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Surface plasmon resonance (SPR) is a popular technique that allows for sensitive, 
specific, label-free and real-time assessment of biomolecular interactions. SPR is a 
nondestructive, modular and flexible tool for various applications in biomedical 
sciences ranging from cell sorting, cell surface characterization and drug discovery. In 
this review, we will discuss more specifically how SPR is used to monitor the dynamics 
of various types of cellular binding events and morphological adherence changes in 
response to external stimuli.
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As the field of nanotechnology continues to 
develop, sophisticated and sensitive tools are 
needed to evaluate single-cell activity as sub-
tle cellular dynamics could be masked from 
measurements that only account for an aver-
age response of a heterogeneous cell popu-
lation  [1–3]. For example, in mixed cellular 
populations, the single-cell response can be 
concealed by the bulk response, thus deterring 
distinct and accurate measurements of cel-
lular and molecular binding activity dynam-
ics  [4]. The ability to assess single-cell and 
molecular dynamics has helped in many areas 
of biological research; for instance, in gene 
expression mapping [5], cancer [6] and stem cell 
research  [7]. Recently, researchers are investi-
gating the potential of label-free and real-time 
monitoring systems such as surface plasmon 
resonance (SPR), quartz crystal microbal-
ance and real-time impedance  [8–14] to study 
single-cell activity under controlled conditions.

Introducing SPR as a sensitive platform 
to the areas of cell–surface interactions, 
cell–antibody interactions and intracellular 
responses due to extracellular stimulation 
has offered a promising potential for research 
and clinical diagnosis purposes  [15–18]. In 
this review, we will highlight the progress of 

SPR in biomedical applications focusing on 
immunological sensing, monitoring biofilm, 
morphology and secretory responses at the 
cellular levels.

SPR principle
SPR is a technique that enables the moni-
toring of biomolecular interactions in real 
time in a label-free manner. In general, SPR 
biosensors  [19] consist of three major com-
ponents: an optical system composed of a 
diode laser that shines light onto a gold-
coated (50-nm thickness) prism with a high 
refractive index (RI; ∼1.517) and a detector 
that records the changes in reflectance. Exci-
tation of free electrons propagating on the 
metal surface occurs under attenuated total 
reflection conditions after a monochromatic 
p-polarized light interacts with the surface of 
the sensor chip at a specific incident angle. 
This in turn generates a dip in the reflec-
tivity curve as a result of resonance energy 
transfer that occurs between evanescent wave 
and surface plasmons  [20]. The resonance or 
SPR angle is defined as the angle at which 
the greatest loss of the reflected light intensity 
occurs. This SPR angle is extremely sensitive 
to any change or perturbation in the RI of the 
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Figure 1. A schematic representation of the two possible modes for cellular analysis using surface plasmon resonance imaging. 
(A) Mode 1: (left) schematic of the surface plasmon resonance platform for selective detection of cells by immobilized capture ligands. 
(Right) Surface plasmon resonance sensorgram of the association and dissociation of the cell-ligand interactions. (B) Mode 2: (left) 
schematic of the surface plasmon resonance platform for monitoring cellular response upon stimulation. (Right) Surface plasmon 
resonance sensorgram of the corresponding signal changes due to morphological changes in the on-chip adherent cells.
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medium adjacent to the metal surface (<300 nm), and 
such changes can be monitored by the shift of the SPR 
angle. In turn, kinetic data are attained from changes 
in SPR angle, when the system goes out of resonance as 
a result of a biomolecule binding to the surface [21–24].

To respond to the need for an array format detection 
system, SPR imaging (SPRi) was developed [22,25] about 
a decade ago. In this case, the reflected light is inter-
cepted by a high-resolution charged coupled device cam-
era [22] generating a real-time digital image of the sensor 
surface, which translates a binding event to a change in 
contrast. This is accompanied with a kinetic sensorgram 
providing the percent change of reflectivity over time.

Extending the applications of SPR-based technolo-
gies toward obtaining information regarding cellular 
activity, such as structural and morphological altera-
tions in the cells, emerged mainly by two strategies. 
The first one is performed by using the cells of interest 
as the injection sample within the device (Figure 1A) 
and the second one by immobilizing the cells on the 
surface of the biochip (Figure 2B). Several examples 
of how SPRi has been used for detecting cellular 
interactions are described.

Application of SPR in the analysis of cell 
receptor–ligand interactions
The requirement to assess pathogens in food, medicine 
and environment has instigated the development of 

SPR cell-based biosensors that can provide mechanis-
tic and kinetic insight [27–33]. For example, Watts et al. 
were one of the first groups to apply the SPR platform 
for the detection of whole living cells. They utilized 
an aminosilane and immunoglobulin G-functional-
ized surface to detect S. aureus (cowan-1) cells, which 
expresses protein A [34]. In this work, they highlighted 
that in order to achieve good sensitivity with their 
approach, the selection of immobilization method is of 
great importance as it influences the SPR-binding effi-
ciency. More recent research efforts have also employed 
specific antibodies as the capturing ligands to selec-
tively bind certain cells from blood samples. Suran-
iti et al. [35] were able to selectively detect B and T-lym-
phocyte cells using an antibody-coated chip binding 
directly to cell membrane glycoproteins. The targeted 
antimouse CD19 and CD3 antibodies were modi-
fied with pyrrole (chemical linkers) and immobilized 
on the biochip through electropolymerization. These 
antibodies target the CD19 and CD3 glycoproteins on 
the membrane of B-lymphocytes and T-lymphocytes, 
respectively. The authors noted that SPRi can only 
detect cells binding to the surface of the biochip; how-
ever, free-flowing cells are not detected. In turn, the 
SPRi platform is more suited for cell-surface adhesion 
kinetic analyses. Pyrrole-modified antibodies were also 
later used by Milgram et al. [36] to test the selectivity of 
their platform for live cell capture purposes.

