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1. Introduction

Advancing medical diagnostic technolo-
gies is crucial for identifying or preventing 
human disease in the early stages and per-
forming effective clinical treatments. Now-
adays, most of the diagnoses are conducted 
based on standard tests in centralized clin-
ical laboratories with delicate and sophisti-
cated instruments by well-trained experts. 
In recent years, personalized medicine has 
been proposed as a paradigm shift in indi-
vidualized therapies, featuring monitored 
progress, evaluated safety, and improved 
efficiency. Notably, the concept of “point-
of-care (POC)” diagnostics emerges with 
tremendous advances in compact, cost-
effective, and reliable bioanalytical systems 
providing diagnostic testing in a very short 
time without sophisticated protocols.[1–3] 
Thus, POC diagnostics for personalized 
medicine is highly promising for revolu-
tionizing global healthcare at the dawn of 
the twenty-first century.[4]

Among a large variety of medical dia
gnostic routes, discrimination and quanti-
fication of specific biomarkers in biological 

fluids have been known as the highly efficient way to trace the 
corresponding diseases. In the past 40 years, the commer-
cial enzyme-linked immunosorbent assay (ELISA) serves as a 
standard method of biomarker detection for in vitro diagnostics.[5] 
However, as a fluorescence labeling-based approach, it has the fol-
lowing limitations: i) need of sophisticated reagent selection and 
pairing; ii) complex, bulky setup for data readout, and iii) long 
preparation and operation time. As a consequence, label-free bio-
sensing approaches become desirable to meet the demands of 
POC diagnostics. Surface plasmon resonance (SPR)-based bio-
sensors are the most well-known and widely applied label-free 
optical bioanalytical tools since the first successfully commercial-
ized product by Biacore 30 years ago.[6,7] Since then, numerous 
efforts on label-free optical biosensors have been invested,[8] 
which cover different types of optical measurements such as 
transmission,[9,10] emission,[11] adsorption,[12] polarimetry,[13] and 
light scattering.[14] These sensing techniques reveal potential 
applications not only in medical diagnostics but also in drug dis-
covery,[15] food safety,[16,17] and environmental monitoring.[18]

Over the past decades, different miniaturized architectures 
fabricated on a chip have been continuously explored in various 

By virtue of the well-developed micro- and nanofabrication technologies and 
rapidly progressing surface functionalization strategies, silicon-based devices 
have been widely recognized as a highly promising platform for the next-gener-
ation lab-on-a-chip bioanalytical systems with a great potential for point-of-care 
medical diagnostics. Herein, an overview of the latest advances in silicon-based 
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interactions between the evanescent light field at the functionalized surface 
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demonstrating label-free evanescent wave-based biomarker detection mainly 
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Moreover, up-to-date strategies for elevating the sensitivities and also simpli-
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with advanced integration and packaging schemes incorporating automatic 
microfluidic components or on-chip optoelectronic devices lead to one signifi-
cant step forward in real applications of decentralized diagnostics. Besides, 
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and user-friendly bioanalytical systems benefiting to global healthcare.
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material platforms for label-free optical biodetection, with the 
common target of pushing the limit of detection (LOD), namely 
the lowest quantity of a substance that can be distinguished 
from the absence with a certain confidence level. Figure 1 sum-
marizes the state-of-the-art chip-scale label-free optical biodetec-
tion schemes. Planar film-based schemes mainly include SPR, 
dual-polarization interferometry (DPI),[19,20] and reflectometric 
interference spectroscopy (RIfS).[21,22] However, these schemes 
usually provide only moderate sensing performance (typical 
LOD down to nanomolar), and hence secondary signal amplifi-
cations might be necessary for further optimizations. In the past 
two decades, shaping metals or dielectric materials into novel 
micro- and nanoscale structures offer plenty of fresh insights 
for optical biosensing and push the LODs down to the sub-fem-
tomolar level. In particular, single-molecule detection has been 
achieved based on techniques such as surface-enhanced Raman 
scattering (SERS),[23,24] localized surface plasmon resonance 
(LSPR),[25,26] and ultra-high Q optical microcavities.[27,28]

Silicon and silicon-based materials, typically including silicon 
nitride (SiN) and silica, are highly appealing for developing 
integrated optical biosensors in the micro- and nanoscale. In 
particular, silicon photonics technology is opening a new era 
and revolutionizing the modern optoelectronics and photo
nics industries with its unique advantages of mature micro/
nanofabrication processes,[29] especially complementary 
metal-oxide-semiconductor (CMOS)-compatible techniques. The 
capability of on-chip lightwave guiding in photonic integrated 
circuits (PICs) and confinement within a compact footprint 
enables closely interacting with analytes of interest and there-
fore sensitive biodetection in real-time. Besides, the maturing 
optofluidic integration techniques shed light on POC tests with 
simultaneous multiplexed detection for multiple targets, auto-
matic sample processing on a single chip, and a minimized 
requirement of off-chip components. In this review paper, the 
latest progress of label-free optically passive biosensing devices 
integrated on a silicon chip utilizing optical waveguiding and 
evanescent field-based detection principles is discussed, which 
mainly involves three types of transducers, namely on-chip 
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interferometers, microring resonators, and photonic-crystal 
(PhC)-based cavities. This review article does not cover some 
other silicon micro/nanostructure-based biosensors displayed 
in Figure  1 such as resonant gratings[30] and metasurfaces[31,32] 
in which the optical waveguides and PICs are not incorporated. 
Furthermore, the latest laboratory prototype systems toward 
next-generation POC applications are highlighted, which indi-
cates clear technological advances compared with currently 
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Figure 1.  Summary of chip-scale label-free optical biosensing schemes.
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commercialized technologies. At last, we discuss the future 
research directions and development roadmap for silicon-based 
label-free optical biosensors toward ultimately ultra-sensitive, 
multi-functional, and portable bioanalytical systems.

2. Silicon Photonics for Label-Free Biosensing

2.1. Silicon-Based Material Platform

Compared to other alternative material platforms for developing 
PICs and integrated optical sensors, such as polymer,[33,34] 
aluminum oxide,[35] III-V materials,[36] and lithium niobate,[37] 
silicon features a high-precision, low-cost, and high-yield device 
fabrication with good reproducibility owing to the mature CMOS 
processes.[38,39] Table  1 summarizes the optical properties of 
common silicon-based materials. In the silicon-on-insulator (SOI) 
platform, the top silicon layer with sub-wavelength thickness 
serves as the optical waveguiding medium for near-infrared (IR) 
light (mostly at telecommunication band). However, the telecom-
munication wavelength leads to serious water absorption, which 
makes it not ideal for biomedical research and applications.

