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For nearly 40 years, surface plasmon resonance (SPR) analysis has been used to

better understand the binding interaction strength between surface

immobilized bioreceptors and the analytes of interest. The advantage of

surface plasmon resonance, over other affinity sensing approaches such as

Western blots and ELISAs approaches, resides in its possibility to reveal binding

kinetics in a label-free manner. The concept of surface plasmon resonance has

in addition been widely employed for the development of biosensors

capitalizing on its direct assay format, short response times, simple sample

treatments along with multiplexed sensing possibilities. To this must be added

the possibility to reach high sensitivity due to the capability of surface plasmon

resonance to detect very small changes in refractive index at the sensing

interfaces in particular for analytes of larger size such as cells (e.g., bacteria),

proteins, peptides and oligonucleotides. Challenges inherent to all affinity

approaches call for further research and include non-specific surface

binding events, mass transportation restrictions, steric hindrance, and the

risk of data misinterpretation in case of lack of selective analyte binding. This

opinion article is devoted to outlining the different approaches proposed to

address these challenges by e.g., coupling with fluorescence read out,

electrochemical sensing, mass spectroscopy analysis and more recently to

integrate lateral flow concepts into surface plasmon resonance. Other

plasmonic methods such as localized surface plasmon resonance (LSPR),

surface enhanced Raman spectroscopy (SERS) will not be considered in

detail, as such techniques have nowadays their own standing.
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1 Introduction

Surface plasmon resonance (SPR) biosensor technologies

have undertaken a dramatic growth in the past decasdes not

only at the level of number of performed studies but also in terms

of the variety of ways they have been applied. This optical

technique serves since several decades to monitor affinity

reactions through the measurement of changes in the

refractive index occurring upon the binding of target

molecules on receptor-modified surfaces. SPR is

conventionally utilized by using the Kretschmann

configuration of attenuated total reflection method, where

incident light falls on the inner interface of a thin gold film in

order to achieve phase-matching with surface plasmon waves

travelling along the outer gold film interface. Upon contacting

analyzed liquid sample with this outer interface that is modified

with bioreceptors, target analyte accumulates on the sensor

surface due to its affinity interaction with attached

bioreceptors. Such accumulation is associated with an increase

in the refractive index near to the sensor surface, which

subsequently leads to changes in the SPR phase-matching

condition providing a direct optical readout of binding

efficiency and surface reaction kinetics (rates of association

and dissociation rates). As this approach requires minimal

amounts of sample volume, it is widely used for screening of

individual or whole libraries of antibodies, aptamers, engineered

bioreceptors and other ligands determining their binding affinity

to a specify target. Once optimum binding affinity have been

reached and analyte specific binding established, these different

bioreceptors can then be integrated on various types of SPR -

based biosensors and serve for bioanalytical purposes. There are

many aspects that must be considered including the choice of the

recognition element, the surface coupling chemistry, assay

format reflecting the size of the analyte as well as the

composition of analyzed sample. The major drawback of this

label-free method stems from that fact that many biologically

relevant processes are inherently linked to mass and charge

variation. For a better understanding of the surface reactions

taking place on a SPR chip, as well as to render SPR more

sensitive from an analytical point of view, combining with other

sensing approaches into one multifunctional instrument has

been persuade in different manners (Figure 1).

The combination of SPR with electrochemistry (EC-SPR) is

dating back to the beginning of the century with the focus at this

time on the possibility of individual studies of surface localized

electrochemical reactions originated from bound biomolecules

and films (Shan et al., 2010; Liu et al., 2017; Wang et al., 2017).

