molecules in the drug discovery process as well as the interactions
between DNA—DNA, DNA-protein, lipid-protein and hybrid sys-
tems of biomolecules and even non-biological surfaces. As a
consequence, biomolecular interaction analysis can be used in a
number of ways: i) for the identification of the binding between
two or more interactants, ii) for the determination of the affinity of

10

Trends in Analytical Chemistry 163 (2023) 117079

the interaction, iii) for measuring the actual association and
dissociation rates, iv) for the quantification of the concentrations of
one of the interactants and v) for high-throughput screening of
druggable molecules [30,45].

In the following section, different case studies are described,
according to the diverse approaches including i) the study of the
conformational structure of macromolecules and their interactions,
ii) sensing, and iii) drug discovery. The reported case studies were
selected mainly based on our experience with the aim to guide the
user through the situations that most commonly occur. Further-
more, this paragraph represents an overview of the various diffi-
culties that may be encountered in the use of SPR technology and
offers an explanation of the various issues and tricks for over-
coming them. For in-depth information, the reader is referred to
the literary source. In order to make the described experimental
conditions potentially reproducible, only case studies in which
commercial sensor chips were used are described.

A summary of the experimental strategy used in the case studies
described below is reported in Table 4.

5.1. CASE 1: screening of biomolecules

This case study has been selected as the first example of the use
of SPR technology whose basic application is represented by the
screening of a more or less large set of molecules. The study of the
binding affinities towards a given target allows for gaining impor-
tant structural information for the optimization of biomolecules in
the drug-design process.

In this case study we take in consideration a series of purified
saponins and sapogenins whose affinity was tested towards the
Peroxisome Proliferator-Activated Receptor gamma (PPARY), a nu-
clear receptor considered as a master regulator of adipogenesis in
mammals [83,84], in order to select the most promising com-
pounds for X-ray analysis [85]. To this end, we followed a two-stage
scheme: in the first stage we quickly selected the best candidates, in
the second we clearly defined the binding features of the molecules
selected. For the initial fast screening, a Pioneer SensiQ with One-
Step® gradient injection technology was used [33]. This method
allows to determine the kinetic and affinity parameters of a binding
interaction by using only a single analyte gradient injection. When
this method is used, the advantages are that the sample has only
one known concentration and is dispersed through a volume of
running buffer as it is flowed to the sensor chip surface. In addition,
with respect to the traditional screening approaches, OneStep®
enables the same analytical performances in a time-saving manner.
This method, based on Taylor dispersion, produces a sigmoidal
concentration gradient of analyte in the capillary fluidic line
(Fig. 7A). As the sample gradient flows from the capillary to the
sensor chip, binding data are collected in real time incorporating
the full range of analyte concentrations presented to the surface
from low to high. Two of the tested compounds (saponins 18 and
19) showed considerable affinity for PPARY Ligand Binding Domain
(LBD) and then tested according to a traditional multi-cycle kinetic
(MCK) analysis of biomolecular interactions and different concen-
trations of analyte in solution binding to the immobilized ligand
were used. The affinity (Kq) and rate constants (Kop, Koff) for the
interaction between PPARY LBD and the selected saponins are re-
ported in Fig. 7D and compared with the reference agonist LT175
[86].

