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Abstract

Label-free optical biosensors are powerful tools for the real-time monitoring of both molecular and cellular-scale interactions. 

Resonant waveguide grating biosensors are based on the detection of refractive index changes induced by molecular interactions 

and/or cell mass redistributions. The Epic BenchTop and Epic Cardio are two biosensors with high sensitivity and throughput that 

offer excellent potential for life science research. Both instruments are suitable for cell-based and biochemical assays. In this paper, 

I describe the principles of operation and performance of the Epic BenchTop and Epic Cardio label-free waveguide grating biosensors 

and discuss their applications in various research areas.
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1 Introduction
With the growing need for rapid and accurate detection of 
materials, the development and design of high-sensitivity 
biosensors came to the foreground from the mid-20th cen-
tury onwards. Biosensors are analytical tools that enable 
molecular interactions and cellular analysis at high res-
olution from small sample volumes. Optical biosensors 
include surface plasmon resonance sensors, light scat-
tering optical sensors, fluorescence sensors, and optical 
waveguide sensors [1]. Optical biosensors, a popular class 
of biosensors, are gaining popularity because they allow 
measurements to be made without modification of biolog-
ical samples [2]. Among their many advantages, perhaps 
the most important is their high sensitivity and speed of 
measurement. The technology enables the integration of 
passive and active components on the same substrate, pro-
viding miniaturization, robustness, reliability, mass pro-
duction, low power consumption, and easy alignment of 
individual optical components [3].

2 Physical background of the sensing of resonant 
waveguide grating biosensors
The resonant waveguide grating biosensors are capable of 
guiding the wavelength component of illuminating light 
at resonant frequency in their thin, high refractive index 

layers. As soon as the illuminating light hits the surface of 
the microtiter plate, a wavelength component with a reso-
nant frequency (resonant wavelength) penetrates the thin 
waveguide layer. The resonance frequency wavelength 
component for the empty microtiter plate is 828.2 nm [4]. 
Within the waveguide layer, the incident light undergoes 
full reflection at the interfaces, but its phase is neverthe-
less shifted. Light beams coupled to the same grating inter-
fere, but only positive interference causes waveguiding. 
This phenomenon is often called as constructive interfer-
ence, which ensures that the incident wavelength compo-
nent propagates for a short time in the waveguide layer 
(Fig. 1). The light reflected from the interface of the liquid 
containing the analyte and the waveguide layer forms an 
exponentially decreasing electromagnetic field, called the 
evanescent field [5, 6]. The evanescent field penetrates the 
150–200 nm thick region of the suspension in contact with 
the surface. In practice, therefore, the local environment of 
the biosensor is called the evanescent field, which is formed 
in the 150–200 nm thickness of its surface. By increasing 
the angle of incidence of the illuminating light, the vertical 
extent of the evanescent field can be increased.

Detection of the wavelength component at the reso-
nant frequency precipitated from the waveguide layer is 
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achieved using a complementary metal-oxide semicon-
ductor (CMOS) camera (Figs. 2 and 3) [7–9].

3 Relationship between resonance peak and 
quality factor
The resonance peak defines how much light is reflected or 
transmitted by the biosensor at different wavelengths [10]. 
The full width at half maximum (FWHM) characterizes 
the resonance peak; it describes how sharp or narrow the 
resonance peak is [11]. A smaller FWHM means a sharper 
peak and higher sensitivity. For the characterization of res-
onant waveguide grating biosensors, a so-called quality 
factor can be introduced, which defines the ability of the 
biosensor to distinguish the smallest changes in the sample 
that cause a refractive index change. The quality factor can 
be calculated as the ratio of the resonant wavelength to the 
FWHM [12]. The quality factor can be improved by tuning 
the operating wavelength and the angle of incidence of the 
light source, among other things. This can change the cou-
pling efficiency in the waveguide layer [13].

4 Grating designs, nanofabrication machining processes
Resonant waveguide grating (RWG) biosensors can have 
multiple grating geometries, the design of which requires 
the application of various nanofabrication machining 
techniques [14].

Holographic lithography is a technique that uses laser 
beams to create patterns on photosensitive materials [15]. 
Depending on the interference of the laser beams, the pat-
terns can have different shapes and sizes.