Figure 2. Surface plasmon resonance response of G-type biochip functionalized with 20 ug/ml epithelial cell 
adhesion molecule antibodies after the injection of MCF-7, SKBR3 and HS578T cells. 
Reproduced with permission from Elsevier [26].
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Another example of assessing surface antigen–
antibody interactions was to monitor binding events 
of different cell lines [26]. For instance, Stojanovi et al. 
focused on the interaction of different cell lines that 
express EpCAM at varied densities on their surfaces 
with EpCAM-specific antibodies. MCF-7 breast can-
cer cells express EpCAM with a comparable density to 
SKBR3 cells; however, at a much higher density than 
the negative control (HS578T). Regions of interest 
(spots) on the sensor surface were immobilized with 
EpCAM antibodies and bovine serum albumin serv-
ing as a negative control. Different cell lines MCF7, 
SKBR3 and HS578T were injected over identical chips 
followed by a sedimentation phase to allow time for 
binding after the flow is restarted. The strongest SPR 
signal response was for MCF-7 followed by SKBR3 
and HS578T cells exposed to the sensor surface that 
has been spotted with EpCAM antibodies. How-
ever, in the absence of EpCAM, the same trend was 
observed but the signal response was marginally lower 
(Figure 2). Interestingly, after the flow is restarted only 
MCF7 and SKBR3 signal increased, whereas HS578T 
experienced a minimal response. These results are con-
sistent and attributed to the fact that MCF7 has the 
highest expression of EpCAM followed by SKBR3 and 
HS578T, respectively. This work introduces another 
novel application of SPRi in quantifying the density of 
surface antigens expressed by different cell lines [26]. A 
series of studies were performed in this area on differ-
ent types of cell lines such as murine macrophages [37], 
or ABO blood-typing using different classes of anti-
bodies  [38]. These studies demonstrate the utility of 
SPR in conjunction with immune markers for the sen-
sitive detection of cell populations that are present with 
relatively low concentration in whole blood.

An alternative hybrid approach to selectively capture 
live cells was introduced using a molecular assembly 
that incorporates DNA as the chemical linker between 
the surface of the chip and the capturing antibod-
ies [36]. In this unique approach, the specific antibod-
ies remained as the capturing ligand; however, DNA 
microarrays were combined in the surface molecular 
assembly. The pyrrole-NHS-modified DNA probes 
(pDNA) were grafted to the surface of the biochip using 
an electropolymerization process. Following this step, 
the antibodies of interest were conjugated to the target 
DNA (tDNA) and hybridized with the pDNA on the 
surface through an intermediate DNA (iDNA). The 
purpose was to study the capture of specific immune 
cells and their controlled release through the injection 
of specific cleavage enzymes to the on-chip construc-
tion  [36]. The controlled release was further exploited 
for cell sorting applications [39]; in which, the construc-
tion of the DNA-protein complex was monitored by 

the SPRi and then applied to capture live primary cells 
and ultimately allow their release (Figure 3). In com-
parison to traditional methods like fluorescent-assisted 
cell sorting (FACS) [40] that allows you to separate and 
identify different types of cells, SPR does not offer 
the high-throughput FACS provide. However, SPR 
allows you to identify cell type in a label-free man-
ner, whereas FACS requires labeling surface proteins 
prior to analysis. In addition, the SPR-based construct 
by Bombera et al. discussed above offers a promising 
potential for developing a new cell sorting device at the 
individual cell level and a simple way to monitor both 
molecular and cellular interactions simultaneously 
using the same device [39].

Recently, several approaches aiming at detecting 
specific cells used protein peptides as the capture 
ligands [25,27]. This strategy has gained growing inter-
est in developing drug discovery applications tai-
lored for cell membrane receptors. A great example 
was presented by Mizuguchi et al. to understand the 
inhibitory function of certain drugs on pathological 
cells by evaluating the binding affinity of ligands to 
membrane receptors using SPR  [41]. Epidermal car-
cinoma cells (A431), which highly express the EGF 
receptors, were used as the injected analyte directed 
to specifically bind the EGF immobilized on the sur-
face of the biochip. The EGF peptide was biotinylated 
through amine group condensation across a polyeth-
ylene glycol spacer and then bound to the streptav-
idin-coated surface. Injection of the cellular sample 
caused an increase in the SPR signal due to the inter-
action between the EGF peptide and the membrane 
receptor expressed on the A431 cells. The selectivity 
and specificity of the sensor surface was confirmed 
through the competitive addition of free ligands to 
the analyte sample, which lead to a decrease in the 
SPR response [41]. The examples above show that SPR 
can be a versatile tool to resolve expression ratio of 
cell surface markers, distinguish cell phenotype and 
acquire cell-surface adhesion kinetics. In the next 
section, we will review the different methods used to 
assess cellular response to various stimulants.

Application of SPR in the analysis of cellular 
behavior under various stimuli
To assess cellular response upon stimulation, SPR was 
used to measure changes in morphological adherence 
of immobilized cells on the surface. These morphologi-
cal alterations can be an indication of various intracel-
lular or extracellular events of the cells of interest and; 
hence, analyzed based on respective applications. Con-
ventional SPR, SPRi and long-range SPR (LRSPR) 
have each been used for assessing these cellular 
responses [15,17,42–44].
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Figure 3. Surface plasmon resonance imaging response of B- and T-lymphocyte attachment and enzyme-cleavage 
release (Zip1: EcoRI, Zip2: PvuII, Zip3: NcoI).  
Reproduced with permission from [39].
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Prior to SPR cellular response analysis, cautionary 
measures need to be considered to prevent any impair-
ment to the cellular function while recovery. Efforts 
in measuring reactions of nonadherent and adherent 
cells using SPR were led by Yanase et al. In this study, 
several techniques were considered and compared 
with recover cells and assess any potential functional 
impairments [17]. To assess nonadherent cells, multiple 
immobilization approaches were investigated. One 
method involves anchoring biocompatible probes to fix 
the cells on the biochip surface [17]. In order to anchor 
the nonadherent cells, biocompatible anchors for cell 
membranes (BAMs), and chemical linkers such as 
amino-alkanethiols and dithiobis[succinimydyl]pro-
prionate (DSP) were tested. Amino-alkanethiols were 
able to bind to the cell membranes through electro-
static interactions and DSP formed an amide bond by 
reacting with primary amines. The SPRi results were 
similar in all of the above-mentioned fixation meth-
ods regardless of which anchoring probe was used 
(Figure 4). However, amino-alkanethiol was chosen 
over DSP and BAMs for further experiments because 
DSP binds nonspecifically to proteins in the incubation 
buffer and BAMs or other membrane anchors require 
additional sample preparation prior to analysis. As for 
adherent cells, the standard trypsinization procedure 
which utilizes trypsin (serine protease) as the cleavage 