From the analysis it has emerged that compound 18 showed a
unique binding profile if compared with all the other tested com-
pounds (Fig. 7B) and the data obtained from kinetic analysis of
saponin 18 were more suitable for a 2:1 molecular interaction
model, suggesting that two molecules could bind the receptor LBD
at the same time. In addition, the high affinity binding site showed
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Table 4
Schematic representation of the described case studies with the experimental strategy used.
PURPOSE SENSOR CHIP INSTRUMENT ANTIBODY IMMOBILIZATION LIGAND FLOW RATE ASSAY BUFFER Ref.
STRATEGY DENSITY (ul/min)
(RUs)
CASE Screening of biomolecules PCH SensiQ NO Amine-coupling 13,500 50 HBS with 1 mM DTT and 2% [85]
1 Normal matrix, Pioneer AE DMSO.
high capacity No surfactant
CASE GPCR-analyte interaction PCH SensiQ anti-Hiss Amine- 500 25 HBS with 0,03% DDM/CHS  [88]
2 Normal matrix, Pioneer AE coupling + capturing (5:1)
high capacity
CASE Competition PCH SensiQ NO Amine-coupling 14,000 150 HBS with 0,005% P20 and 1% [109]
3 Normal matrix, Pioneer AE DMSO
high capacity
CASE Multiple binding sites PCH SensiQ NO Amine-coupling 15,000 75 HBS with 0,005% P20, 1 mM [97]
4 Normal matrix, Pioneer AE DTT and 2% DMSO.
high capacity
CASE Avidity CDL SensiQ NO Amine-coupling 175 75 HBS with 0,005% P20 [102]
5 Normal matrix, Pioneer AE
medium capacity
CASE Competitive immunoassay CM5 Biacore XTM anti-Cd?>* Amine-coupling 2526 10 HBS with 0,005% P20 and [114]
6 for Cd** detection Normal matrix, 3 mM EDTA
medium capacity
A B C
: :
”
3 &
Time (s) Time (s)
KoMy | Ko™ | KM |
SAPIS 144.8(0.2) 1.98(0.01)ed 1.405(0.004)e-3 0.715(0.002) 9.70(0.03) 36.1(0.2)
SAP19 2.053(0.005)c4 1.126(0.002) 54.82(0.03)

Fig. 7. Kinetic analysis of saponins binding to PPARy LBD using OneStep® injection (A) OneStep® gradient formation in the injection line (top panel), with the corresponding
analyte concentration measured within the flow cell (bottom panel). The running buffer is represented in blue and the analyte dispersion is represented in pink. The gradient
formation and its relationship to analyte concentration at the flow cell are illustrated using five simulated snapshots (tstrt — tstop) Of the injection line at different times, showing
that a single injection can be used to test a full analyte concentration series. (B) The global fit of the data to a 2:1 bimolecular interaction model for compound 18 and (C) a 1:1 model
for compound 19 are represented. (D) Kinetic parameters of LT175, SAP18 and SAP19 obtained with the OneStep® injection method. For LT175 and SAP18, data were fit to a 2:1

molecular interaction model. Experimental error is reported in parentheses.

a very small kinetic association rate constant Ko, compared to that
of the other compounds (144.8 M~'s~! versus values ranging from
1-10° to 6.1-10% M’1s’l) and a lower dissociation rate constant Ko
(1.4-1073 s versus 0.69—4.13 s 1), therefore slow kinetics of as-
sociation and dissociation can be hypothesized. Indeed, similar
behavior has been previously described for other nuclear receptor
antagonists [87]. By contrast, the sensorgram of compound 19
showed a rapid association and dissociation time (Fig. 7C). SPR
analysis also evidenced that the presence of a methyl or alcoholic
group in position C-23 on the triterpene nucleus conferred greater
affinity to the molecule, while a carboxyl group in the same posi-
tion produced the opposite effect.

1

5.2. CASE 2: membrane proteins

One unfilled gap in SPR technology remains the lack of a
methodology for the effective immobilization of membrane pro-
teins on the sensor chip. Indeed, because of the intrinsic instability
of these latter when extracted from the lipid environment, only few
examples of successful processing have been reported so far,
making them very challenging objects for SPR techniques.