The ultra-wide transparency window from visible to mid-IR 
renders SiN a versatile option for tremendous emerging appli-
cations ranging from 3D PICs,[40] nonlinear photonics[41] to bio-
photonics.[41–43] The SiN-on-silica platform indicates a sufficiently 
large refractive index contrast and thus tight optical confinement 
in compact device footprints. Nowadays, multiple commercial 
foundry platforms including LioniX’s TriPleX,[44] Ligentec’s Dam-
ascene,[45] IMEC’s BioPIX,[46] and the IMB-CNM[46] aim at devel-
oping SiN-based integrated photonic technologies with ultra-low 
propagation loss (<1 dB m−1).[42] In particular, the operation wave-
length at the visible or near-IR (<1.1  µm) range naturally takes 
the advantage of ubiquitous and low-cost light sources such as 
light-emitting diodes (LEDs) or laser diodes, and readout compo-
nents such as silicon/germanium-based photodetectors (PDs) or 
CCD/CMOS cameras.[47] In addition, SiN-based photonic devices 
reveal a less susceptibility to temperature variation due to its 
relatively small thermo-optic coefficient compared to silicon,[48] 
which is advantageous for suppressing the environmental noises 
and improving the stability in sensing tests.

2.2. Optofluidic Integrations for Silicon-Based Biosensors

As a nascent field integrating micro/nanofluidics and optical/
photonic technologies, optofluidics opens up remarkable pos-
sibilities for fundamental science and applications.[49,50] For 

biomedical-related studies, it offers a key route to break new 
ground on multi-functional “lab-on-a-chip” systems with a 
small footprint, streamlined protocol, low required sample 
volume, and ideally high throughput.[51–55]

Various straightforward and convenient methods have 
been developed for integrating silicon-based materials with 
microfluidic components.[56] Polydimethylsiloxane (PDMS) as 
a low-cost, easy-to-use, optically transparent and biocompat-
ible material is popular in the field of micro/nanofluidics with 
the capability of building complex 3D microfluidic circuits.[57] 
PDMS can be molded using, for example, SU8-masters,[58] 
methacrylate-mechanized molds,[59] 3D printed molds[60] (i.e., 
wax printing channels[61]), among others. It is easy to replicate, 
by mixing the elastomer and catalyzer, typically in a propor-
tion 10:1, poured it on the respective mold and let it solidify 
upon an applied temperature (≈60 °C) for a couple of hours. 
The mechanical and optical properties of PDMS can be tuned 
by changing the proportion between elastomer and catalyzer, 
the curing conditions, or by incorporating nanomaterials[62] 
or other functional powders within the elastomer, prior 
molding.[63] The PDMS-based microfluidic layer can be per-
manently bound to silica after oxygen plasma treatment due 
to hydrogen bonding. A thin layer of ethanol solution between 
the two surfaces prior to bonding might facilitate the precise 
alignment between PDMS and the silicon chip under optical 
microscopy.[64] This integration serves as the most common 
way to introduce fluidic channels to silicon-based optical bio-
sensors for sample delivery and bioconjugation tasks.[65,66] 
However, there are some drawbacks of optofluidic integrated 
biosensing using PDMS-based channels, including non-spe-
cific adsorption of hydrophobic molecules,[67] deformation in 
nonpolar organic solvents (e.g., toluene),[68] and difficulty for 
unmounting the PDMS layer from the chip due to the irrevers-
ible bonding. There are alternatives to reduce unspecific adhe-
sion to the PDMS surface. For example, small molecule pro-
teins such as ethanolamine or casein,[69] or polymers such as 
polyethylene glycol (PEG)[70] can be applied to cover the PDMS 
surface prior to detection.

Aside from PDMS, SU-8 as a widely used negative photore-
sist in microelectronic industries is also commonly employed 
for microfluidic channels. It is a biocompatible material with 
good transparency in a wide spectrum range. Owing to the 
standard lithography process, it offers a precision alignment 
between the on-chip devices and microfluidic channels.[71] 
SU-8 channels can be directly patterned onto the sensor sur-
face with high precision at different heights in a single step by 
using multi-wavelength lithography,[72] in particular when a fine 
interconnection is required between the fluidic inlet/outlet and 
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Table 1.  Optical properties of common materials involved in the silicon photonics technology.

Materials Silicon Silicon nitride (Stoichiometric Si3N4 as an example) Silicon dioxide

Bandgap 1.12 eV ≈5eV ≈9 eV

Transparency window 1.1 – 9 µm 0.25–8 µm 0.13–3.5 µm

Refractive index @ 600 nm 3.95 ≈2.04 ≈1.46

Refractive index @ 1550 nm 3.67 ≈2 ≈1.44

Fabrication process Crystal material/commercially available SOI wafer LPCVD/PECVD Thermal growth, PVD, CVD

PVD, physical vapor deposition; CVD, chemical vapor deposition; LPCVD, low-pressure chemical vapor deposition; PECVD, plasma-enhanced chemical vapor deposition.
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the sensor device. As a drawback, SU-8 has to be processed in 
a cleanroom and several processing steps must be conducted 
for achieving a multilayer platform that consumes more time 
in comparison with replicated PDMS platforms.[73] Some other 
UV curable polymers (e.g., NOA 61, NOA 81) have also been 
adopted for fabricating microfluidic channels.[74] NOA 63, an 
optical adhesive, could be used as a substitute to PDMS offering 
high reproducibility and native hydrophilicity.[75] In addition to 
polymers, silica-based fluidic channels exhibit good material 
properties concerning their structural stability, chemical inert-
ness, and a low adsorption rate for ambient molecules.[76,77] 
Moreover, they can be fabricated rapidly with low cost in a 
wafer-scale by standard lithography and etching process.

2.3. Surface Functionalization Strategies

In contrast to fluorescence-based detection as indirect meas-
urements using labeled secondary antibodies, label-free optical 
biosensing essentially derives the native properties of analytes, 
such as molecular weight, light absorption capability, conforma-
tion, among others. For example, for an on-chip optical ridge 
waveguide, the principle of detection is based on the perturba-
tion of the evanescent field induced by the measured sample. 
As shown in the numerically simulated transverse magnetic 
(TM) waveguide mode profile in Figure 2a, the light field is con-
fined inside the waveguide core by total internal reflection (TIR) 
due to the sufficiently large refractive index contrast between 
the core and surrounding media (i.e., cladding layers and fluid). 
Notably, the evanescent field penetrates into the surrounding 
media. The transducer surface is functionalized in order to 
specifically immobilize the analyte of interests. Any perturba-
tion on the evanescent field due to analyte binding leads to a 
slightly modified effective refractive index (neff), and hence can 
be detected by the output light intensity signals or the transmis-
sion spectrum profiles. Therefore, optical label-free biosensing 
is highly suitable for investigating real-time binding kinetics 
and accurately quantifying the concentration of an analyte.