enzyme was compared with vigorous pipetting at 4°C 
on standard cell culture dishes. In addition, recovery 
of cells from a floating state using a 3D construct of 
two biocompatible polymers, HydroCell™ and Rep-
Cell™, one of which is superhydrophilic and the other 
a temperature responsive polymer, was also assessed. 
Analyzing the cellular activity under the same stim-
uli using SPR concluded that trypsinizing and scrap-
ping cells at 4°C causes some impairment to the cel-
lular function of human basophil and human B cells 
as shown with a lower SPR signal compared with the 
two methods employing the polymers. As a result, this 
work illustrates the potential of SPR as a clinical tool 
to study key cellular processes such as basophil hista-
mine-release. In comparison to the more conventional 
method like ELISA for cell secretion analysis, SPR pro-
vides you with real-time measurements where ELISA 
requires an incubation period and labeling. Inherently, 
SPR will save your time and money.

In a different study, RBL-2H3 rat mast cells and 
PAM212 mouse keratinocytes were cultured on the 
biochip and morphological changes were assessed 
upon exposure to specific stimulants  [15]. RBL-2H3 
cells were exposed to dinitrophenol conjugated to 
HSA after sensitization with specific rat monoclonal 
anti-DNP IgE and this showed an increase in SPR 
signal. PAM212 cells showed a significant increase in 
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Figure 4. Angle of resonance response of anti-IgG binding to human basophil cells anchored on the surface by 
various molecules. Surface plasmon resonance imaging kinetic response of on-chip human basophil cells anchored 
by (A) cysteamine, (B) 8-amino-octanethiol, (C) DSP or (D) biocompatible anchors for cell membranes. The cellular 
response was monitored upon stimulation with a buffer containing or not containing anti-IgE antibodies.  
AR: Angle of resonance; DSP: Dithiobis[succinimydyl]proprionate. 
Reproduced with permission from [17].
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SPR signal followed by a decrease after exposure to 
the EGF. Both SPR signals signify intracellular events 
occurring as a result of the stimulation that causes a 
distributional association or dissociation of proteins in 
the plasma membrane. As a result of the study, SPR 
was able to shed light on the underlying intracellular 
signaling events that are occurring upon stimulation 
or interaction with extracellular stimuli.

Single-cell-substrate interaction and cell-adhesion 
strength provide essential information about cell 
growth and detachment, cellular interaction with the 
extracellular matrix, and cell mobility [42]. SPRi offers 
an advantage for these applications mainly due to the 
real-time visualization of the sensor surface and the 
ability to select a region of interest for analysis  [45]. 
Conventional SPR was developed into a SPRi sensor 
to allow for a higher-throughput biosensor screen-
ing  [31,46–49], which further enables a more accurate 
single-cell analysis compared with an average change 
in RI corresponding to a large number of cells on the 
biochip area. Utilizing the extracellular osmotic pres-
sure as the stimulus, cell-adhesion force is monitored 
on the surface of the biochip by its vertical displace-

ment. The SPRi provided information about both the 
temporal and spatial resolution of the local movement 
of the cells, which is facilitated by the integrin-ECM 
linkages after being mechanically stimulated by the 
osmolarity of the extracellular matrix [42].

This advancement was very useful for cellular activ-
ity purposes because it allowed further understand-
ing of the mechanism and localization of intracellu-
lar events occurring upon cellular activation [43]. The 
changes in SPRi signal indicate that the intracellular 
response to stimulation is not only limited to cell adhe-
sion areas but also to changes occurring in specified 
locations inside the cell. For instance, as an extension 
to the above-mentioned study, the reaction of RBL-
2H3 cells to antigen showed two different RI signals 
in the same cell; a rapid increase near the nucleus com-
pared with a slower one near the cell membrane. The 
system was able to detect more than one reaction-type 
on the same biochip area, which is of great value for 
high-throughput screening in research and clinical 
applications. In addition, this platform was capable of 
distinguishing activated cells from ones that are not 
activated prior to the stimulation with the antigen, 
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Figure 5. Conventional surface plasmon resonance and long-range surface plasmon resonance monitoring 
induced environmental changes to normal rat kidney cells. Surface plasmon resonance imaging kinetic response 
to a hypertonic solution exposed to confluent normal rat kidney cells by conventional SPR (A) and long-range SPR 
(B) that is provided by Dulbecco’s phosphate-buffered saline++ buffer supplemented with sucrose to give a 25-mM 
solution (solid line) or a 50-mM (dashed line) solution. 
SP: Surface plasmon; SPR: Surface plasmon resonance. 
Reproduced with permission from [44].
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which highlights the multiplexing capabilities of SPRi 
in cellular analysis [43,50].

In comparison to conventional SPR, LRSPR allows 
for an extended observation and localization of intracel-
lular events due to the larger depth of penetration (∼1 
μm) [51–55]. LRSPR occurs in the presence of multilayer 
dielectric  [56] composed of different combination of 
materials, whereas SPR requires only a single dielectric. 
Both conventional SPR and LRSPR were compared in 
testing the cellular reaction of normal rat kidney epi-
thelial cells to induced osmotic stress. It is well known 
that cell volume and structure play a major role in cell 
integrity and can mark different stages in cell morphol-
ogy. The most noticeable difference observed upon the 
direct comparison was the presence of signature peaks 
or spikes in the conventional SPR response right after 
varying the buffer osmolarity. These immediate and 
transient responses were absent or less pronounced, 
when the same cellular response was monitored by 
LRSPR (Figure 5), which is mainly due to the differ-
ence in bulk sensitivities between the two techniques. 
Cellular events occurring at the cell membrane-surface 
junction are the most pronounced and dominating in 
the conventional SPR sensor response; hence, an imme-
diate spike was observed. However, in LRSPR, these 
cellular events are concealed by other changes occurring 
in the remaining cellular organelles, which are located 
deeper in the evanescent field and further from the 
SPR surface [44]. These findings elucidate a more thor-
ough understanding of the individual cellular events 
influencing the SPR signal using LRSPR.