Electron-beam lithography is another technique that 
uses electron beams to form patterns on machined sur-
faces. It is useful for creating non-periodic patterns 
that holographic lithography cannot. Electron beam 

lithography can be used to create very fine lines. However, 
it can also cause errors when the aim is to join differ-
ent parts of the pattern in large samples. However, some 
recent developments have improved the speed and quality 
of electron beam lithography [16].

In laser ablation, a laser can be used to create patterns on 
different materials. It allows patterns to be made directly 
on the surface without etching. Patterns can be made in 
parallel or sequentially. Laser ablation can also be used to 
create very small patterns of different depths. It can also 
leave debris particles around the pattern. The quality of 
laser ablation can be improved by using a special type of 
laser and a grating interferometer setup [17].

Deposition techniques are methods to create layers of 
material on a surface. These layers can affect the proper-
ties of the light passing through them. Different deposi-
tion techniques have different advantages and challenges. 

Fig. 1 Measurement scheme for label-free testing with resonant 
waveguide grating optical biosensors [6]

Fig. 2 Structural diagram of the Epic BT and Epic Cardio biosensors 
[8, 9]©

Fig. 3 Output data of the RWG biosensor; (a) shows an example of a set 
of wavelength shift events averaged over a single microtiter plate hole. 
The procedures and surface treatment/functionalization methods used 
at each stage are marked in the diagram; (b) shows a set of wavelength 

shift events occurring on a single sensor pixel; (c) shows a 25 µm 
resolution image taken with a CMOS camera, with the red marker 

indicating the cell just detected. The diagrams and CMOS recording in 
the figure present my own results
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Some techniques can create layers of different thicknesses 
or angles depending on the situation [18]. The deposition 
rate can vary depending on the experimental conditions.

Nanoimprint lithography (NIL) is a technique to copy 
nanostructures from a mould onto a surface [19]. This can 
be done in several ways, using heat, light, or soft materi-
als. NIL can be used to create nanostructures quickly and 
cheaply. Some versions of NIL can change the size, shape or 
material of the nanostructures. Fig. 4 (b) shows an example 
of a TiO2 nanostructure fabricated by NIL machining [14].

5 The importance of RWG technology and refractive 
index monitoring
The label-free resonant waveguide grating (RWG) bio-
sensors are designed to be optimized for high-resolution 
measurements of wavelength shift phenomena. The tech-
nology is based on the measurement of the change in 
refractive index, or local density, which is influenced 
by several biophysical parameters. The refractive index 
(RIU) is a non-dimensional quantity, which can be inter-
preted as the ratio of the speed of light measured in a vac-
uum to the speed of light measured in each medium [20].

A wide range of physical, chemical, and biological 
events can induce refractive index variations and hence 
induce the wavelength shift phenomena in RWG setups. 
In  the following, I will highlight the most important of 
these phenomena. Chemical composition is a determin-
ing factor, for example, substances with a higher atomic 
or molecular density tend to have a higher refractive 
index. The refractive index of a material can vary with 
temperature [21]. Generally, a higher refractive index can 
be measured at lower temperatures, so proper incubation 
of the measuring equipment and the sample is essential. 
The wavelength of the illuminating light can also be influ-
enced. This phenomenon is called dispersion. Dispersion 
is also responsible for the chromatic aberration in opti-
cal lenses [22]. The system pressure, or atmospheric pres-
sure, is also a factor worth mentioning, as it can mod-
ify the refractive index value through the photoelastic 

phenomenon, which is often exploited in common pres-
sure measurement devices [23, 24]. The electric and mag-
netic fields are also such factors, which can modify the 
local refractive index value through the electro-optical 
and magneto-optical effects [24].

6 Epic BenchTop and EPIC Cardio RWG biosensors
The technology, developed by Epic Corning Incorporated 
(Corning, NY, USA), consists of two main parts: the micro-
titer plates and an instrument containing the optical ele-
ments and the light source that provides the illumination.

The microtitre plate-based technology allows high- 
throughput experiments to be performed. The  company 
sells 96, 384 and 1536-well plates (Society for Biomolec- 
ular Screening) (Fig. 5) [25].