Surface functionalization is a wide field of research which 
makes use of the surface properties of different materials (e.g., 
metals, oxides, polymers) to allow the immobilization of certain 

biomolecules, in particular, bioreceptors, and hence the recog-
nition of the analyte of interest. The reliability and method of 
biomolecule immobilization is an indispensable step to iden-
tify the analyte specifically and selectively, affecting directly the 
sensitivity, stability, and reproducibility of the sensing device. 
Surface functionalization and bioconjugation strategies for 
silicon-based materials and various kinds of biomolecules (e.g., 
antibodies, peptides, enzymes, nucleic acid sequences, cell 
receptors) have been widely investigated.[78,79]

The simplest approach adopted in the early studies is the 
physical adsorption of bioreceptors via hydrophobic and elec-
trostatic interactions. However, it has several fatal drawbacks. 
First, the non-specific binding results in random orienta-
tion of bioreceptors and hence a lack of reproducibility for 
sensing tests. Second, there is a high risk of undesired folding 
or desorption of bioreceptors under flow, which increases the 
uncertainty of sensing results. In contrast to non-oriented and 
non-uniform binding via physisorption, biochemical function-
alization strategies lead to extremely dense and oriented layers 
of bioreceptors immobilized on the sensor surface, which 
maximizes the possible binding events and minimizes non-
functionalized sites for non-specific binding events. Very well 
established protocols exist to immobilize biorecognition ele-
ments onto different surfaces, in particular on oxides such as 
SiO2, Al2O3, TiO2, or metals. Such methods are based either 
on covalent binding (e.g., amide coupling, silanization, copo-
lymerization), or on non-covalent binding (e.g., π interactions, 
complexation/chelation, and electrostatic interactions). After 
immobilizing the bioreceptor, the analyte (e.g., protein, comple-
mentary DNA, aptamer, cell) can be recognized and bound to it 
through different mechanisms.

Figure  2b–d summarizes three main types of biochemical 
recognition events between the bioreceptor and the analyte, 
including i) antibody-antigen biorecognition inspired in immu-
noreactions; ii) hybridization between nucleic acid single strands 
and the immobilized nucleic acid probe; iii) non-covalent 
binding between the immobilized active affinity tag and the sys-
tems with a known high affinity (e.g., biotin-avidin/streptavidin 
systems, His-Tag system, Protein A/G for antibodies).

Chemical activation is required for silicon-based materials 
as the first step, which involves surface oxidation to expose 
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Figure 2.  a) A cross-sectional view of the simulated mode field amplitude profile for a SiN optical waveguide at 1550 nm wavelength by COMSOL 
wave optics module. b–d) Schematic showing three common surface functionalization and binding strategies for silicon-based materials. b) Specific 
binding between antigens and immobilized antibodies. c) Hybridization between nucleic acids. d) Affinity binding between biotin (as one example of 
immobilized affinity tags), streptavidin, and the biotinylated antibody.
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the silanol groups for cross-linking with the organosilanes.[80] 
For SiN, an etching of the native oxide layer followed by 
thermal oxidation is favored. To increase the density of reac-
tive hydroxyl (-OH) groups, oxygen plasma or chemical treat-
ment (e.g., using piranha solution) are usually adopted. The 
activated surface is ready for salinization with the exposed 
reactive groups susceptible to reaction with specific biorecep-
tors. Researchers have developed hundreds of organosilanes 
with different functional groups, such as amino (-NH2), car-
boxylic (-COOH), and thiol (-SH) for protein/enzyme/nucleic 
acid binding. As a widely adopted method, (3-Aminopropyl)
triethoxysilane interacting with the surface hydroxyl groups 
leads to highly stable, oriented self-assembled monolayers 
covalently bonded on the surface (see Figure 2b). For immobi-
lization of nucleic acid probes in Figure 2c, the incorporation 
of reactive groups at the end of the nucleic acid sequence is 
required during the synthesis.[81,82]

Regarding non-covalent affinity binding strategies, one 
well-established method is based on the biotin-avidin/strepta-
vidin system via a sandwich-like assay (biotin immobilized on 
the sensor surface/(strep)avidin/biotinylated biomolecule, see 
Figure 2d).[83] The (strep)avidin-biotin complex is the strongest 
known non-covalent  interaction between a protein and ligand. 
As a consequence, it is also widely adopted for proof-of-concept 
demonstrations in optical biosensors.[84,85] Recently, monolayer 
graphene was utilized by integration on top of silicon micro-
rings for efficiently detection molecule adsorption (e.g., 
dopamine) by π stacking.[86]

Medical diagnostics requires the identification and quan-
tification of specific disease biomarkers in real biofluids.[87] 
Table  2 summarizes currently developed silicon-based 

surface-functionalized optical biosensors with demonstrated 
label-free detection of corresponding biomarkers for disease 
diagnostics. Notably, complex human biofluid samples (e.g., 
blood, urine, serum, saliva, sputum, tears, and sweat) con-
tain a large number of other molecules. The potential non-
specific binding may lead to a complicated background or 
false signals.[88] Therefore, blocking the “free” sites without 
bioreceptors with inert molecules should be implemented 
for suppressing the occurrence of non-specific binding and 
hence ensuring sensing with high specificity. Blocking com-
pounds in conventional biosensing tests includes bovine 
serum albumin,[89] fish gelatin,[90] and Tween 20.[91] However, 
this method may still face problems for sensing in plasma or 
serum samples. Functionalizable antifouling coatings have 
been continuously explored to minimize the non-specific 
binding and improve sensing accuracy.[88]

3. Silicon-Based Label-Free Optical Biosensors

In this section, we present an overview of the latest achieve-
ments on silicon-based label-free optical biosensors. Figure 3 
summarizes four representative photonic structures for 
evanescent field-based sensing, including Mach–Zehnder 
interferometer (MZI), bimodal waveguide (BiMW)-based 
interferometer, microring resonator, and PhC-based cavity. 
The detailed sensing principles have been clearly explained 
in previous review articles.[73,106–109] Here we focus on the 
latest breakthroughs in pushing the sensing performance, 
extending the functionalities, and simplifying the sensing 
protocols.

Adv. Mater. Technol. 2020, 5, 1901138

Table 2.  Summary of disease biomarkers existing in body fluids discriminated and quantified by state-of-the-art silicon-based label-free optical bio-
sensing techniques.

Application on diagnostics Biomarker Fluid Receptor/target Device 
configuration

Detection limit Ref.