SPR imaging ellipsometry (SPRIE) was developed 
to improve the selective study and imaging of cell-
matrix adhesion properties and dynamics. This plat-
form incorporated two components to improve the 
spatial resolution, an attenuated total reflection coupler 
and a null-type imaging ellipsometry for a better con-
trast. This new platform shows some advancement to 
SPRi because it allows for the use of short wavelengths 
without affecting the image contrast  [57]. In this par-
ticular study, the adhesion properties and dynamics of 
various cell lines were investigated in real time using 
SPRIE. Cellular dynamics of dividing human umbili-
cal vein endothelial cells, cell–cell communication and 
shear stress-induced dynamics were all monitored in 
a highly sensitive manner. The results showed that 
SPRIE is capable of providing a more detailed and 
sensitive understanding of the mechanism of cellular 
dynamics during cellular migration and division with 
a 1-mM spatial resolution [18].

SPR monitoring of cellular health upon 
exposure to harmful agents
Several groups have reported assessing cellular mor-
phological variations upon exposure to various 
chemical agents using SPR. In one particular study, 
lipopolysaccharides (an endotoxin), sodium azide (a 
chemical toxin) and thrombin (a physiological ago-
nist) were tested on human embryonic kidney-293 to 
assess cell viability  [58]. Lipopolysaccharides are well 
known to cause cell death by triggering an inflamma-
tory response  [59], sodium azide is known to inhibit 
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Figure 6. Surface plasmon resonance response of cells upon stimulation with three separate biomolecular and 
chemical agents. (Left) Surface plasmon resonance signal change of HEK-293 cells upon exposure to (A) HBSS 
solution, (B) lipopolysaccharides, (C) sodium azide and (D) thrombin. (Right) Phase contrast micrographs taken at 
different time intervals after the injection of the described stimuli. Scale bar: 10μm.   
HBSS: HEPES-buffered salt solution; LPS: Lipopolysaccharide. 
Reproduced with permission from [58].
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Figure 7. A study of biofilm formation using a custom 
microfluidic surface plasmon resonance imaging 
platform. (Top) A schematic representation of the 
surface plasmon resonance imaging experimental 
setup for measuring E. coli biofilm growth. (Bottom) 
Surface plasmon resonance imaging images of the 
blank chamber after (A) 6 min, (C) 1 h and (E) 6 h; GFP-
labeled E. coli-filled chamber after (B) 6 min, (D) 1 h 
and (F) 6 h. Fluorescence images of the blank chamber 
(G) and of the GFP-labeled E. coli-filled chamber (H).  
LB: Lysogeny broth; PDMS: Polydimethylsiloxane. 
Reproduced with permission from [28].
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cellular respiration  [60] and thrombin is documented 
to cause contraction in the cells as it affects the cell 
integrity [61]. The cells were attached to the surface by 
poly-l-lysine, which is a cationic polymer that inter-
acts with the polyanionic cell surfaces, and this in turn 
promotes cellular adhesion  [61]. The SPR signals were 
correlated with phase contrast microscopy (Figure 6) 
for proper analysis of the cellular response as a result of 
exposure to these chemical and biological toxic agents. 
For example, as expected the SPR signal obtained after 
treatment with the lipopolysaccharides and sodium 
azide indicates the induction of membrane blebbing 
followed by cellular death and shrinkage of the cell 
body, respectively. Ultimately, this work revealed that 
SPR could be used as a reliable tool for assessing the 
cellular health upon exposure to various agents.

Expanding on this work, Maltais et al. showed inter-
est in monitoring and quantifying programmed cell 
death events in a real-time and label-free manner [62]. 
To achieve this, they assessed the membrane alterations 
using SPR that occur during the process of apoptosis. 
Stimulation of the endothelial cell membrane death 
receptor (DR4-5) causes a complex intracellular signal-
ing pathway characterized by a latency period where 
there are no signs of cell death, an execution phase and 
finally cell death. SPR analysis of the apoptotic events 
allowed the quantification of multiple parameters such 
as the duration and rate of the latency and execution 
periods. In addition, more studies were performed with 
other cell detachment or toxic trigger factors such as 
trypsin, sodium azide and 1% (w/v) sodium dodecyl 
sulfate and correlated with phase contrast microscopy 
to relate and confirm that morphological changes in 
cellular construct correspond to SPR signal changes. 
Traditional toxicity assays like lactate dehydrogenase 
rely on the use of labels and the analysis of an aver-
age response from many cells. However, SPR can assess 
cellular health label-free and real time. We foresee, in 
the future, SPRi systems will be employed for this type 
of test more than SPR systems as they will enable us to 
visualize and measure kinetically a single-cell activity, 
label-free in real-time.

Using SPR to monitor bacterial growth 
& removal from surfaces
Bacterial contamination and growth constitute a main 
concern in industrial and environmental settings; 
hence, current research is directed toward finding reli-
able detection techniques and solutions for the removal 
of pathogenic species  [63,64]. SPR has gained consid-
erable popularity in this area as a reliable source of 
information as it offers highly sensitive capabilities and 
avoids the labeling requirement, high reagent costs and 
long analysis time imposed by other detection strat-

egies [64–67]. In research performed by Abadian et al., 
the activity of E. coli and P. aeruginosa was visualized 
using SPRi. Bacterial attachment, movement, growth 
to a biofilm and removal were studied using this bio-
sensor revealing significant information about each 
process. In the initial set of experiments as shown in 
(Figure 7), the growth of green protein fluorescent 
(GFP)-E. coli was monitored at different time intervals 
(6 min, 1 and 6 h) while incubated on the surface of 
the chip inside a rectangular polymer chamber. The 
sensing platform incorporated microfluidic channels 
composed of rectangular polydimethylsiloxane cham-
bers to separate bacterial samples from each other and 
the environment. In one chamber, GFP-E. coli was 
added along with LB (lysogeny broth) growth media 
and in the second one only LB was added as a control. 
The appearance of bright spots in the SPRi difference 
images (Figure 7B) of the bacterial chamber is due to 
biomass accumulation on the surface, which signifies 
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Figure 8. Surface plasmon resonance imaging 
biophysical anlaysis of biofilm removal. (A) Surface 
plasmon resonance imaging difference image of 
the initial phase of the experiment. Monitoring the 
removal of the biofilm after flowing deionized water 
after (B) 3.7, (C) 5.8 and (D) 7.5 min. (E) Ethanol was 
then flowed over the surface for 5 min, and rinsing 
with deionized water followed this. (F) No change 
is observed after 25 mM phosphate-buffered saline 
(pH 7) was flowed for 8 min, followed by ethanol for 
7 min and deionized water for 5 min. Arrows indicate 
direction of fluid flow.   
Reproduced with permission from [28].
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the growth of bacteria. The control chamber remained 
dark after 6 min (Figure 7A) until the appearance of 
bright features on the gold surface (Figure 7C & E), and 
this is due to the evaporation of growth media from 
the chamber. The bright spots in the difference image 
are a result of the difference in RI between the growth 
media and air. Finally, the SPRi images of both control 
and sample chambers were correlated with fluorescent 
images (Figure 7G, H) and as expected fluorescent cells 
were visualized in the bacterial chamber only. This 
study revealed both kinetic information about bac-
terial adherence and growth and spatial information 
about the biofilm formation [28].