In this case study, an experimental strategy aimed to charac-
terize the interaction of the membrane G Protein-Coupled Receptor
(GPCR) GPR17 with analytes and specific antibodies have been
proposed [88]. As the measure of the binding kinetics and affinities
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of analytes to intact membrane proteins by SPR is a challenging
mission, the method here described represents an easier alterna-
tive that consists in the exploitation of the presence of a tag, such as
poly-histidine or a short peptide sequence, bound to the protein to
be immobilized. Indeed, the detergent-solubilized receptor engi-
neered with a tag, could be efficiently captured with a specific
antibody previously covalently immobilized onto a chip [89]. This
allows to overcome many problems mainly related to the intrinsic
difficulties in immobilizing membrane proteins on chip surfaces
while retaining their native conformation [90—92] either in the
original membrane environment or in membrane-mimicking
structures, such as for example, lipid bilayer disks [93]. In the
case described here, 18000 RUs of a specific antibody for Hisg-
tagged proteins were covalently immobilized on the three channels
of the chip surface using standard amine coupling chemistry, then
the solubilized GPR17 receptor was captured.

To this end, an aliquot of the crude membrane extract was
prepared according to the procedure reported in the paper and
injected across the PCH sensor chip where the anti-Hisg antibody
was previously immobilized. In order to remove non-specifically
bound supernatant debris, the chip surface was washed for
several hours with the running buffer. Alternatively, a few short
injections of 0.5 M NaCl showed to be similarly effective to this
purpose. After the washing procedure, the receptor was captured
on two out the three channels of the sensor chip, using the third
channel as reference. When necessary, a regeneration solution was
used to completely remove the receptor from the sensor chip sur-
face, so that the immobilized antibody was ready for capturing
freshly solubilized GPR17 for new experiments. This regeneration
procedure is of great advantage, given the intrinsic instability of the
membrane proteins out of their lipid environment. The SPR results
obtained with the high affinity antagonist Cangrelor and the
agonist Asinex 1 demonstrated that the immobilized GPR17
retained its ability to specifically bind the analytes.

The sensorgrams concerning the full kinetic analysis with the
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agonist Asinex 1 and the antagonist Cangrelor binding to GPR17 are
shown in Fig. 8A and B, respectively, with calculated binding pa-
rameters listed in Fig. 8C. Although the affinity ratio between
Cangrelor and Asinex 1, as measured by SPR, is consistent with
previous literature [94—96], the absolute Kq values obtained from
the SPR experiments are notably higher. This discrepancy could be
attributed to residual non-specific binding to GPR17, likely caused
by the injection of crude membrane preparation, which could
potentially influence the calculated Kq values. Furthermore, it is
important to note that a perfect correlation cannot be expected
because SPR provides direct binding data, while the literature data
are derived from a different functional assay [95,96]. In addition to
influencing the affinity constant, the injection of the crude extract
also affects the amplitude of the signal because of the presence of
cellular debris that reduces the concentration of the active receptor
on the sensor chip. As a consequence, all the signals generated from
the analyte binding are included within an interval of few RUs, thus
lowering the noise-to-signal ratio and making it more noticeable
(Fig. 8A and B).

5.3. CASE 3: multiple binding sites

SPR technology can be usefully employed to identify or rule out
the presence of multiple binding sites within the ligand binding
domain of a given protein. To this end we have taken as an example
a work of Montanari et al. [97], where the authors demonstrated
that the ligand LT175 was responsible for the allosteric inhibition of
the phosphorylation of nuclear receptor PPARy LBD at Serine 273
mediated by the protein kinase Cdk5 [98]. To exclude the possibility
that such inhibition was caused by the binding of LT175 to an
alternative binding site instead of the canonical one, an SPR
experiment was set-up. Indeed, some PPARY ligands are known to
bind an alternative low affinity site, especially at high concentra-
tions [99,100]. At this purpose, PPARy LBD was preventively com-
plexed with the small ligand GW9662 (Fig. 9B and C), known to
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GPR17 ligands k. M's™) Ka (s™) Ka (nM) res SD
Asinex (1-339) 1.20+0.02e6 2.95+0.09e-3 2.46+0.08 0.72
Cangrelor (1-339) 1.05£0.07e7 0.237+0.007 2312 1.02