Acute inflammation C-reactive protein (CRP) Serum and plasma Anti-CRP Microring ≈200 fm [92]

Acute inflammation CRP Serum Anti-CRP BB-MZI ≈2.1 ng mL−1 [93]

Acute inflammation CRP Buffer solution Anti-CRP BB-MZI ≈19 ng mL−1 [94]

Infections and inflammatory 
diseases

Cytokines interleukin (IL) 2,4,5 Serum-containing cell media Anti-IL 2,4,5 Microring 6–100 pm [95]

Meningitis Bacterial transfer-messenger RNA 
(tmRNA)

Buffer solution Complementary ssDNA Microring 53 fm [96]

Tuberculosis Lipoarabinomannan (LAM) Urine Anti-LAM BB-MZI ≈27 pm [97]

Tuberculosis Single-stranded DNA (IS6110) Sputum Single-stranded DNA 
(IS6110 and IS1081)

Microring 5 fg uL−1 [98]

Breast cancer Human epidermal growth factor 
receptor 2 (HER2)

Buffer solution Anti-HER2 Microring 2.5 µg mL−1 [99]

Lung cancer ZEB1 gene in the lysates Whole cell lysate Anti-ZEB1 PhC 1 cell mL−1 [100]

Prostate cancer Prostate specific antigen (PSA) Buffer solution Anti-PSA Microring 0.4 nm [101]

Bowel cancer Carcinoembryonic antigen (CEA) Serum Anti-CEA Microring 10 pm [102]

Pancreatic cancer Hepatic growth factor, chemokine 
ligand 4, fas ligand

Serum Antibodies (not specified) PhC 3 fm [103]

Bladder cancer 2 miRNA Urine Complementary DNA Slot MZI ≈1 nm [104]

HIV Human immunoglobulin (Hu-IgG) Goat serum Anti-Hu-lgG Microring 1 ng [105]
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3.1. On-Chip Interferometer-Based Optical Biosensors

Optical waveguide-based interferometers as on-chip sensors 
have been extensively investigated since the early 1990s.[110,111] 
Combining the evanescent field-based sensing principle and 
on-chip interferometry, the sensors reveal a broad dynamic 
range and simple readout scheme. The typical interferom-
eter configuration includes Young,[112] Mach–Zehnder,[17,113] 
Hatman,[114] BiMW-based interferometers,[115] and directional 
couplers.[116] In particular, MZI and BiMW-based biosensors 
have been widely exploited in recent years toward medical diag-
nostic applications.

For MZI-based biosensors in Figure  3a, the two split parts 
serve as the “sensing” arm and “reference” arm, respectively. The 
interaction between analyte and evanescent field of the sensing 
arm results in a phase shift, and consequently changes the inter-
ference signals at the output where two arms get combined. A 
typical MZI-based sensing system only requires a fixed-wave-
length laser source and a PD/camera for data readout, which 
is highly favorable for cost-effective POC diagnostics. In 2015, 
Si3N4 MZI-biosensor arrays were employed for multiplexed 
detection of microRNAs as potential biomarkers in clinical urine 
samples of bladder cancer patients.[104] Figure  4a displays the 
key components in such a MZI-based multiplexed biosensing 
system, including grating couplers for input-coupling of a laser 
beam at telecom wavelength (inset (i)), strip-slot waveguide 
mode converters (inset (ii)), sensing arms with a slot-waveguide 
design to elevate the sensitivity (inset (iii)), and an IR camera 
for data readout (inset (iv)). The hybridization between the DNA 
probe and microRNA target can be real-time monitored by the 
intensity signal changes (inset (v)). Hence the extracted phase 
change can be correlated with the analyte concentrations over 
a wide dynamic range. Compared to conventional “asymmetric” 
MZI-based biosensors with the reference arm under solid clad-
ding, the emerging “symmetric” ones have both arms under 
liquid environment.[117] In 2016, the symmetric MZI-based bio-
sensors were reported using inkjet technique-enabled localized 

functionalization of the sensing arm.[117] The experimental 
results indicate a nice self-referencing property of the sym-
metric MZI design to environmental noises such as the liquid 
refractive index change.

However, the conventional MZI operating at a fixed probe 
wavelength has its inherent shortcomings. The sensitivity is 
not constant and fades when the signal is around the extreme 
values of the transmission curve. Besides, the sign of phase 
change may also cause ambiguities due to the periodicity of 
transmission profiles. In 2014, Misiakos et  al. pioneered the 
broadband (BB)-MZI-based sensing technology using on-chip 
waveguide-coupled silicon avalanche LED as the broadband 
light source.[93,118] As shown in Figure  4b, the output light of 
such a monolithic integrated sensor chip is coupled through 
a fiber to an off-chip spectrometer. The sinusoidal output 
spectrum with a spectral shift can be analyzed using discrete 
Fourier transform (DFT) so that the phase can be discerned 
by the argument of the complex DFT value at the main peak. 
The system has been exploited for detecting C-reactive protein 
(CRP) which is a common biomarker in human serum sam-
ples as an early indicator of ammation and infection. Figure 4b 
shows the summarized sensor response as the averaged results 
of ten multiplexed BB-MZI biosensors on a single chip for 
detecting different CRP concentrations.

Significant breakthroughs on BiMW interferometer-based 
biosensors have been accomplished by Prof. Laura M. Lechuga’s 
research group in recent years. In Figure 4b, a single BiMW con-
sists of two distinct zones, namely the “single-mode” zone and 
the “sensing” zone which supports both fundamental and first-
order waveguide mode. The fundamental mode reveals a much 
weaker evanescent field for biointeraction compared to that of 
the first-order mode.[82] As two modes reveal different neff and 
phase velocity, the interference pattern at the output port changes 
when the bound analyte interacts with two modes. Capture and 
analysis of bacteria (Bacillus cereus and Escherichia coli) in ascitic 
fluids were first reported using BiMW biosensors in 2016 (see 
Figure 4c).[119] Figure 4d displays the sensor chip equipped with 
sixteen multiplexed BiMWs. Real-time signal monitoring of bac-
teria bound to immobilized antibodies and sensor regeneration 
is shown in Figure 4e. Very recent progress on BiMW biosensors 
reported identifying and quantifying nosocomial bacteria using 
specific receptors, which involves a silane-PEG-COOH coating 
as the bacteria-repelling strategy to avoid extra blocking and 
reach fast (≈12 min) and accurate detection.[121]

Moreover, Si3N4 BiMW biosensors have been applied for 
quantification of microRNA (miR-181a) with aM concentra-
tions in 2016[115] and human Growth Hormone (hGH) with a 
LOD down to 10  ng mL−1 in 2017,[122] respectively. Both tests 
were conducted in human urine samples without purification. 
Real-time specific detection of alternative spliced pre-mRNA 
as an early-stage indicator of cancers was demonstrated using 
DNA probe-functionalized sensors.[120] The calibration curve 
in Figure  4f reveals a clear detection of the specific isoform  
(Fas 57) and discrimination of the non-complementary isoforms 
(here Fas 567). The demonstrated sub-pM LOD is three orders 
of magnitude lower than those achieved by conventional SPR 
biosensors. However, BiMW biosensors usually have a relatively 
large footprint, which requires a relatively high sample volume 
and may limit the possibility of future integrations.