Monitoring of biofilm formation was followed by 
another set of experiments by the same group focusing 
on the removal of mature biofilms from the sensor sur-
face [28]. GFP- E. coli was allowed to attach and form a 
robust biofilm on the sensor surface for 24 h at 37°C. 
The biofilm was then subjected to deionized water for 
11 min followed by ethanol for 5 min flowing at a rate 
of 2 ml/min inside the SPRi apparatus to allow com-
plete removal of the biofilm. Images were taken at dif-
ferent time intervals (Figure 8) and after a number of 
repeated experiments, the biofilm removal appears to 
begin at the highest upstream point of fluid flow and 
continues downward in a complete manner without any 
cellular material left on the sensor surface. In conclu-
sion, this work introduces for the first time a highly sen-
sitive technique to study bacterial properties on surfaces 

in a label-free manner. The SPRi gold surface is ideal 
for carrying out further experiments for characterizing 
bacterial adhesion properties, which will serve in medi-
cal, industrial and environmental applications.

Challenges & limitations
Cellular analyses using SPR is still in its infancy stage, 
before we can observe rapid growth for this type of 
application several challenges and limitations need to 
be addressed. For example, the SPR sensing range only 
spans 300 nm from the sensor surface and the diameter 
of cells range between 1 and 30 μm, so inherently with 
SPR you are limited to only detecting events occurring 
around a small portion of the cell. Therefore, you can 
only attain qualitative analysis. Alternatively, LRSPR 
was introduced as it extends the detection range up 
to ∼1 μm. However, one potential setback for sensing 
using an imaging configuration is the loss of image 
resolution due to the extended propagation length. In 
addition, accessibility to LRSPR currently is limited as 
there are no commercially available vendors for it in 
the market. Perhaps, to take advantage of the sensitiv-
ity of the current commercially available SPR systems 
would be an alternative approach. For example, the 
possibility of exploring more planar surfaces or the use 
of bifunctional linkers that rely on host–guest interac-
tions chemistry that could potentially allow for the cell 
to reside closer to the sensor surface for improved anal-
ysis. Another challenge is maintenance of cell integ-
rity during the immobilization and handling process. 
Direct immobilization of cells onto the biochip could 
cause damage, if care during the handling process is 
not taken into consideration. As a result, majority of 
work reported with cells and SPR involve binding of 
cells to biochips that have been prefunctionalized with 
a capture ligand (i.e.,  antibodies). Finally, another 
aspect that could potentially limit cell-SPR application 
would be clogging in the fluidics as certain instruments 
can only tolerate ≤1 μm particulates.

Conclusion
In this review, we demonstrate the applicability of the 
SPR platform in assessing single-cell dynamics by min-
imizing false/positive results associated with labels and 
mixed cell populations. Specific whole-cell detection 
is investigated through multiple surface chemistries 
of immobilized ligands such as DNA, antibodies and 
protein peptides. This sensitive and selective detection 
of living cells allows for the utilization of SPR toward 
many applications and especially for cell sorting. The 
SPR sensor surface enables real-time analysis of cellu-
lar activity upon exposure to external stimuli for both 
adherent and nonadherent cells. Analysis upon stimu-
lation of cells leads to the localization of various intra-
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cellular events and cellular interaction with the extra-
cellular matrix. This is complemented with kinetic 
information of individual cellular processes, which 
helps in improving the understanding of cellular adhe-
sion properties, alterations in cellular morphology, bio-
film development and removal. In the future, we fore-
see the advancement of the SPR platform to include a 
wide range of biomedical applications serving to better 
analyze cellular activity.

Future perspective
Analysis of cellular events using SPR is still new and 
requires some fine tuning; however, we foresee that it 
will lead to new applied life sciences discoveries that 
could potentially impact unmet biomedical solutions. 
In addition, we foresee that in the future that the inte-
gration of SPR with other existing technologies like 
fluorescence and Raman will provide unique plat-
forms that can potentially overcome some of the exist-
ing limitations with cellular analysis using SPR alone. 
For example, Raman microscopy [68] is used to analyze 
the chemical fingerprint of cells. In combination with 
SPR, not only you are able to attain chemical finger-
printing analysis along with surface reaction kinetics 
but also the marriage of these technologies can gener-
ate a stronger unified analytical tool and expand their 
capabilities. This strength was illustrated in the works 
of Liu et al., where they integrated LRSPR with surface-
enhanced Raman scattering (SERS) [69,70] and observed 

15-times stronger Raman signal in comparison to 
conventional SPR. The next step is to assess whether 
SPR-SERS can detect Raman-inactive molecules. Cur-
rently, there is only a handful of manuscripts [71–73] that 
describe the setup of SPR with SERS and their poten-
tial impact. Another promising amalgamation is SPR 
with fluorescence. The combination of the two tech-
nologies will allow for simultaneous SPR and surface 
plasmon-enhanced fluorescence live cell analysis. One 
of the drawback with SPR is the inability to measure 
the whole-cell response; however, combined with sur-
face plasmon-enhanced fluorescence, Chabot et al. [74] 
were able to identify the precise molecular mechanism 
liable to the SPR response as a result of the introduc-
tion of a stimulant to cells. Finally, as SPR evolves with 
other existing techniques, cellular responses and mech-
anisms will be easily elucidated and advance solving 
outstanding problems in the biomedical field.
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Executive summary

•	 Single-cell analysis is needed to understand cellular dynamics that are masked by the inherent heterogeneity 
of complex populations.