Fig. 8. Full kinetic analysis of the agonist Asinex 1 (A) and the antagonist Cangrelor (B) binding to GPR17, with the determined binding parameters listed in table (C).
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Fig. 9. (A) Sensorgrams superposition of LT175 injected using OneStep® at four different concentrations (gradient injections from 0 up to 0.1, 1, 10 and 100 uM) over immobilized
PPARY LBD pre-complexed with the covalent antagonist GW9662; (B, C) Structure superposition of GW9662 (light gray; PDB code 3BOR) and LT175 (cyan) in the PPARy LBD. The

alternate site, occupied by a modeled molecule of LT175 (red), is also shown.

covalently bind the nuclear receptor LBD in the same binding re-
gion as LT175 (at residue C285) [101]. Then, the complex PPARy
LBD/GW9662 was immobilized on the sensor chip and LT175 was
injected into the flow cell at different gradient concentrations (from
0 up to 0.1,1,10, and 100 uM) using the OneStep® injection method
[33]. The sensorgrams in Fig. 9A showed that only at the highest
concentration of 100 pM, LT175 was able to bind a lower affinity
alternate binding site.

5.4. CASE 4: avidity

Protein aggregation on the chip surface may lead to a reduction
in active material or in the average number of exposed epitopes per
immobilized mass. As a consequence, the binding affinity is
underestimated.

In this case study, SPR was used as a powerful tool to provide
evidence that the three proteins involved in de novo Deoxy-
thymidine monophosphate (dTMP) synthesis assembled to form
the thymidylate synthesis complex (dTMP-SC) in the cytoplasm
and not only after nuclear translocation, as it was assumed [102].

To this aim the dTMP synthesis complex was successfully
assembled in vitro, employing tetrameric serine hydroxymethyl-
transferase (SHMT1) and a bifunctional chimeric enzyme
comprising human thymidylate synthase (TYMS) and dihydrofolate
reductase (DHFR). A chimeric fusion polypeptide (Chimera)
including both proteins (TYMS and DHFR) was then designed and
assessed the formation of dTMP-SC between Chimera and SHMT1.

To evaluate the binding affinity SPR experiments were per-
formed. Chimera was immobilized onto the sensor chip and tetra-
meric SHMT1 was used as the analyte and injected at different
concentrations (85, 42.5, 21.2, 5.3 and 2.66 uM) (Fig. 10A). Even
though the precise stoichiometry of the putative complex was
unknown, the higher symmetry of SHMT1 suggested that two
Chimera dimers (DFHR-TYMS:TYMS-DHFR) may bind to one
SHMTT1 tetramer. In this case, the tetrameric form of SHMT1 would
have two identical binding sites. This would allow the analyte to
bind first with one site to the ligand Chimera and then to bind to
another Chimera molecule in close contact to the second ligand
site. The second binding event will give a stabilization of the
ligand—analyte complex without extra response but shifts the
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equilibrium constant to a more stable interaction. This effect, which
is often referred to as avidity (Fig. 10B) [103,104], was observed in
the case of SHMT1 binding to Chimera, suggesting that indeed
SHMT1 may bind more than one Chimera dimer. A bivalent analyte
gives rise to two sets of rate constants, one for each binding step,
although the meaning of the two sets of rate constants and
particularly the second set is very difficult to interpret. However,
the avidity effects can be reduced using very low ligand levels and
high analyte concentrations. Low ligand levels give a sparsely
distributed ligand on the chip, with less chance of two ligand
molecules being within reach of a single analyte. On the other hand,
a high analyte concentration competes out the second binding site,
favoring the formation of a 1:1 complex. For this reason, a very low
immobilization density of the ligand (175 RUs) and high analyte
concentrations were used in this experiment. In this way, the
avidity effect was minimized and a 1:1 bimolecular interaction
model to fit the experimental curves and estimate an initial value
for the Kq of 2.5 pM and 2.9 uM on channel 1 and 3 of the sensor
chip, respectively, was used. This data showed that the interaction
between Chimera and SHMT1 was specific, and that the dissocia-
tion constant was in the low micromolar range (Fig. 10C).