Adv. Mater. Technol. 2020, 5, 1901138

Figure 3.  Schematics showing four typical on-chip biosensing struc-
tures. a) Mach–Zehnder interferometer, b) BiMW-based interferometer, 
c) microring resonator, and d) PhC-based resonator.
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3.2. Microring Resonator-Based Optical Biosensors

For circular-shaped dielectric microstructures, the lightwave 
guided by TIR with multiple round-trips circulating at the cavity 
boundaries leads to optical resonances, namely whispering-
gallery modes (WGMs).[123] In 2002, Vollmer and Arnold first 
explored WGM microcavity-based biosensing by measuring the 
spectral shift of WGMs in silica microspheres.[124] For on-chip 
planar WGM microcavities, such as microrings[84] or micro-
disks,[125,126] sharp resonances with high quality (Q) factors 
(defined as the ratio between the resonant wavelength and full 
width at half-maximum linewidth) of typically ≈103–104 can be 
obtained within a small device footprint, which potentially gives 
rise to better discrimination of smaller spectral shift and hence 
an improved LOD compared to those of waveguide-based inter-
ferometers.[127–129] As shown in Figure 3c, the incident light can 

be coupled into the microring resonator through a bus wave-
guide via evanescent coupling. In 2007, De Vos et al. pioneered 
integrated microring-based biosensors on SOI platform with 
proof-of-concept demonstrations of detecting biotin-avidin 
interaction.[84] Later multiplexed sensor arrays of SOI microring 
resonators have been developed for simultaneous detection of 
five protein biomarkers[130] and later two DNA oligonucleotide 
probes[131] in complex media. Protein detection with eight logs 
of concentration down to the sub-pM level has been experimen-
tally demonstrated.[131] Furthermore, site-selective surface func-
tionalization of multiple microrings by a non-contact “inkjet” 
method has been developed for multiplexed detection since 
2011.[117,132]

In addition to silicon on-chip microring-based biosensors, 
significant achievements have also been accomplished on SiN-
on-silica platform. Ghasemi et  al. reported five cascaded SiN 
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Figure 4.  a) Schematic diagram of a silicon MZI biosensing system for microRNA detection. Insets: i) Scanning electron microscopy (SEM) image 
of the grating coupler, ii) SEM image of the mode converter, iii) Transmission electron microscopy (TEM) image of the slot waveguide region in a 
cross-sectional view, iv) Picture of the whole experimental setup, v) Measured curve of output intensity showing a ≈4π phase shift. Reproduced with 
permission.[104] Copyright 2015, Elsevier. b) Schematic showing the cross-sectional view of a BB-MZI sensor integrated with on-chip LED light sources 
and a microfluidic channel. c) Measured phase change curve as a function of CRP concentration. Red dashed lines indicate the LOD. Reproduced with 
permission.[93] Copyright 2017, Elsevier. d) Photo of a sensor chip with 16 integrated BiMW biosensors. e) Real-time monitoring of bacteria binding 
and sensor regeneration process. Reproduced with permission.[119] Copyright 2016, Elsevier. f) BiMW calibration curves of two Fas gene alternative 
splicing isoforms upon Fas57 probe. The solid line is a nonlinear fit and the dashed line is the noise level (three standard deviations). Reproduced with 
permission.[120] Copyright 2017, Springer Nature.
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microring-based biosensors with site-selective functionalization 
for multiplexed lection detection using a  molecular printing 
system in 2016 (see Figure 5a,b).[133] Microrings functionalized 
with specific glycan for lectin binding suggests minimum non-
specific binding to other lectins. Figure 5c shows the real-time 
binding curve of biotinylated Aleuria aurantia lectin (AAL) with 
a clear spectral redshift for two glycan-coated microrings and 
only a weak response of the reference ring with a PEG coating. 
For nucleic acid detection, an asymmetric isothermal amplifi-
cation technique modified based on recombinase polymerase 
amplification (RPA) was applied to a cascaded microring sensor 
array in 2017.[98] Multiplexed detection of single-stranded DNAs 
as tuberculosis biomarkers (insertion sequence IS6110 and 
IS1081) in clinical sputum specimens was performed with a sig-
nificant spectral shift signal amplification by binding between 
RPA proteins and the probe or the probe/target complex.

Apart from all-optical microring sensors, the concept of 
merging silicon-based optical and electrochemical sensors 
for multi-functional detection was first realized by Juan-Colas 
et  al. in 2016. Optimal n-doped silicon microrings serve as 
label-free optical sensors with real-time in situ monitoring of 
electrochemical processes (see Figure  5d).[134,135] By limiting 
the dopants at a thin layer around the waveguide core, high-Q 
resonances can be well retained. Figure 5e illustrates the elec-
trochemical modification of the electrode surface. In situ diazo-
tization and electrografting of 4-ethynylbenzene diazonium 

were revealed with a clear reduction of the current peak in the 
first cycle (see Figure 5f). Afterward, a negligible response after 
the first cycle suggests the complete assembly of a molecular 
layer. In terms of optical sensing, the spectral shift in Figure 5g 
confirms the formation of a densely packed molecular layer. 
Later in 2017, a cascaded electrophotonic microring structure 
was developed for separate quantifications of refractive index 
and thickness of molecular layers such as proteins and DNA 
oligonucleotides.[136]

3.3. On-Chip Photonic Crystal Cavity-Based Optical Biosensors

Usually, an on-chip PhC structure consists of periodically 
repeating cylindrical air pores in a waveguiding slab layer (see 
Figure  3d).[137,138] The periodicity of the refractive index pro-
file results in a photonic bandgap (PBG) around the operation 
wavelength. By introducing a local defect (e.g., missing holes), 
an optical resonance can be formed as a sharp peak within the 
bandgap. The resonance with strong optical confinement and 
minimized mode volume exposed to the environmental media 
is highly advantageous for detecting tiny perturbation caused 
by analyte binding.[139,140]