Each well of the plates has a sensor area of 
2000 µm × 2000 µm. As one moves from the sensor sur-
face towards each layer, one encounters a highly refractive 
waveguide dielectric layer of niobium pentoxide ( Nb2O5 ), 
which, in addition to many advantageous optical properties, 
also imparts biocompatibility to the layer. The waveguide 
layer rests on a thicker substrate, which has a lower refrac-
tive index than the waveguide layer but a higher refractive 
index for proteins or other biological samples bound to the 
sensor surface [26]. Glass substrates are the most widely 
used. An integral part of the sensor is also the optical grat-
ing, which is embedded in the waveguide layer. The optical 
grating allows the illuminating light to penetrate the wave-
guide layer, nevertheless forming separate biosensors.

Fig. 4 Scanning electron microscopic pictures of some commonly 
used gratings; (a) SiN grating; (b) replicated grating on TiO2-coated 
polycarbonate; (c) TiO2 grating prepared by the NIL technique [14]© Fig. 5 The 384-well Corning® Epic Biochemical Assay microtiter plate [25]
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The technology uses a tuneable light source to simulta-
neously illuminate each sensor sheet of the plate. The light 
source emits light over a broad wavelength range, which is 
passed through a high-precision, narrow-pass optical filter 
that allows only the 823 to 838 nm wavelength range to be 
penetrated. The transmitted light can scan the microtiter 
plate every 20 ms and every 100 pm [4, 7].

The EpicBT and Epic Cardio are easy-to-use, even por-
table, instruments with a compact design. Due to their sim-
plified design, they contain a minimal number of moving 
parts and thus rarely require maintenance. Other advan-
tages include a compact design that requires little space 
and can even be placed in an incubator. Both instruments 
can detect wavelength shift events in the 15000 pm wave-
length range with a resolution of 0.25 pm [7, 27].

In the ELKH EK MFA Nanobiosensorics Research 
Group, led by Dr. Robert Horvath, experiments are also 
being carried out with label-free biosensors based on opti-
cal principles. The research group has a prototype instru-
ment from Corning Inc. (USA), the Epic Cardio RWG bio-
sensor, which is currently not yet commercially available. 
The name Cardio derives from the fact that it has also been 
used to study cardiotoxic compounds [28]. The instrument 
offers the possibility to study small molecule biochemis-
try, molecular and cellular biology phenomena due to its 
unique spatial and temporal resolution. It has a maximum 
spatial resolution of 25 µm and a maximum temporal reso-
lution of 3 s, while its resolution can be increased by manu-
ally positioning its internal optical elements, the lenses [5]. 
The team has developed a microtiter plate positioning con-
ditioner ( Fig. 6 ) and an IT platform for the interpretation 
and interpretation of wavelength shift signals and dynamic 
mass redistribution phenomena. Other developments of the 
research group include various fluid handling techniques 
that can be fitted to sensors, as well as flow cuvettes and 
rotating flow field arrays [5, 29].

One of the advantages of EpicBT is that it can analyze 
every single well of a plate at the same time, whereas with 
Epic Cardio only 12 wells can be analyzed at a time in 
a 3 × 4 arrangement (Fig. 7). For Epic BT, a maximum tem-
poral resolution of 3 s and a spatial resolution of 83 µm can 
be achieved [4] (Fig. 7). Individual components appearing 
on the sensor surface can be detected from the analyte with 
a minimum surface density of up to 0.078 ng/cm2 [4, 30]. 
The Aligner software allows the averaged wavelength shift 
in each well to be monitored in real time during the mea-
surement (Fig. 3).