•	 Surface plasmon resonance (SPR) is a label-free, real-time biosensing tool for the sensitive and selective 
detection and quantification of biomolecular interactions.

•	 Application of SPR in the analysis of cell receptor–ligand interactions:
–– Selective detection of live cells by antibodies immobilized on the SPR surface;
–– Live cell capture and controlled release by complex DNA and antibody constructs;
–– Detection of cellular interaction with peptides immobilized on the gold surface.

•	 Application of SPR in the analysis of cellular behavior under various stimuli:
–– Cellular activity of both adherent and nonadherent cells can be monitored on the SPR sensor surface upon 

exposure to various stimulants;
–– Insight into intracellular-signaling events, cellular interactions with the extracellular matrix and adhesion 

properties of different cells;
–– Long-range SPR and SPR imaging ellipsometry (SPRIE) both advance the sensing capabilities of SPR by 

providing a more thorough analysis of the intracellular events over various cellular organelles due to the 
larger depth of penetration (1 mm) and better spatial resolution.

•	 SPR monitoring of cellular health upon exposure to harmful agents:
–– Morphological changes in cells such as shrinkage can be monitored upon exposure to chemical agents on 

the sensor surface and this is paired with kinetic data of individual cellular processes after the exposure.
•	 Using SPR to monitor bacterial growth and removal from surfaces:

–– SPRi is shown to be effective as a sensitive technique to monitor bacterial adherence and growth 
at different time intervals on the biosensor surface yielding valuable information for medical and 
environmental applications.



1844 Nanomedicine (Lond.) (2015) 10(11) future science group

Review    Zeidan, Kepley, Sayes & Sandros

References
Papers of special note have been highlighted as:
• of interest; •• of considerable interest

1	 Vo-Dinh T, Kasili P. Fiber-optic nanosensors for single-cell 
monitoring. Anal. Bioanal. Chem. 382(4), 918–925 (2005).

2	 Zheng X, Li CM. Single cell analysis at the nanoscale. Chem. 
Soc. Rev. 41(6), 2061–2071 (2012).

••	 Highlights the significance of assessing the activity of 
individual cells by avoiding the average response of a 
heterogeneous population of cells. 

3	 Yum K, Wang N, Yu M-F. Nanoneedle: a multifunctional 
tool for biological studies in living cells. Nanoscale 2(3), 
363–372 (2010).

4	 Lindström S. Flow cytometry and microscopy as means 
of studying single cells: a short introductional overview. 
Methods Mol. Biol. 853, 13–15 (2012).

5	 Levsky J, Singer R. Single cell gene expression profiling. 
Einstein Q. J. Biol. Med. 19(4), 836–840 (2002).

6	 Vermeulen L, Todaro M, De Sousa Mello F et al. Single-cell 
cloning of colon cancer stem cells reveals a multi-lineage 
differentiation capacity. Proc. Natl Acad. Sci. USA 105(36), 
13427–13432 (2008).

7	 Zhong J, Chen Y, Marcus J et al. A microfluidic processor for 
gene expression profiling of single human embryonic stem 
cells. Lab Chip 8(1), 68–74 (2008).

8	 Malic L, Sandros M, Tabrizian M. Designed biointerface 
using near-infrared quantum dots for ultrasensitive surface 
plasmon resonance imaging biosensors. Anal. Chem. 83(13), 
5222–5229 (2011).

9	 Ritzefeld M, Sewald N. Real-time analysis of specific protein-
DNA interactions with surface plasmon resonance. J. Amino 
Acids 2012(2), 1–19 (2012).

10	 Sun Y, Liu X, Song D, Tian Y, Bi S, Zhang H. Sensitivity 
enhancement of surface plasmon resonance immunosensing 
by antibody–antigen coupling. Sens. Actuators B 122(2), 
469–474 (2007).

11	 Zhou T, Marx K, Warren M, Schulze H, Braunhut S. The 
quartz crystal microbalance as a continuous monitoring 
tool for the study of endothelial cell surface attachment and 
growth. Biotechnol. Prog. 16(2), 268–277 (2000).

12	 Le Guillou-Buffello D, Gindre M, Johnson P, Laugier P, 
Migonney V. An alternative quantitative acoustical and 
electrical method for detection of cell adhesion process in 
real-time. Biotechnol. Bioeng. 108(4), 947–962 (2011).

13	 Wegener J, Janshoff A, Galla H. Cell adhesion monitoring 
using a quartz crystal microbalance: comparative analysis of 
different mammalian cell lines. Eur. Biophys. J. 28(1), 26–37 
(1999).

14	 Dowling C, Ona H, Ors C, Kiely P. Using real-time 
impedance based assays to monitor the effects of fibroblast 
derived media on the adhesion, proliferation, migration and 
invasion of colon cancer cells. Biosci. Rep. 34(4), e00126 
(2014).

15	 Yanase Y, Suzuki H, Tsutsui T, Hiragun T, Kameyoshi 
Y, Hide M. The SPR signal in living cells reflects changes 
other than the area of adhesion and the formation of cell 

constructions. Biosens. Bioelectron. 22(6), 1081–1086 
(2007).

••	 Presents the capabilities of surface plasmon resonance 
(SPR) to assess morphological changes in live cells 
immobilized on the surface of the biochip and linking them 
to intracellular events.

16	 Yanase Y, Hiragun T, Yanase T, Kawaguchi T, Ishii K, 
Hide M. Application of SPR imaging sensor for detection of 
individual living cell reactions and clinical diagnosis of type I 
allergy. Allergol. Int. 62(2), 163–169 (2013).

17	 Yanase Y, Suzuki H, Tsutsui T et al. Living cell positioning 
on the surface of gold film for SPR analysis. Biosens. 
Bioelectron. 23(4), 562–567 (2007).

18	 Kim S, Chegal W, Doh J, Cho H, Moon D. Study of cell-
matrix adhesion dynamics using surface plasmon resonance 
imaging ellipsometry. Biophys. J. 100(7), 1819–1828 
(2011).