5.5. CASE 5: protein-protein interaction and surface competition:
the importance of the flow rate in the induced fit inhibition
mechanism

In this case study we explored the importance of the flow rate as
an advantageous strategy to prevent nonspecific binding when
dynamic structural elements of the protein can affect the binding of
the molecules.

AURKA, a member of the Aurora Kinases family, is a Ser/Thr
kinase involved in the progression of mitosis. AURKA is widely
overexpressed in a variety of solid tumors [105]. In particular, in
neuroblastoma, a severe childhood cancer that arises from highly
proliferative migratory cells of the neural crest [106], AURKA is
highly expressed relative to normal tissues, and also displays a
critical function by binding to and stabilizing the oncoprotein N-
Myc [107].

In neuroblastoma cells, the mitotic kinase Aurora-A (AURKA),
prevents N-Myc degradation by directly binding to a highly
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Fig. 10. (A) Full kinetic analysis of SHMT1 binding to Chimera at different concentrations. Orange lines represent the global fits of the data to a 1:1 bimolecular interaction model;
(B) Schematic representation of avidity: inactive aggregates decrease the effective monomer concentration, while multivalent aggregates lead to avidity; (C) Kinetic binding pa-

rameters calculated by SPR.

conserved N-Myc region [108]. As a result, elevated levels of N-Myc
are observed. During recent years, it has been demonstrated that
some ATP competitive inhibitors of AURKA also cause essential
conformational changes in the structure of the activation loop (A-
loop) of the kinase by inducing a complete flip of the activation
loop, retaining it in a “closed” conformation not able to bind N-Myc,
thus impairing the formation of the AURKA/N-Myc complex. In this
study, the ability of several compounds to disrupt the interaction
between AURKA and the AURKA interacting region of N-Myc (Myc-
AIR) in vitro has been assessed using SPR surface competition assays
[109]. In such a type of assay, the primary target (AURKA) is
immobilized onto the sensor surface, while the analytes that
compete with each other for the binding with the ligand are

dissolved in the running buffer and injected over the chip surface
simultaneously (Fig. 12A).

First, AURKA was immobilized onto a high capacity sensor chip
and full kinetic analysis was performed for Myc-AIR (Kq = 990 nM;
Fig. 11A) and for all the inhibitor compounds (Fig. 11D) by injecting
increasing concentrations in the running buffer. In this case, the
dynamic A-loop conformation affected the binding of the in-
hibitors. In order to minimize this effect, the experiments were
carried out at a fast flow rate of 150 pL min~. Then, in order to
evaluate the ability of the inhibitors to interfere with Myc-AIR
binding to AURKA, a surface competition assay of Myc-AIR in the
presence of a saturating concentration (at least 10-fold higher than
calculated Ky) of each inhibitor was performed. Tested inhibitors
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MLN8054 20.2 +0.03 46.1 = 0.40 2.28 +0.03 1.254 No binding
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Fig. 11. (A) Sensorgram of Myc-AIR binding to AURKA; Kinetic data for Myc-AIR: Kon, 6.3 + 1-10* M~'s~1; Ko, 0.0659 + 0.0008 s~'; K4 990 nM; Res SD 2.17; (B) Sensorgrams of
competition experiments between the inhibitors and Myc-AIR showing complete inhibition; (C) Sensorgram of competition experiment between the negative control compound

MK8754 and Myc-AIR; (D) Kinetic parameters of the tested compounds.
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Fig. 12. Schematic representation of two possible strategies for competition assays. (A) In the surface competition assay, the molecule of interest and a known third-party binder
compete with the same binding site of the primary target which is immobilized on the sensor surface. (B) In the solution competition assay, the primary target and the molecule of
interest are injected together, while the know-third party binder is immobilized. In this way, the competition for the binding with the primary target occurs in the solution.

almost completely prevent Myc-AIR from binding to AURKA
(Fig. 11B), while such an interaction remained unchanged (Kgq
690 nM; Fig. 11C) upon competition with negative control com-
pounds MK8754. Thus, SPR data confirmed the behavior of the
investigated inhibitors as Conformational Disrupting compounds.