EC-SPR has been broadly applied to gain understanding of the

electrochemical properties of interface with real-time monitoring

of electron transfer processes on modified gold chips (Andersson

et al., 2008; Wang et al., 2010) and in polymerization processes

(Szunerits et al., 2004; Fortin et al., 2005), characterization of the

effect of redox labeled density on SPR response (Patskovsky et al.,

2016), or the characterization of biological redox reactions such

as the turnover of cytochrome C (Hou et al., 2016). Also, SPR

imaging was used to monitor a microarray patterning process

based on electropolymerization of pyrrole-labeled

oligonucleotides. While the analytical purposes of EC-SPR

were restricted to mostly proof-of-concept works, as discussed

later, this field still has room for its growth. For instance,

measurements can be performed to separate mass and charge

effects with temporal resolution via the combination with SPR

and a field effect transistor (FET) (Aspermair et al., 2020).

The coupling of SPR with fluorescence allows to benefit

from advances in this established central technology widely

employed in bioanalysis. Fluorescence is a dominantly used

readout method in enzyme-linked immunosorbent assays

(ELISA) and polymerase chain reactions (PCR) enhanced

due to gradual development of the optical instrumentation

and respective fluorophore labeling chemistry. The possible

enhancement of fluorophore brightness by near field coupling

with surface plasmons supported by metallic thin films and

nanostructures (Sokolov et al., 1998; Geddes et al., 2003; Bauch

et al., 2014) has been explored by balancing between quenching,

surface plasmon field-enhanced excitation rate, surface

plasmon-coupled emission, and mediated fluorescence life-

time. Besides pushing forward the sensitivity of fluorescence-

based assays, the combination with SPR offers access to

multimodal biosensing and investigating complex

biointerface phenomena that can be tailored for bioanalytical

techniques.

The addition of an analytical method capable of molecular

identification is achieved by coupling mass spectrometry (MS)

with SPRWhile comparable costly and limited in measuring real-

time biological interactions, MS had great utility in solving

complex biological structures such as protein and nucleic acid

sequences. Approaches proposed include the post-SPR MS

analysis by removing the target from the sensor chip prior to

MS analysis and the on-ship MS analysis direct on the SPR gold

film (Stigter et al., 2013).

Table 1 summarizes tries to give a more detailed overview

how each combined technology improves the classic SPR in

various biosensing aspects.

2 SPR and electrochemical coupling
(EC-SPR)

EC-SPR remains an important (Chieng et al., 2019), still

underexplored approach to take the advantages of both

techniques for sensing related applications (Riberio et al.,

2020). Thus, in EC-SPR, the thin metal film serves to excite

surface plasmons and functions as a working electrode. The

resonance angle shift in SPR is governed in EC reactions by

several processes, including changes in the surface plasmon

frequency from the applied potential, redox reaction-induced
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bulk refractive index changes near the metal film, dielectric

changes of the metal film with molecular binding with redox

labels (often ferrocene or methylene blue), or EC-induced

deposition of a sensing or polymer layer onto the gold SPR

film. When combined with voltammetry, SPR measures changes

in the physical properties of an electrode surface or molecules

adsorbed on the electrode.

The first EC-SPR study dates back to that of Hanken and

Corn in 1997, based on detecting local surface potentials

(Hankens and Corn, 1997), with the team of Tao being one of

the first developing quantitative formalism for EC-SPR (Wang

et al., 2010). EC-SPR has several unique advantages including

spatial resolution attractive for studying heterogeneous reactions,

high surface sensitivity for surface binding processes and

TABLE 1 How each combined technology improves the classic SPR in various biosensing aspects.

Approach Improvements

SPR-EC Sensitivity enhancement using redox labels of high refractive index (ferrocene, methylene blue) notably for hybridization studies with looped
DNA probes with redox tags

No direct improvement for SPR biosensing, but helpful for electrochemical and electrical sensing (e.g. understanding electron transfer
processes; interplay charge and mass effect considerations)

SPR-MS molecular identification in addition to affinity-based sensing. acquisition of multiparametric information

SPR-fluorescence Improved analytical sensitivity (e.g. detection of DNA hybridization to femtomolar level)

Integration to the concept of long range surface plasmon (LRSP) modes to probe to micrometer distances (adapted for bacteria sensing)

Possibility to study fundamental surface processes (e.g. elongation of double stranded DNA tethered to a solid gold surface by DNA
polymerase enzyme)