19	 Homola J. Present and future of surface plasmon resonance 
biosensors. Anal. Bioanal. Chem. 377(3), 528–539 (2003).

20	 Homola J, Yee SS, Gauglitz G. Surface plasmon resonance 
sensors: review. Sens. Actuators B 54(1–2), 3–15 (1999).

21	 Mol NJ, De Fischer MJ. Surface Plasmon Resonance Methods 
and Protocols (Volume 627). Humana Press, NY, USA (2010).

22	 Steiner G. Surface plasmon resonance imaging. Anal. 
Bioanal. Chem. 379(3), 328–331 (2004).

23	 Scarano S, Scuffi C, Mascini M, Minunni M. Surface 
plasmon resonance imaging (SPRi)-based sensing: a new 
approach in signal sampling and management. Biosens. 
Bioelectron. 26(4), 1380–1385 (2010).

24	 Daghestani H, Day B. Theory and applications of surface 
plasmon resonance, resonant mirror, resonant waveguide 
grating, and dual polarization interferometry biosensors. 
Sensors 10(11), 9630–9646 (2010).

25	 Lang K, Hatt H, Niggemann B, Zaenker K, Entschladen 
F. A novel function for chemokines: downregulation of 
neutrophil migration. Scand. J. Immunol. 57(4), 350–361 
(2003).

26	 Stojanovi I, Schasfoort R, Terstappen L. Analysis of cell 
surface antigens by surface plasmon resonance imaging. 
Biosens. Bioelectron. 52(6), 36–43 (2014).

27	 Uchida H, Fujitani K, Kawai Y et al. A new assay using 
surface plasmon resonance (SPR) to determine binding of 
the Lactobacillus acidophilus group to human colonic mucin. 
Biosci. Biotechnol. Biochem. 68(5), 1004–1010 (2004).

28	 Abadian P, Tandogan N, Jamieson J, Goluch E. Using 
surface plasmon resonance imaging to study bacterial 
biofilms. Biomicrofluidics 8(2), 021804 (2014).

••	 Introduces SPR as a reliable real-time and label-free tool to 
assess bacterial adhesion and removal properties, which is 
critical for industrial and environmental fields.

29	 Aillon K, Xie Y, El-Gendy N, Berkland C, Forrest M. Effects 
of nanomaterial physicochemical properties on in vivo 
toxicity. Adv. Drug Deliv. Rev. 61(6), 457–466 (2009).

30	 Arora S, Rajwade J, Paknikar K. Nanotoxicology and 
in vitro studies: the need of the hour. Toxicol. Appl. 
Pharmacol. 258(2), 151–165 (2012).



www.futuremedicine.com 1845future science group

Surface plasmon resonance: a label-free tool for cellular analysis    Review

31	 Bassil N, Maillart E, Canva M et al. One hundred spots 
parallel monitoring of DNA interactions by SPR imaging of 
polymer-functionalized surfaces applied to the detection of 
cystic fibrosis mutations. Sens. Actuators B 94(3), 313–323 
(2003).

32	 Biju V, Mundayoor S, Omkumar R, Anas A, Ishikawa 
M. Bioconjugated quantum dots for cancer research: 
present status, prospects and remaining issues. Biotechnol. 
Adv. 28(2), 199–213 (2010).

33	 Boecker D, Zybin A, Horvatic V, Grunwald C, Niemax K. 
Differential surface plasmon resonance imaging for high-
throughput bioanalyses. Anal. Chem. 79(2), 702–709 (2007).

34	 Watts H, Lowe C, Pollard-Knight D. Optical biosensor for 
monitoring microbial cells. Anal. Chem. 66(15), 2465 (1994).

••	 Represents one of the first works to utilize a functionalized 
SPR surface for the detection of whole living cells.

35	 Suraniti E, Sollier E, Calemczuk R et al. Real-time detection 
of lymphocytes binding on an antibody chip using SPR 
imaging. Lab Chip 7(9), 1206–1208 (2007).

36	 Milgram S, Bombera R, Livache T, Roupioz Y. Antibody 
microarrays for label-free cell-based applications. 
Methods 56(2), 326–333 (2012).

••	 Milgram et al. presented that SPR can be used to monitor 
both molecular and cellular interactions simultaneously on 
the chip.

37	 Cortès S, Villiers C, Colpo P et al. Biosensor for direct 
cell detection, quantification and analysis. Biosens. 
Bioelectron. 26(10), 4162–4168 (2011).

38	 Houngkamhang N, Peungthum P, Sudprasert K et al. ABO 
blood-typing using an antibody array technique based on 
surface plasmon resonance imaging. Sensors (Basel) 13(9), 
11913–11922 (2013).

39	 Bombera R, Leroy L, Livache T, Roupioz Y. DNA-directed 
capture of primary cells from a complex mixture and 
controlled orthogonal release monitored by SPR imaging. 
Biosens. Bioelectron. 33(1), 10–16 (2012).

40	 Boeck G. Current status of flow cytometry in cell and 
molecular biology. Int. Rev. Cytol. 204, 239–298 (2001).

41	 Mizuguchi T, Uchimura H, Kataoka H, Akaji K, Kiso 
Y, Saito K. Intact-cell-based surface plasmon resonance 
measurements for ligand affinity evaluation of a membrane 
receptor. Anal. Biochem. 420(2), 185–187 (2012).

42	 Wang W, Wang S, Liu Q, Wu J, Tao N. Mapping single-
cell-substrate interactions by surface plasmon resonance 
microscopy. Langmuir 28(37), 13373–13379 (2012).

••	 SPR microscopy incorporated a visual component to 
conventional SPR to complement the SPR sensorgram with 
a real-time visualization of the SPR sensor surface.

43	 Yanase Y, Hiragun T, Kaneko S, Gould H, Greaves M, 
Hide M. Detection of refractive index changes in individual 
living cells by means of surface plasmon resonance imaging. 
Biosens. Bioelectron. 26(2), 674–681 (2010).

44	 Vala M, Robelek R, Bockov M, Wegener J, Homola J. Real-
time label-free monitoring of the cellular response to osmotic 
stress using conventional and long-range surface plasmons. 
Biosens. Bioelectron. 40(1), 417–421 (2013).

•	 Introducing long-range SPR is considered an advancement 
to conventional SPR for assessing intracellular events 
occurring deeper in the evanescent field over the surface.

45	 Friedl P, Wolf K. Plasticity of cell migration: a multiscale 
tuning model. J. Cell Biol. 188(1), 11–19 (2010).

46	 Hickel W, Kamp D, Knoll W. Surface-plasmon microscopy. 
Nature 339(6221), 186 (1989).

47	 Jordan C, Frutos A, Thiel A, Corn R. Surface plasmon 
resonance imaging measurements of DNA hybridization 
adsorption and streptavidin/DNA multilayer formation at 
chemically modified gold surfaces. Anal. Chem. 69(24), 4939 
(1997).