7 The Corning Epic System
The Epic Cardio and BT is an improved, incubate, simulta-
neous, multi-plate inspection system for the Corning Epic 
System [31, 32]. It is a unique, semi-automated system 
consisting of a temperature control unit, an optical appa-
ratus, and a robotic fluid handling unit. By incorporating 
a temperature control unit, it is possible to eliminate base-
line fluctuations due to temperature fluctuations. The sys-
tem can be divided into two units: the biosensor microti-
tre plates and the system of microtitre plates for storing 
the components added during the experiment: cell sus-
pension, protein solution and washing liquid. During the 
measurement with the system, after temperature stabiliza-
tion, the sensing plate is transferred by a robotic arm to the 
plate storage unit located above the detection apparatus, 
and then the components required for the measurement are 
dispensed from the corresponding well of the analyte-con-
taining plate into each well of the biosensor plate by a liq-
uid handling unit [31]. The automated dispensing of each 

Fig. 6 The Epic Cardio RWG biosensor and the positional microtiter 
plate holder developed by the Nanobiosensorics Research Group

Fig. 7 Epic BT RWG biosensor used by the Nanobiosensorics Lendület 
Research Group
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analyte can be programmed, and the measurement can be 
monitored in real-time. The dosing of the cell suspension 
must always be performed manually.

8 The RWG technology potential in cellular science
The previously mentioned wavelength shifts are basically 
generated by dynamic mass redistribution (DMR) events at 
the sensor surface. Redistribution is the result of transloca-
tions at the sensor surface, which can result from molecu-
lar interactions at a given point on the sensor surface, new 
bond formation, bond breaking, and washing off certain 
components [33]. The interaction of cells immobilized 
on the sensor surface with drug molecules and endotox-
ins can be investigated [34]. Interaction-induced cytoplas-
mic rearrangements modify the local refractive index of 
the sensor. G protein-coupled receptor responses induced 
by some agonist and antagonist drug substances have been 
shown to be measurable by cell surface mass transfer [31]. 
By monitoring dynamic redistribution, even motor protein 
(e.g., actin, tubulin) rearrangements induced by drug sub-
stances or surface attachment of peptides of a few amino 
acids in length can be measured [33]. These phenomena 
may include the most feasible physisorption. Simple phy-
sisorption occurs, for example, during the surface attach-
ment of antibodies. The surface of the biosensor can be 
functionalized with different ligands, polymers, antibod-
ies, or antigens to exploit the potential of physisorption. 
The functionalization of the surface depends of course on 
the experiment: in many cases, the aim is to efficiently dock 
cells to study the effect of a drug substance on as many 
cells as possible. For example, PLL-g-PEG (a  copolymer 
of poly-L-lysine and polyethylene glycol graft), which can 
be functionalized to ensure a thorough attachment of liv-
ing cells to the surface [7], can be used. However, if the 
aim is to study cell activation, antigens, antibodies, recep-
tor-binding ligands, and other molecules specific to differ-
ent signaling pathways are attached to the surface. Either 
spreading during surface adhesion of a single cell or the 
release of vesicles, exocytotic granules can be studied.

In a prominent study by the Nanobiosensorics Research 
Group, Epic Cardio and Epic BT biosensors were used to 
measure the adhesion properties of cancer cells [35, 36]. 
Using HeLa cells as model organisms, they demonstrated 
that the glycocalyx structure of the cells significantly influ-
ences the strength of cell adhesion to RGD (arginine-gly-
cine-aspartic acid) peptide-coated surfaces and the kinet-
ics of cell outgrowth [35]. The glycocalyx structure of the 
cells was hydrolyzed and the adhesion kinetics of intact 

cells and hydrolyzed cells were compared [35]. Chondroitin 
sulfate, an important component of the glycocalyx layer, 
was digested by chondroitinase ABC enzyme. Lognormal 
curves could be fitted to the maximum wavelength shift 
values measured during adhesion of individual cells [36]. 
These studies confirmed that the presence or absence of the 
glycocalyx structure can have far-reaching consequences 
on the adhesion properties of cancer cells. The studies con-
firm that further research is needed to develop more reli-
able and effective cancer drugs that affect adhesion.

9 Comparison of RWG biosensors with other 
biosensors
Optical biosensors enable single-cell studies. Each biosen-
sor can be compared in terms of invasiveness, permeabil-
ity, the origin of the biosensor output signals and the prin-
ciple of operation [34].