SPR-LFA Possibility to work with complex biological media such as full blood due to improved pre-analytical sample treatment

FIGURE 1
Overview of state of the art of multiplexed SPR strategies: (A) Schematic illustration of EC-SPR set up together with SPR images of Ru(NH3)6

3+

(11.78 mM) in PB (0.5 M, pH = 7) at −0.1 and −0.3 V vs. Ag/AgCl and differences of both images [reprint with permission of (Wang et al., 2010)]. (B)
Schematics of the surface plasmon-enhanced fluorescence readout of a sandwich immunoassay with distance-dependent nearfield coupling of the
emitter with surface plasmon waves. (C) Flow diagram of SPR coupled to mass spectrometry (MS) analysis. (D) Integration possibility of lateral
flow assay (LFA) with SPR read out using LFA membranes as separation membranes and to move the liquid to the SPR chip via capillary forces.
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detection of reaction species with the optical properties of the

reaction species assisting in reaction mechanism formulations.

Figure 1A illustrates the prism-based SPR set up and

synchronization with electrochemical measurements with

typical SPR images at the oxidation and reduction potentials,

and the difference of the images between the two states on self-

assembled monolayer (SAM)-coated areas and on gold only

(Wang et al., 2010). As a first step to sensing, the conductivity

change of a polyaniline film modified with horseradish

peroxidase (HRP) in the presence of H2O2 and its translation

FIGURE 2
Electrochemistry coupled with surface plasmon resonance (EC-SPR): (A) Image of a multiplexed EC-SPR set up. Nano-switch 1 and Nano-
switch 2 are immobilized on two separated spots of the same working electrode immersed in the same liquid and imaged with two different lasers.
Normalized EC-SPR voltammograms of surface Nano-switch 2 in phosphate buffered saline (PBS) and blood recorded before and after addition of
DNA target for 40 min. Real time EC-SPR dynamics of hybridization event of Nano-switch 2 [reprint with permission from (Dallaire et al., 2015)]
(B)Use of scanning electrochemical microscopy (SECM) approach for patterning of SPR chip with polypyrrole-DNA strands together with SPR image
of modified interface (Fortin et al., 2005). (C) Detection principle of cancer antigen 15-3 (CA-15-3) using EC-SPR [reprint with permission from Ref
(Ribereio et al., 2021)]. (D) Illustration of the combined SPR/FET set up and in situ read out of the sequential growth of alternating
polydiallyldimethylammonium chloride (PDAMAC) and polystyrene sulfonate (PSS) layers.
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into a change on the SPR signal has been studied (Kang et al.,

2001). An EC-SPR/waveguide glucose biosensor that detects

10 mM glucose via an enzymatic reactions in a conducting

polymer/glucose oxidase (GOx) multilayer thin film was

proposed later where signal enhancement was obtained by

monitoring the doping-dedoping events on the polypyrrole.

The real-time optical signal could be distinguished between

the change in the dielectric constant of the enzyme layer and

other non-enzymatic reaction events such as adsorption of

glucose and the change of the refractive index of the solution

(Baba et al., 2010).While the limit of detection is not competitive,

the new principle demonstrated here is of great interest. While

performed separately, Gong et al. reported on a protein

immunosensor using EC-SPR. The formation of polypyrrole

pyrrolic acid was followed in situ by EC-SPR with antibody-

antigen interaction measured directly with SPR and via the use of

a secondary antibody labeled with alkaline phosphatase by EC

using p-aminophenyl phosphate as enzyme substrate. In both

cases comparable detection limits of 602.6 and 676.1 ng/ml were

achieved.