5.6. CASE 6: solution competitive immunoassay for the detection of
Cd?* in water samples

Cadmium is one of the most toxic heavy metals for human be-
ings with great environmental and health impact. At the present
time, cadmium can be determined by some classical and modern
analytical methods, such as atomic absorption spectroscopy (AAS)
[110], inductively coupled plasma mass spectrometry (ICP-MS)
[111], non-thermal Optical Emission Spectrometry (OES) [112], and
miniature dielectric barrier discharge optical emission spectrom-
etry (DBD-OES) [113]. Although these methods are sensitive and
accurate for the detection of Cadmium, they have considerable
disadvantages such as longer consumption times, increased tech-
nical expertise and tedious sample pretreatments. Moreover, some
labeling methods are not suitable in some cases, because labeling
materials may occupy important binding sites or cause steric hin-
drance, resulting in inaccurate data. In this case study a CM5 sensor
chip was used as a sensing surface for detecting Cd?>* on a Biacore
system, showing how SPR technology, through the immunological
detection strategy based on antigen—antibody interaction already
described for the detection of biological samples, could be used as a
new method for the detection of pollutants [114]. In the case study
described, the authors report for the first time a specific and sen-
sitive competitive SPR immunoassay for the detection of cadmium
(Cd?t) in water samples. In this competition assay format, the
primary target (anti-Cd?>* antibody) and the molecule of interest
(Cd?*) are dissolved and injected in the running buffer, whereas a
known third-party binder (antigen) is immobilized onto the sensor
surface. In this way, the competition for the binding with the pri-
mary target occurs in the solution where the target is dissolved into
(Fig. 12B), instead of the sensing surface as previously described for
the case study 3. At present, all antibodies specific for cadmium
recognize Cd?* only in the chelated form Cd—EDTA. Because of the
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competition of the antibody with the high concentration of Cd?* in
the solution for the antigen, the SPR response change decreased
due to the less amount of the antibody bound on the chip surface
(Fig. 13). Combining the specific monoclonal antibody with the
sensitive and label-free analytical SPR method, the SPR based
immunoassay was able to rapidly detect Cd?* with high sensitivity
and specificity. In this work, the authors performed in situ detection
experiments of Cd?t in real aqueous samples collected from
Wenying Lake in Datong city, providing a novel theoretical and
technical support for the detection of heavy metal ions that can be
extended in the future as a useful model for the detection of other
small molecular compounds in biological, food and environmental
areas.

6. Future perspectives

It is not surprising that the growth of the SPR market is wit-
nessing a positive outlook in the years to come and it is clear that
the SPR technology still has great margins for its evolution. In
particular, so far SPR technology has been effectively used only for
laboratory analysis but the versatility of this technique makes
possible the emergence of new strategies aimed at providing new
solutions routinely applicable (i.e. as personal healthcare devices
and for testing contaminants in drinking water and food or as well
as a first hand tool for the characterization of injectable biofluids
prior to use). The use of sensors capable of monitoring more than
one parameter at the same time, for example for diagnostic use as
Point of Care (POC) or for a rapid semi-quantitative preliminary
screening of final products for allergic consumers, has long been
the focus of market players [115,116]. To this purpose, multiple
strategies have been proposed to address the technical challenges
in the POC area and field diagnosis based on optical/electrical
components. For example, deep learning-based methods using the
convolutional neural network architecture for SPR measurement
precision enhancement are under development [117]. Another
important aspect for marketing is related to the availability of low-
cost plug-and-play devices for the diffusion of methods and tech-
nologies for the personalized monitoring of physiological param-
eters by wearable devices.
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Fig. 13. Scheme of the SPR based competitive immunoassay for Cd>*.