48	 Piliarik M, Vaisocherov H, Homola J. A new surface plasmon 
resonance sensor for high-throughput screening applications. 
Biosens. Bioelectron. 20(10), 2104–2110  (2005).

49	 Ouellet E, Lausted C, Lin T, Yang C, Hood L, Lagally E. 
Parallel microfluidic surface plasmon resonance imaging 
arrays. Lab Chip 10(5), 581–588 (2010).

50	 Yanase Y, Hiragun T, Yanase T, Kawaguchi T, Ishii K, 
Hide M. Evaluation of peripheral blood basophil activation 
by means of surface plasmon resonance imaging. Biosens. 
Bioelectron. 32(1), 62–68 (2012).

51	 Wark A, Lee H, Corn R. Long-range surface plasmon 
resonance imaging for bioaffinity sensors. Anal. Chem. 
77(13), 3904–3907 (2005).

52	 Slavík R, Homola J. Ultrahigh resolution long range surface 
plasmon-based sensor. Sens. Actuators B 123(1), 10–12 
(2007).

53	 Mejard R, Dostalek J, Huang C, Griesser H, Thierry B. 
Tuneable and robust long range surface plasmon resonance 
for biosensing applications. Opt. Mater. 35(12), 2507–2513 
(2013).

54	 Chabot V, Miron Y, Grandbois M, Charette P. Long range 
surface plasmon resonance for increased sensitivity in 
living cell biosensing through greater probing depth. Sens. 
Actuators B 174, 94–101 (2012).

55	 Nenninger G, Tobiška P, Homola J, Yee S. Long-range surface 
plasmons for high-resolution surface plasmon resonance 
sensors. Sens. Actuators B 74(1–3), 145–151 (2001).

56	 Matsubara K, Kawata S, Minami S. Multilayer system for 
a high-precision surface plasmon resonance sensor. Opt. 
Lett. 15(1), 75–77 (1990).

57	 Brockman J, Nelson B, Corn R. Surface plasmon resonance 
imaging measurements of ultrathin organic films. Annu. Rev. 
Phys. Chem. 51, 41–63  (2000).

58	 Chabot V, Cuerrier C, Escher E, Aimez V, Grandbois M, 
Charette P. Biosensing based on surface plasmon resonance 
and living cells. Biosens. Bioelectron. 24(6), 1667–1673 (2009).

59	 Heumann D, Roger T. Initial responses to endotoxins and 
Gram-negative bacteria. Clin. Chim. Acta 323(1–2), 59–72 
(2002).

60	 Ishikawa T, Zhu B, Maeda H. Effect of sodium azide on 
the metabolic activity of cultured fetal cells. Toxicol. Ind. 
Health 22(8), 337–341 (2006).

61	 Ham R, Mckeehan W. Media and growth requirements. 
Methods Enzymol. 58, 44–93 (1979).



1846 Nanomedicine (Lond.) (2015) 10(11) future science group

Review    Zeidan, Kepley, Sayes & Sandros

62	 Maltais J, Denault J, Gendron L, Grandbois M. Label-free 
monitoring of apoptosis by surface plasmon resonance 
detection of morphological changes. Apoptosis 17(8), 
916–925 (2012).

•	 The highlight of this paper is the ability of SPR to not only 
monitor cellular death but also to kinetically quantify the 
different stages of the apoptotic process.

63	 Garrett T, Bhakoo M, Zhang Z. Bacterial adhesion and 
biofilms on surfaces. Prog. Nat. Sci. 18(9), 1049–1056 
(2008).

64	 Donlan R. Biofilms: microbial life on surfaces. Emerg. Infect. 
Dis. 8(9), 881–890 (2002).

65	 Kong R, Lee S, Law T, Law S, Wu R. Rapid detection of six 
types of bacterial pathogens in marine waters by multiplex 
PCR. Water Res. 36(11), 2802–2812 (2002).

66	 Wang L, Wu C, Hu Z, Zhang Y, Li R, Wang P. Sensing 
Escherichia coli O157:H7 via frequency shift through a self-
assembled monolayer-based QCM immunosensor. J. Zhejiang 
Univ. Sci. B 9(2), 121–131 (2008).

67	 Taylor AD, Yu Q, Chen S, Homola J, Jiang S. Comparison of 
E. coli O157:H7 preparation methods used for detection with 
surface plasmon resonance sensor. Sens. Actuators B 107(1), 
202–208  (2005).

68	 Chan J, Lieu DK, Huser T, Li RA. Label-free separation of 
human embryonic stem cells and their cardiac derivatives 

using Raman spectroscopy. Anal. Chem. 81(4), 1324–1331 
(2009).

69	 Le Ru EC, Etchegoin PG. Principles of Surface Enhanced 
Raman Spectroscopy and Related Plasmonic Effects 
(Volume 1). Elsevier, Amsterdam, The Netherlands (2009).

70	 Aroca RF. Surface-Enhanced Vibrational Spectroscopy 
(Volume 1). John Wiley & Sons, Chichester, UK (2006).

71	 Meyer SA, Auguié B, Le Ru EC, Etchegoin PG. 
Combined SPR and SERS microscopy in the Kretschmann 
configuration. J. Phys. Chem. A 116(3), 1000–1007  
(2011).

72	 Meyer SA, Le Ru EC, Etchegoin PG. Combining surface 
plasmon resonance (SPR) spectroscopy with surface-
enhanced Raman scattering (SERS). Anal. Chem. 83(6), 
2337–2344 (2011).

73	 Dou X, Chung P-Y, Jiang P, Dai J. Surface plasmon 
resonance and surface-enhanced Raman scattering sensing 
enabled by digital versatile discs. Appl. Phys. Lett. 100(4), 
041116  (2012).

74	 Chabot V, Miron Y, Charette PG, Grandbois M. 
Identification of the molecular mechanisms in cellular 
processes that elicit a surface plasmon resonance (SPR) 
response using simultaneous surface plasmon-enhanced 
fluorescence (SPEF) microscopy. Biosens. Bioelectron. 50, 
125–131 (2013).