Patskovsky and coworkers immobilized a stem-looped DNA

probe with a methylene blue (MB) tag on a SPR chip to follow

hybridization. In presence of the target, the stem-loop unfolds

and changes the distance of MB to the gold. Working at the

absorption maximum of MP using a wavelength sensitive SPR,

the change of oxidation state of MB could be clearly validated. It

was also seen that such a sensing system with no diffusion of

mediator corresponds to an “absorption” effect. The use of

external labels such a MB or ferrocene with high refractive

index in addition enhances the sensitivity of SPR, as often

shown by the use of colloidal Au nanoparticles, magnetic

nanoparticles, etc. DNA hybridization to PNA probes was

shown as early as 2005 by Knoll and co-workers using a

ferrocene-streptavidin label to biotin-carrying complementary

DNA. Quantification of target DNA down to 10 p.m. could be

easily obtained from cyclic voltammetry or chronocoulometric

but SPR could also follow the hybridization events due to the

large size of the ferrocene-streptavidin label (Liu et al., 2005). The

group of Meunier et al. proposed 10 years later a highly sensitive

and multiplexed EC-SPR method to overcome current

limitations of biosensors (Figure 2A). The use of DNA-based

structures with redox reporters at the end resulted in a limit of

detection (LoD) of 5 nM. Szunerits and coworkers advanced this

strategy further and used an imaging SPR to follow the

microarray patterning process aided by electropolymerization

of pyrrole-labeled oligonucleotides using scanning

electrochemical microscopy followed by hybridization studies

(Figure 2B) (Fortin et al., 2005).

Pereira et al. suggested a different strategy for EC-SPR by

suggesting a potential-assisted deposition of a redox probe in the

SPR surface (Ribereio et al., 2020; Riberio et al., 2020). This

concept was then applied to the quantitative analysis of CA 15-

3 in biological samples (Figure 2C). First, direct SPR monitoring

of interactions between CA 15-3 antigen in solution with surface

immobilized antibody was performed until adsorption reached

dynamic equilibrium. In a second step, square wave voltammetry

measurements were performed in the presence of a redox

mediator where a decrease in the redox peak current was

observed with increase of CA15-3. The detection limit was

21 U/mL for SPR and 0.0998 U/mL with the SPR-EC approach.

Finally, the dual monitoring of surface reactions in real time

by SPR and an electrolyte-gated field-effect transistor were

designed (Aspermair et al., 2020) (Figure 2D). This approach

allows the simultaneous measurement of surface mass and charge

density changes in real time. This platform has the potential to

provide new insights into bio adsorption and bio interactions

processes but also in the understanding of charge transfer related

changes in FET devices upon biomolecule interactions.

3 SPR coupled with fluorescence:
Surface plasmon-enhanced and
surface plasmon-coupled
fluorescence emission

To overcome the intrinsic challenge of SPR biosensors in the

analysis of small molecules and very low concentration of target

analytes, various means of amplification of affinity binding-

induced refractive index changes were reported including

those based on enzymatic reactions (Rodríguez-Lorenzo et al.,

2012) or using colloidal nanoparticle-enhanced assays (He et al.,

2000; Fang et al., 2006) that can be further amplified by

nanoparticle aggregation (Calcagno et al., 2022). The first

attempt of marrying SPR biosensor and fluorescence readout

(Figure 1B) was reported for detection of human chorionic

gonadotropin providing a limit of detection (LOD) of

240 p.m. in serum (Attridge et al., 1991). This research

direction utilizing the fluorophore labelling was later

reintroduced by Lakowicz et al. (2003) as well as the Knoll

team (Lieberman and Knoll, 2000; Yu et al., 2004a; Dostalek

and Knoll, 2008). The Lakowicz group (Lakowicz et al., 2003)

proposed a fluorescence readout of the binding event on the SPR

chip by using the highly directional surface plasmon-coupled

emission (SPCE) concept. Knoll and co-workers (Lieberman and

Knoll, 2000; Yu et al., 2004a; Dostalek and Knoll, 2008) followed

a different route by coupling surface plasmons with fluorophore

emitters at their excitation wavelength in a method coined as

surface plasmon-enhanced fluorescence spectroscopy (SPFS).