Both Surface Plasmon Resonance (SPR) and RWG with 
or without microfluidics are considered non-invasive and 
measure the change in local refractive index. Electrical 
biosensors, Surface Acoustic Wave (SAW) biosensors and 
Quartz Crystal Microbalance with Dissipation (QCM-D) 
biosensors all use electrical input signals and are thus 
minimally invasive [34, 37, 38]. SAW technology allows 
the measurement of acoustic wave propagation along the 
surface of the applied piezoelectric crystal [39]. QCM-D 
technology allows the measurement of the strength of 
interactions between the functionalized sensor sur-
face and individual nanoparticles through the measure-
ment of dissipation and frequency [40]. The QCM-D and 
SAW are all low throughput biosensors, while the RWG 
biosensors allow the analysis of microplates with up to 
1536  wells  [41–43]. In general, all biosensors are mostly 
sensitive to cell-analyte interactions. SPR, RWG, SAW and 
QCM-D generally have a sensing depth of 100–200  nm, 
while infrared SPR and electrical biosensors have a sens-
ing depth greater than this [34, 38, 44]. The sensitivity of 
the sensors can also be used to compare the technologies in 
use. With RWG technology, a detection limit of ng/mL can 
be achieved, as reported by Paulsen et al. in their paper, 
where they successfully detected CD40 ligand antibody 
at concentrations as low as 24 ng/mL [45]. Measurements 
of mass per unit area can be in the ng/cm2 range for RWG 
sensors, which can approximate QCM and SAW sensors to 
a similar order of magnitude. The RWG and SAW technol-
ogy allows the detection of antigen-antibody interactions 
at a surface mass density of 0.1–10 ng/cm2 while this value 
is around 0.01–100 ng/cm2 for QCM [46, 47]. The output 
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signal is sensor-dependent, both RWG and SPR measure 
DMR resulting from interactions at the sensor surface, 
which may originate from adhesion interactions or from 
changes in cytoskeletal structure and cell morphology.

10 The future of Epic Cardio and EpicBT
Increasing the spatial resolution of biosensors could be 
the future direction of development. One possible solu-
tion to increase the spatial resolution of RWG biosensors 
is to incorporate smaller electrodes or more electrodes 
per well of a microtiter plate. However, this requires mod-
ification of the biosensor system hardware and software, 
which is not always a cost-effective solution. Munteanu 
et al. describe a method to increase the spatial resolu-
tion of an electrochemical sensor in combination with 
optical microscopy  [48]. The authors developed electro-
chemical biosensors for the detection of hydrogen per-
oxide and glucose by drop-casting enzyme and redox 
polymer mixtures onto planar, optically transparent elec-
trodes. These biosensors generate current signals propor-
tional to the concentration of the analyte through a series 
of reactions that ultimately change the oxidation state of 
the redox polymer. Images of the interfaces of these bio-
sensors were obtained by Bright Field Reflection Light 
Microscopy (BFRLM). The study showed that the inten-
sity of the images is higher when the redox polymer is 
in the oxidized state than when it is in the reduced state. 
It  was also found that the time required for the redox 
polymer to change its oxidation state can be determined 
optically and depends on the concentration of the analyte. 

By combining a biosensor for the detection of hydrogen 
peroxide with the BFRLM, it was possible to determine 
hydrogen peroxide at concentrations as low as 12.5 µM 
with a spatial resolution of 12 µm × 12 µm.

A development direction that allows the regeneration 
of the sensor surface at the end of the measurements, 
thus allowing multiple use of individual microplate wells, 
could also be envisaged, which would greatly contribute to 
reducing the overall cost of the experiments.

The Nanobiosensorics Research Group has previously 
achieved force calibration of single cell signals provided 
by Epic Cardio using the microfluidics modified atomic 
force microscope (FluidFM technology) [5]. It is import-
ant to note that this development has led to the creation of 
a method for measuring single cell adhesion with unique 
throughput.

The growing number of label-free techniques has 
opened new opportunities in the field of cell biology and 
drug discovery. However, the clinical application of bio-
sensor assays remains unresolved, mainly due to the rel-
atively high costs and difficulties in interpreting biosen-
sor signals [34]. Future advances in data analysis are also 
essential to make label-free techniques widely applicable 
in drug discovery and clinical diagnostics.
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