In 2007, Fauchet et al. pioneered the research on silicon 2D 
PhC cavity-based optical biosensors consisting of a hexagonal 
array of cylindrical air pores and a central pore with a smaller 
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Figure 5.  a) Optical microscope image of five cascaded SiN microrings and SEM image of one microring. b) Picture of the assembled sensor chip and 
schematic showing different layers of the optofluidic integrated sensor chip. c) Binding dynamics of AAL to 3-fucosyl lactose (3FL) for two sensing rings 
(green and blue curves) and one reference ring coated with PEG (black curve). Sensing tests were implemented with the first and last ring functional-
ized with specific glycans (3FL) and the middle ring with a PEG coating as a reference. Insets: Fluorescence image showing the functionalization of 
3FL (upper left) and bright-field image (lower right). Reproduced with permission.[133] Copyright 2016, Elsevier. d) Schematic of a single electrophotonic 
microring sensor. e) Schematic showing the electrografting process of 4-ethynylbenzene molecules to the silicon photonic electrode. f) Electrochemical 
response during diazotization and electrografting. g) Measured spectral shift induced by the change of refractive index at the cladding layer. Reproduced 
with permission.[134] Copyright 2016, Springer Nature.
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size as the local defect for proof-of-concept demonstration 
of detecting molecule monolayer binding.[141] In 2013, a line 
defect-based PhC waveguide-couped cavity was employed by 
Chakravarty et al. for multiplexed detection of cancer-associated 
proteins from complex mixtures (ZEB1 in lysates from NCI-
H358 lung cancer cells) (see Figure 6a).[100] In 2017, the same 
research group further demonstrated multiplexed PhC-based 
biosensors with four different defect designs coupled through 
a 1 × 4 multimode interferometer as an optical splitter, which 
enables a wide detection range (>5 orders of magnitude for 
concentrations).[142] Besides, nanoslotted parallel quadrabeam 
PhC cavities regarded as a precisely tailored 1D PhC design 
feature simultaneously a high Q factor and large spectral sen-
sitivity, which have been employed for ultra-sensitive detection 
(see Figure 6b).[143] Numerical simulation results reveal a strong 
field localization at slotted regions for enhanced interaction 
with analytes (see Figure 6c). Measurement results in Figure 6d 
suggest a LOD <10 ag mL−1 for streptavidin detection.

In consequence of the much smaller mode volume com-
pared to those of other optical waveguide-based biosensors, 
PhC-based biosensor is a perfect candidate for detecting dis-
crete nano-sized objects.[144] In 2017, Baker et  al. first applied 
waveguide-coupled 2D SOI PhC sensors for sensitive detection 
of virus-sized particles under fluidic flow (see Figure  6e).[145] 
Fluorescence microscopy images in Figure 6f reveal two cases 
with and without targets at the sensing site, respectively. The 
real-time detection curve of virus-simulant particles (latex 

particles attached to anti-human IgG molecules) under fluidic 
flow in Figure  6g indicates two discrete jumps as the sign of 
particle capture. Furthermore, detecting single 20nm-radius 
polystyrene nanoparticles in aqueous environments was also 
reported using a slotted PhC as an optimized design.[146]

4. Emerging Sensor Designs and Biosensing 
Strategies
4.1. Strategies for Improving Sensitivity

Substantial research efforts have been devoted to optimiza-
tions of sensor designs for elevating the sensitivity.[147] Various 
simple, generic yet efficient design rationales have widely dem-
onstrated on different on-chip optical biosensors, including: i) 
adopting TM-polarized optical modes with strong evanescent 
fields near the top surface[113,148]; ii) introducing slotted segment 
at the sensing region[149–154]; iii) designing an ultra-thin (sub-
100  nm) waveguide dimension[155]; iv) developing suspended 
sensing structures to maximize the interaction between eva-
nescent field and analytes[156]; and v) adopting porous silicon as 
the waveguiding material to boost the active sensing area.[157,158] 
In this section, we highlight other emerging novel concepts for 
improving sensitivity in recent years.

Vernier principle which was usually adopted in coupled 
WGM microcavities for generating single-mode lasing,[159,160] 
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Figure 6.  a) SEM image of a fabricated L13 PC microcavity coupled to a W1 PC waveguide. The lattice constant a is 400 nm. Reproduced with permis-
sion.[100] Copyright 2013, Elsevier. b) SEM image of a fabricated nanoslotted parallel quadrabeam PhC cavity. Insets: Zoomed-in views at the PhC region 
and tapered coupler region. c) Simulated electric field distribution of optical resonances using the finite-difference time-domain method. d) Real-time 
measurement of streptavidin-biotin binding upon various concentrations. Inset: Summarized resonance shift as a function of streptavidin concentra-
tion with a fit using Langmuir equation. Reproduced with permission.[143] Copyright 2014, American Institute of Physics. e) SEM image of a 2D PhC 
cavity-based biosensor with a 585 nm-diameter-large defect hole in the middle region as the sensing site. f) Fluorescence microscopy images showing 
the 2D PhC with and without the presence of nanoparticle (290 nm-diameter fluorescent latex spheres) at the sensing site. g) Measured resonant 
wavelength as a function of time for monitoring the interaction between the sensor and virus-simulants. Reproduced with permission.[145] Copyright 
2017, Royal Society of Chemistry.
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has also been proved as an efficient sensing scheme using cas-
caded microrings.[161] The two microrings exhibit slightly dif-
ferent sizes and hence mismatched free spectral ranges, which 
leads to a periodic envelope function with a peak corresponding 
to the maximum overlap of individual resonances. A tiny per-
turbation of one microring is revealed as a giant shift of the 
main peak in the envelope. Such a data interrogation suggests 
a tremendous enhancement of sensitivity up to two orders of 
magnitude.[162–164] However, this method requires wavelength 
scanning over a very broad range, which largely limits the 
detection speed.

Another appealing concept is to incorporate conventional 
solid-core optical waveguides with periodic hole-based PhC 
structures for biosensing. In 2016, Qin et  al. proposed and 
demonstrated silicon slow-light MZI-based biosensors with 
the sensing arm integrated with 1D PhCs (see Figure  7a–d) 
for nucleic acid detection.[165] The decreased group velocity 
leads to enhanced temporal interaction with analyte. Further-
more, the air hole design in Figure  7d results in improved 
mode spatial overlapping with bound molecules. The charac-
terized phase sensitivity of the slow-light MZI in bulk refrac-
tive index sensing tests is five-fold higher than conventional 
ones. Recently, Uchiyamada et al. reported a bimodal interfer-
ometer-based biosensor incorporating a 2D array of holes (see 
Figure 7e,f) termed “perforated bimodal sensors.”[166] Here the 
2D sub-wavelength hole array does not show any PBG effect. 

The hole sizes are limited to <180  nm to avoid scattering 
losses. Nevertheless, the strong mode exposure into the sur-
rounding media leads to ≈22-fold enhancement of surface sen-
sitivity compared to a non-perforated bimodal sensor with an 
equivalent length.

PhC-integrated microring resonators with periodic-patterned 
holes were first demonstrated in 2012 as slow-light struc-
tures for wavelength-division multiplexing applications.[167] 
In 2017, Lo et  al. applied them for label-free biosensing (see 
Figure 7g).[168] The PBG is engineered around the telecommu-
nication band close to the operation wavelength so that a large 
group index can be obtained. More than twofold enhancement 
of bulk sensitivity and spectral shift signals in protein detection 
were obtained compared to those of conventional solid-core 
microrings.