The use of SPFS enabled to push the LOD for the detection

of DNA hybridization to 100 fM level (Dostalek and Knoll, 2008)

and for protein analyte such as prostate-specific antigen (PSA)

similar LOD of 80 fM was reported (Yu et al., 2004a). Further

improvement can be achieved through the employment of SPFS

sensor biointerface based on a three-dimensional affinity binding

matrix based on carboxylated dextran brush architecture. By this

means large protein retention capacity and facile alleviating of
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the metal-induced fluorescence quenching can advance the SPFS

readout (Yu et al., 2004a) and a model immunoassay with

directly labeled analyte showed LOD as low as 0.5 fM (Yu

et al., 2004b). The SPFS method can be further tailored for

optical detection for larger analytes by prolonging the probing

depth that is typically limited to about 100 nm. By using more

complex layer architectures with a thinmetallic films there can be

resonantly excited long range surface plasmon (LRSP) modes

that travel at the same time along both metal interfaces and probe

to micrometer distances (Figure 3A) (Kasry and Knoll, 2006;

Dostalek et al., 2007) This approached allowed the detection of

the presence of E. coli O157:H7 with the LOD as low as

10 cfu ml−1 (Figure 3A). Besides the quest towards reaching

minimum LOD, SPR in combination with SPFS readout

provides a platform that allow for multimodal investigations.

This approach powered by using SPR imaging was utilized in the

investigation of cellular processes in living human epithelial

kidney cells associated with cytoskeleton changes (Figure 3B)

and other explored directions are discussed below (Chabot et al.,

2013).

To further align SPR with life science techniques, Masson

et al. have reported lately on a SPR-fluorescence-ELISA

instrument (Breault-Turcot et al., 2015a). While ELISA assays

are robust and widely employed, they suffer from long analysis

times and a multi-step analysis that lengthen the analysis process.

PSA could be successfully detected at clinical concentrations

from 10 pM to 50 nMwith this integrated system in an assay time

of 12 min with a dynamic range of nearly four orders of

magnitude, largely outperforming ELISA and SPR alone with

a general linear dynamic range of around two orders of

magnitude (Figure 3C). Using a similar sensing scheme, the

analysis of clinical samples for anti-asparginase revealed excellent

co-linearity of SPR and fluorescence ELISA on a single

instrument (Charbonneau et al., 2017), and its suitability for

clinical sample analysis. Building on this multiplexed instrument

concept, the combination of SPR with luminescence techniques

was extended to electrochemiluminescence (Dinel et al., 2019). In

this version of SPR, the electrochemical response (cyclic

voltammetry), luminescence and SPR sensorgram were

simultaneously acquired to investigate the different steps

involved in the electrochemiluminescence of Ru(bpy)3
2+. As

shown in this paper, SPR provides access to the different

interfacial adsorption processes occurring at the working

electrode in an electrochemical experiment, a major advantage

of coupling SPR to electrochemistry.

The multimodal SPR—fluorescence biosensing was further

elaborated for the investigation of thin hydrogel layers by taking

advantage of layer architectures supporting LRSP and dielectric

FIGURE 3
SPR coupled with fluorescence: (A) Schematics of long range surface plasmon-enhanced fluorescence immunosensor for detection of
bacterial pathogen E. coliO 157:H7. (B) Surface plasmon -enhanced fluorescence images for unstimulated Rat aortic vascular smooth muscle (A7r5)
cells (upper image) and in presence of latrunculin (LatA) (lower image) 5 min before stimulation at 5,15; 30 min stimulation [reprint with permission
from (Chabot et al., 2013)]. (C) SPR-fluorescence-ELISA instrument together with calibration of the fluorescence output for PSA detection
using. [reprint with permission from (Breault-Turcot et al., 2015a)].

Frontiers in Analytical Science frontiersin.org06

Geilfuss et al. 10.3389/frans.2022.1091869

https://www.frontiersin.org/journals/analytical-science
https://www.frontiersin.org
https://doi.org/10.3389/frans.2022.1091869


optical waveguide modes. LRSP-enhanced fluorescence was

employed for the measurement of density gradients in affinity

bound molecules inside a hydrogel layer serving as three-

dimensional affinity binding matrix (Huang et al., 2010).