Cost-effective, portable, and rapid sensing systems play critical
roles in bringing biodetection technologies from central labora-
tories to field application. Although laboratory-based benchtop
instruments usually provide higher sensitivity and stability, they
are usually expensive and bulky. For this reason, widespread low-
cost and user-friendly external auxiliary tools, such as smart-
phones, are gradually standing out because of the global ubiquity,
steady upgrading functions and straightforward coupling with
optical methods that utilize absorbance/transmittance [118],
chemiluminescence [119], spectroscopy of guided waves based on
photonic crystal [120] and Surface Plasmon Resonance [121—123].
Unlike ELISA or PCR, SPR does not require a labeling procedure,
which is a great advantage in field applications. Utilizing high-
performance complementary metal—oxide—semiconductor
(CMOS)-based cameras on smartphones, many groups have
designed spectrum- and intensity-based SPR biosensors on

smartphone platforms. As examples, Guner et al. demonstrated a
surface plasmon resonance imaging platform integrated with a
smartphone to be used in the field with high-throughput bio-
detection [124]. In another work Zhang et al. applied a grating-
coupled SPR smartphone spectrometer for the detection of lipo-
polysaccharides (LPS) [118], also known as endotoxins, present in
drinking water and injectable biofluids that may trigger septic
shock. In this work the authors described a portable LPS detection
platform based on a smartphone and a grating-coupled SPR (GC-
SPR) which relies on a disposable sensor chip with Au diffraction
grating and a compact disk as the spectra dispersive unit. Although
it does not contain electronic components, the use of apertures,
polarizers, and diffraction gratings increases the complexity of the
optical configuration. However, a limitation to their actual diag-
nostic usefulness is represented by the need to analyze the images
captured by the smartphone on the computer. As the optical

Table 5
Modern smartphone-based SPR sensors [137].
Principle Smartphone utilization Application/Detection Performance Ref.
Limit of Detection (LOD)
LSPR Camera and LED Heart disease biomarker 50 ng/mL [125]
Cardiac human troponin I
Camera Protein 19.2 pg/mL [126]
Bovine Serum Albumin (BSA)
Water pollutant NH3 200 pg/mL [127]
Water pollutant Cr>+ 11 uM [128]
Water pollutant Hg?* 0.2 ppb [129]
Water pollutant Cd** 1.12 ng/mL [130]
Cancer biomarker 0.87 U/mL [131]
CA13-5
Prism coupled Camera and screen Cancer marker 0.1 pg/mL [122]
Microglobulin (2 M)
Camera Antibiotic 2.25e " uM [132]
Doxycycline
Waveguide coupled Camera and LED Antibody in blood 47.4 nM [121]
Immunoglobulin G (IgG) 20 pg/mL [133]
Grating coupled Camera and LED Endotoxin 32.5 ng/mL [118]
Lipopolysaccharides
Camera Pesticide 1 ppb [134]
Imidacloprid
Protein 1 pg/mL [135]
Bovine Serum Albumin (BSA) 243 pug/mL [136]
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intensity at fixed angle or wavelength is monitored by smartphones
in real time, intensity-based assay is attracting much attention
because of its low-cost, simplicity, and practicality, providing real-
time data analysis and being usually stable, inexpensive, and simple
to perform [133].

A list of modern smartphone-based SPR sensors and their ap-
plications of detection is provided in Table 5.

7. Conclusion

In this review, we discussed the recent advancements in the SPR
technology along with application examples and on-market
instrumentation descriptions. Despite the significant progress in
many fields from the biotechnology sector, pharmaceutical in-
dustry, clinical research, and many others, Surface Plasmon Reso-
nance technology suffers from two main shortcomings, high cost
and complexity of use. For this reason, SPR technology still needs
further improvements and its exploitation as a tool for routine
analysis is a challenge that today seems realistic.

At this purpose, some smartphone-based SPR platforms have
been already developed and could represent a low-cost and sen-
sitive approach to the rapid detection of a variety of analytes, of-
fering the advantage of carrying out on-site and remote detection of
environmental and biomedical samples and use in point-of-care
devices, as well as being a practical platform for household de-
vices. Moreover, the continued progression of artificial intelligence,
big data, 5G technology, wearable devices, and databases estab-
lished through patient information and telemedicine services,
generates important expectations.
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