Sub-wavelength grating metamaterials emerge as a powerful 
tool for on-chip light field manipulation,[169] which potentially 
brings new insights for biosensing.[170–173] Typically, the working 
mechanism of the 1D sub-wavelength grating (SWG) struc-
ture is similar to Bragg gratings or 1D PhCs. However, SWG 
structures adopted for optical biosensing reveal a much smaller 
period than that in the Bragg condition to ensure a lossless 
waveguiding mode. Therefore the mode propagation profile 
is similar to the common solid-core waveguide. Nonetheless, 
a large portion of the optical mode extended to the low-index 
region facilitates the biointeraction. In 2015, Donzella et al. first 
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Figure 7.  a) Schematic of a slow-light MZI biosensor. b–d) SEM images of b) the fabricated sensor, c) zoomed-in view at the input splitter region, 
and d) zoomed-in view of the PhC region. Reproduced with permission.[165] Copyright 2016, The Optical Society. e) Schematic of a perforated bimodal 
interferometer. f) The sensing region in a cross-sectional view for non-perforated (left) and perforated (right) sensors. Reproduced with permission.[166] 
Copyright 2019, Wiley-VCH. g) SEM image of a fabricated PhC microring. Reproduced with permission.[168] Copyright 2017, The Optical Society. h) SEM 
image of an SWG microring resonator based on trapezoidal silicon pillars. i) Zoomed-in view of the coupling region. Reproduced with permission.[176] 
Copyright 2016, The Optical Society. j) Schematic showing pedestal SWG microrings in a perspective view, top view, and side view. Reproduced with 
permission.[177] Copyright 2019, Elsevier. k) SEM image of a fabricated multi-box microring consisting of five rows of SWG structures. Reproduced with 
permission.[178] Copyright 2018, The International Society for Optics and Photonics (SPIE).
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reported SWG microring with a characterized sensitivity to bulk  
refractive index change of ≈400  nm per refractive index unit 
(RIU) which is one order higher than that of common strip 
waveguide-based microring.[171] Then the SWG microring bio-
sensors were exploited for label-free bio-sandwich assay.[174,175] 
In 2016, trapezoidal silicon pillar-based SWG microring (see 
Figure  7h,i) has been reported with mitigated bending losses 
and ≈3-5 fold enhancement of Q factor,[176] which is envisaged 
to further improve the sensing performance. In 2019, Chang 
et al. reported silicon pedestal SWG microrings as ultra-sensi-
tive biosensors (see Figure 7j).[177] The pedestal structure formed 
by a controlled undercut etching maximizes the mode overlap-
ping with surrounding media. The streptavidin-based bioassay 
suggests a ≈4-fold enhancement of spectral shift signals com-
pared to that of the control SWG device.

In 2018, Luan et al. proposed and demonstrated a “multi-box” 
microring biosensor as a fusion of SWG and slot structures (see 
Figure  7k) with one of the characterized record highest sen-
sitivities to bulk refractive index change of ≈580  nm per RIU 
and surface sensitivity of ≈1900 pm nm−1 in a standard bio-
sandwich assay.[178,179] Very recently, the concept of “multi-box” 
waveguide has been further investigated with the incorporation 
of Bragg grating[180] and MZI-based[181] sensing structures.

4.2. Strategies for Simplifying the Biosensing Schemes

One key driving force behind the development of on-chip 
label-free optical biosensors is to minimize the demand for 
bulky and expensive instruments (e.g., high-precision wave-
length-tunable lasers or off-chip spectrometers). In 2011, Claes 
et  al. developed an on-chip wavelength interrogation scheme, 
which splits the transmission signals into multiple wavelength 
channels.[182] Adopting Vernier-cascade microrings as trans-
ducers and compact arrayed waveguide grating (AWG) for 
on-chip spectrum analysis, this scheme only requires a broad-
band light source and an IR camera for monitoring the output 
intensity signal in parallel. Later Song et al. reported a similar 
biosensing scheme working with a broadband light source,[183] 
as shown in Figure 8a. Here the optical resonance shift in the 
sensing ring is traced by electrical tuning of the reference ring. 
Therefore only a compact, cost-effective powermeter working in 
the IR wavelength is required. In 2018, Moock et  al. reported 
a similar electrical tracing-based sensing concept for serially 
cascaded ring resonator arrays in the fashion of time-division 
multiplex.[184] Relying on a low-cost fixed wavelength laser 
source at the telecommunication band, the read-out rate can 
be improved from sub-Hz in conventional tunable laser-based 
schemes (limited by the scanning speed) to 100  Hz.[184] How-
ever, only refractive index sensing for droplets was testified 
whereas label-free biodetection has not been reported.

Nevertheless, the SOI material platform and telecommuni-
cation wavelength for biosensing are not the best choices for 
cost-effective biosensors because the camera or light source in 
IR wavelengths are still relatively expensive and not ubiquitous. 
Compared to silicon, SiN featuring a transparency window in 
shorter wavelengths (<1.1 µm) is highly sought for a miniatur-
ized low-cost system utilizing widely available light sources 
such as LEDs, laser diodes and CMOS cameras. Recently, 

Martens et  al. developed a SiN MZI-based biosensing system 
working in the wavelength around 850 nm using a superlumi-
nescent diode,[94] which is compatible with the response range 
of CMOS cameras. As illustrated in Figure  8b, the signal is 
filtered by AWG into 30 channels so that the spectrum can be 
reconstructed from the discretized data by fitting. Hence the 
spectral shift of interferometer signal can be traced in real-time.

Since 2014, Wang et al. have been developing multi-element 
cascaded microrings, also termed “coupled-resonator optical-
waveguide (CROW)” as a biosensor using elastic light scat-
tering-based pattern recognition technique (see Figure 8c,d).[185] 
The calibrated sensing system only requires a fixed-wavelength 
laser diode and a CMOS camera.[186] In the latest demonstra-
tions of streptavidin detection using surface-functionalized 
CROWs, the varying light scattering patterns are recorded and 
analyzed through a correlation algorithm so that the relative 
spectral shift can be readily extracted.[85,187] In this scheme, an 
on-chip spectrometer such as an AWG is circumvented, which 
largely minimizes the sensor footprint and facilitates multi-
plexed detection on a single chip. As presented in Figure  8e, 
the miniaturized optofluidic integrated CROW biosensor chip 
can work with a smartphone camera through a PDMS soft 
lens as the optical interface, which paves the way toward POC 
applications.

5. Laboratory Prototypes toward POC Applications

In recent years, various developed laboratory prototypes further 
approach the envisaged goal of miniaturized and multi-func-
tional lab-on-a-chip optical bioanalytical systems.[188] Integrating 
a biosensor chip with advanced microfluidic processing units 
and optoelectronic components render the technology closer 
to commercialization. Table  3 summarizes the state-of-the-art 
laboratory prototypes with integrated microfluidic modules or 
optoelectronic components.