Similar platform served for the investigation of hydrogel thin

film thermo-responsive properties in conjunction with rapid

integrated microheater (Toma et al., 2013). Another type of

studies exploiting the combination of SPR and SPFS served in

the context of enzymatic assays developed for the analysis of

nucleic acids. Stengel and Knoll used this method for studying

elongation of double stranded DNA tethered to a solid gold

surface by the DNA polymerase enzyme and distinguishing of

the binding kinetics of enzyme and assembly of the DNA duplex

was possible (Stengel and Knoll, 2005). Similar instrument

extended with optical waveguide spectroscopy was lately used

for the observation of the elongation speed and conformation

changes of the single stranded DNA generated on a solid sensor

surface by the rolling circle amplification (Figure 4A) (Lechner

et al., 2021).

As illustrated in Figure 4B, these strands formed a dense

polyelectrolyte brush architecture that can be collapsed by

incorporating calcium ions. Changes in thickness that can

reach >10 μm were determined by the analysis of angular

reflectivity and fluorescence spectra as shown in Figure 4C.

Besides the ATR-based configurations, also grating-coupled

SPR geometry was combined with epi-illumination

fluorescence spectroscopy in a study on specific detection of

exosomes carrying CD81 moieties by the use of magnetic

nanoparticle advanced assays (Reiner et al., 2018). This

approach allow for accessing the sensor surface through the

glass sensor chip which is not possible when optically

matched to a bulky prism.

4 SPR and mass spectrometry

Whilst SPR is widely used to study molecular interactions,

mass spectrometry (MS) is capable of providing qualitative and

quantitative analytical data on mass, structure and composition

of an analyte. Integrating surface plasmon resonance analysis

with mass spectrometry enables the detection and

characterization of molecular interactions to be complemented

with identification of interaction partners (Nedelkov and Nelson,

2003; Stigter et al., 2013; Xue et al., 2019). Thus, combining SPR

with MS has created a unique approach to protein investigations

with an additional deeper insight about molecular interactions.

SPR-MS has been pioneered successfully in the late 1990s by

Krone et al. (1997) With the use of arrayed SPR chips, the

analytical throughput could be largely increased (Nedelkov et al.,

2006). The array format was further improved by a combination

of SPR imaging (SPRi) and matrix-assisted laser desorption/

ionization (MALDI) mass spectrometry measurements on the

same surface, so that kinetic curves of interaction and MALDI

mass spectra of the same recorded spots could be obtained

(Bellon et al., 2009). Musso et al. demonstrated the potential

of SPR-MS for protein biomarker analysis in saliva (Figure 5A).

SPRi monitoring of the interactions on a functionalized biochip

via immune capture, followed by on-chip MALDI-MS structural

identification identified two salivary proteins, α-amylase and

lysozyme, present at femtomole levels (Mussi et al., 2015).

Although, MS is one of the most sensitive and selective

analytical techniques, it typically suffers from matrix effects and

just like for SPR, the identification of small molecules remains a

major challenge. Addressing this challenge, a dielectric barrier

charge ionization (DBCI) was used as a new SPR-MS interface, to

detect acetaminophen, metronidazole, quinine and hippuric acid

FIGURE 4
Surface plasmon resonance (SPR) and optical waveguide spectroscopy (OWS) with fluorescence labeled DNA: (A) Schematics of the growth of
long single stranded DNA polyelectrolyte brush by rolling circle amplification and (B) the optical probing of its collapse by the confined field of
surface plasmons with (C) respective changes in the fluorescence and reflectivity angular scans [reprint with permission from Ref (Lechner et al.,
2021)].
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in physiological, salt containing solutions (Zhang et al., 2016).

Using this interface, samples could first be studied by SPR, then

sprayed and ionized, finally analyzed by MS. Competitive assays

for deoxynivalenol (DON), an important mycotoxin, and DON-

OVA as signal enhancer were developed to detect DON in beer

(Joshi et al., 2017). This approach was based on coupling an SPR

based immuno-biosensing with ambient ionization MS

(Figure 5B). DON was captured on the SPR chip containing an

antifouling layer and monoclonal antibodies against the toxin and,

after washing, the chip was directly analyzed by spray MS (Joshi

et al., 2017). The team of Masson et al. (Forest et al., 2016)

demonstrated some years ago the utility of SPRi-MALDI

ionization imaging (IMS) MS for the acquisition of

multiparametric information, by creating a tissue section

imprint on an SPRi sensor surface. Correlated images could be

acquired in SPRi and inMALDI IMS for abundant proteins from a

single mouse kidney tissue. Quantitative and regioselective SPRi

image correlation to MALDI IMS images was obtained for

different proteins transferred from a single tissue section.

5 SPR and LFA

Lateral flow assays (LFA) have revolutionized clinical

diagnostics. It is the most successful home testing platform as

it requires only a few droplets of sample and enables the detection

of biomarkers within minutes even when performed by non-

trained personnel (Ross et al., 2018). A LFA commonly is based

on sandwich immunoassay where the analyte is captured by an

antibody and its presence is reported through a labelled reporter

antibody. The most common labels are colloidal gold, latex beads

or liposomes (Rink et al., 2022) (Figure 6A). The result of an LFA

is almost always related to an optical signal generated at the test

line which can be read off by the naked eye or a smart phone

FIGURE 5
SPR-MS analysis. (A) SPRi sensorgram of the binding of α-amylase (10 μg ml−1) to anti-α-amylase antibodies followed by on-chip MALDI-TOF
MS analysis [reprint with permission of (Mussi et al., 2015)] (B) (left) Proposed Biochip Spray MS set up using a gold biosensor chip held in front of the
MS inlet using an alligator clip and (right) spray obtained after adding 10 μl of methanol and applying a voltage of 5 kV with extracted ion chronogram
for m/z 297.1333 ([DON + H]+) [reprint with permission of (Joshi et al., 2017)].
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camera. Chemical signal amplification by metallic nanoparticles

enhancement as well by enzymatic initiated color reactions can

improve sensitivity in LFAs (Loynachan et al., 2018).

Electrochemical lateral flow assays (eLFA) capable of

detecting nucleic acids have been reported for the quantitative

detection of the hepatitis B virus (Srisomwat et al., 2021). A gold

metallization strategy was employed for the signal-on

electrochemical detection of the target DNA. Under optimal

conditions, a broad dynamic range (10 p.m.–2 μM) with an

excellent detection limit down to 7.23 p.m. was achieved.

Early-stage detection of LipL32, an outer membrane protein

present only on pathogenic Leptospira species, has lately been

made possible using an integrated lateral flow immunoassay with

an electrochemical readout based on a ferrocene trace with LOD

of 8.53 pg ml−1 (Deenin et al., 2022).

Interestingly, the LFA concept has not been used in a

hyphenated technique to-date, such as SPR-LFA. Albeit, this

concept is feasible as preliminary data in our own group

demonstrate. Here, we employed the blood-separation

Fusion5 membrane with a spilling membrane (Hv10667) to

allow the collection of serum samples to be analysed by SPR

(Figure 6B). To validate that only the blood cells are separated by

the membrane while other proteins will move to the spilling

membrane, blood samples were spiked with BSA-streptavidin

(50 μg ml−1) and the recovered serum analysed by SPR where the

BSA-streptavidin conjugate is bound through HS-PEG-biotin

(Figure 6C). This LFA approach could be a significant step

forward in the analysis of whole blood in SPR, as prior

attempts to analyze whole blood in SPR were plagued with

hours-long incubation time through a microdialysis chamber

(Breault-Turcot et al., 2015b) or required complex chip design

(Terao et al., 2015) with a microslit arrays to filter cells and

platelets. Transforming the LFA concept into capillary driven

minifluidic systems may further improve the connection of SPR-

LFA approaches.

6 Conclusion

SPR is an immensely powerful analytical tool that has been

used routinely for affinity-based application approaches. The

generation of hyphenated strategies opened up a whole new

FIGURE 6
Lateral flow concepts coupled to SPR: (A) Concept of LFA with dynamic in the system due to physical analyte transport, chemical reaction and
optical read out. (B) Photograph of LFA based blood separation concept together with (C) binding curve of the collected serum (red), collected serum
and sample spiked with streptavidin (green) as well as a biding curve of streptavidin (2 μg ml−1) as control. SPR ships used were modified with SH-
PEG-Biotin (788 g mol−1) for 3 h at 3.5 mg ml−1. Flow rate: 30 μl min−1 (Measurements were made on a portable P4SPR platform from Affinité
Instruments, Canada). All experiments in this study were conducted at 25°C and all sensorgrams were fitted using Prism v7 software.
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dimension of possibilities. SPR has been successfully integrated

with fluorescent, mass spectrometry, electrochemical and

electrical approaches. This resulted in improved sensitivity

ranges, real-time analyses of product and the reaction

progress, and hence true in-depth analyses even in complex

matrices and tissues. The latter is for example achievable

when combining imaging SPR and imaging MS and was

demonstrated for the quantification and identification of

proteins in entire tissue sections, which can become a new

tool for histological analysis of cancer or for infectious disease

diagnosis. The particular useful feature of SPR based on real-time

tracking molecular interactions is not compromised in the

different hyphenated strategies. Selective capturing of a target

analyte on an SPR biosensor chip containing antibodies before

MS analysis insures a cost-effective and time reduced analysis. If

no analyte is captured by SPR, follow up qualitative and

molecular information by MS analysis is not useful. While the

field of SPR-MS has been steadily advancing over the years, this

seems to be less true for SPR coupled to electrochemistry.This

might question the research significance of SPR technology

combination in this domain. Recent work on the combination

of SPR with field effect transistor measurements bring however

back the interest of coupling SPR to electrical readout. Via a SPR-

FET device, a better understanding of intrinsic surface processes

was achieved and is primordial for obtaining a better

understanding of charge effects occurring in field effect

transistors. Knowing that field-effect transistors performing in

a liquid environment are highly dependent on the electrolyte ions

as well as analyte charges, any additional information helping to

understand analyte-bioreceptor interaction and the resulting

change in electrical charge transfer characteristic is of high

importance. In combination with tuning the optical probing

depth in dual SPR and plasmon-enhanced fluorescence

studies, complex surface reactions and superimposed effects

accompanied with actuating responsive biointerface could be

deciphered. Next in this line of hyphenated SPR strategies should

be the combination with sample preparation approaches. Native

biological samples typically are too complex to allow for the

specific and sensitive detection of the desired biomarker. In the

laboratory, various sample preparation strategies isolate and pre-

concentrate the analyte through centrifugation, filtration,

magnetic bead separation etc. Borrowing from the well-known

rapid test format of the lateral flow assay (LFA) SPR-LFA may

provide a solution to this challenge in which the sample

preparation is accomplished via an LFA directing pre-

concentrated or pre-isolated biomarkers onto the SPR

chip. The use of smartphones as hardware and software

capability for read out SPR enables the possibility of

economical and accurate on-site portable sensing. The camera,

screen, and LED flashlight of the smartphone are employed as

components of the sensor. The design of a smartphone SPRP-i

system is believed to pave the way towards the development of

miniaturized and integrated smartphone iSPR biosensors for

emerging point-of-use applications. Improved health

management is key to provide better healthcare. Higher

standards of healthcare management can be achieved by

making a timely decision based on rapid diagnostics, smart

data analysis, and informatics analysis. Considering the

examples shown in literature of cell phone readout of SPR

chips realized in small handheld adaptors plugged into a

normal cell phone port, the SPR-LFA approach may

become the strategy that advances rapid tests beyond the

mere visual readout toward a highly quantifiable and sensitive

SPR readout.
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