5.1. Laboratory Prototypes with Advanced Microfluidic 
Integration

In 2017, Szydzik et al. reported a multiplexed BiMW-based bio-
sensor chip integrated with pneumatic valve-based microfluidic 
modules offering a high degree of flexible, automatic and on-
chip sequential manipulation of multiple fluidic samples.[192] As 
illustrated in Figure 9a,b, utilizing a one-step injection molding 
technique, a thin PDMS slab-based microfluidic channel was 
integrated with the silicon sensor chip and also a thick PDMS 
interface slab. An automatic competitive immunoassay was 
performed with “cycles” of reference and competitive assays for 
detecting tetracycline antibiotics.

Apart from developing sophisticated microfluidic circuits on 
top of the sensor chip, it is highly desirable to utilize low-cost 
polymer microfluidic cartridges made by injection molding with 
mass production where the chip-scale label-free optical biosen-
sors serve as the inserted and replaceable element. Nowadays, 
cartridge-based  microfluidics emerges as a promising tech-
nology for in vitro diagnostics.[195] Typical microfluidic cartridge 
integrates storage, handing of fluidic samples or reagents as well 
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Table 3.  Summary of laboratory prototypes for chip-scale silicon-based optical biosensors.

Year Material platform Sensor configuration Fluidic control Multiplex capability Major demonstrations Ref.

2012 SOI chip integrated with 
electrowetting-on-dielectric 

substrate

Microring array Digital microfluidic Single droplet, 12 microrings 
at one site

Refractive index sensing [189]

2015 Si3N4-on-silica chip integrated 
with PDMS channels

BB-MZI with integrated LEDs Syringe pump Single channel with  
10 transducers

Protein binding reaction [190]

2016 SiN-on-silica chip integrated 
with PDMS microfluidic 

cartridge

Microring array Controlled by electrolysis cell 2 assays performed on a 
chip, sensing chamber with 

14 sensors

Automatically performed 
immunoassay

[191]

2017 SiN-on-silica chip integrated 
with PDMS microfluidic 

channels

BiMW array Pneumatic valve 2 channels Automation of cyclic competi-
tive immunoassays

[192]

2018 SiN-on-silica chip integrated 
with PDMS microfluidic 

cartridge

MZI and AWG filters Syringe pump with a flow 
monitoring system

Single channel with 6 pairs of 
sensors

Detect biomarker of tubercu-
losis in clinical samples

[94]

2018 SOI chip with fan-out wafer-
level-packaging process

Microring array and on-chip 
Ge PDs

Syringe pump 2 channels, each with  
8 sensing areas

Bioassay of detecting 
streptavidin

[193]

2019 Si3N4-on-silica chip integrated 
with PDMS channels

BB-MZI and AWG filters, with 
on-chip integrated LED and 

PD arrays

Controlled with a fluidic 
cartridge

Single channel with  
10 transducers

Real-time binding detection 
and the immunochemical

CRP detection

[194]

Figure 8.  a) Schematic showing the working principle of electrical tracing-assisted dual-microring based biosensors working without the wavelength 
scanning step. Reproduced with permission.[183] Copyright 2012, The Optical Society. b) Schematic showing a SiN MZI-based biosensor integrated 
with an on-chip AWG spectral filter. Reproduced with permission.[94] Copyright 2018, Royal Society of Chemistry. c) Schematic of multiplexed SiN 
CROW-based biosensors working with a fixed-wavelength laser diode and a CMOS camera. d) Optical microscope image of an 8-element SiN CROW. 
Reproduced with permission.[85] Copyright 2018, IEEE. e) Experimental setup for measurement with a smartphone and PDMS miniaturized soft lens. 
Inset: Picture of an integrated CROW-based optofluidic sensor chip.
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as waste chambers into a single, compact, and disposable unit, 
which largely facilitates automated sample delivery for sensing 
process and also minimizes the required sample volume.

In 2016, Geidel et al. reported a SiN microring-based biosensor 
chip integrated with a self-contained microfluidic cartridge.[191] 
The integrated active micropump operated through gas gener-
ated by electrolytic cells largely streamlines the sensing process 
with a minor requirement of external electronic infrastructure. 
Figure  9c shows the cartridge layout for running two immu-
noassays. As presented in Figure 9d, only the central region of 
the sensing chamber is exposed and interacted with the deliv-
ered fluidic flow (see Figure 9e). Light gets coupled in and out 
using fiber arrays and on-chip grating couplers on two sides. 
The automatically performed in situ immunoassay was dem-
onstrated with selective capture of GroEL proteins and surface-
coated nanoparticles for signal enhancement.

In 2018, Martens et  al. developed a low-cost SiN MZI-based 
biosensing chip integrated with a polymer microfluidic cartridge 
providing an automatic fluidic handling process, as shown 
in Figure  9f,g.[94] Figure  9h displays the sensor layout with six 
multiplexed BB-MZI biosensors with corresponding AWGs 
working in the wavelength of ≈900  nm. Only off-chip LEDs 
and a camera are required without the need to process critical 
optical alignments, which renders the system affordable for 

POC applications.[94] Immunoassays were carried out with label-
free detection of CRP with a calibrated LOD of 19.5  ng  mL−1. 
Recently, the system has also been successfully applied for tuber-
culosis diagnosis using clinical urine samples from patients.[97]

Digital microfluidics technology appears in recent years as a 
promising route for lab-on-a-chip systems via handling micro-
droplets instead of continuous flows in common microfluidic 
systems.[196,197] As the most common working principle, elec-
trowetting describes a change of interfacial tension due to the 
applied electric field between the liquid and dielectric surface and 
allows transport of microdroplets to the sensing area. The latest 
technology features a minimized sample volume and pump-free 
liquid delivery in which various potential issues (e.g., channel 
clogging, air bubble formation, sample cross-contamination) can 
be avoided. In 2012, silicon microring-based sensors were incor-
porated into a digital microfluidic system with high throughput 
and compact footprint.[189] In Figure  10a, typical digital micro-
fluidic chips contain an indium tin oxide (ITO)-covered glass 
top plate. Here, the sensor chip is applied as the top plate for 
integrating with the digital microfluidic system with embedded 
electrodes (see Figure  10b,c). Cascaded microring sensors are 
probed by a wavelength-tunable laser and the spectral signals are 
read out by an IR camera (see Figure 10d). Bulk refractive index 
sensing experiment was performed with free controlling the 

Adv. Mater. Technol. 2020, 5, 1901138

Figure 9.  a) Schematic of an automated microfluidic module integrated with a BiMW biosensor chip mounted on a thermal stage. b) Top-view 
schematic showing primary fluidic reservoirs and microfluidic channels aligned with optical biosensors. Reproduced with permission.[192] Copyright 
2017, Royal Society of Chemistry. c) Picture of a microfluidic cartridge on a PCB for activating the electrolysis cells. The reservoirs are filled with colored 
waters. d) Picture showing the flow cell on top of a sensor chip. Sensor chips (not shown here) can be inserted at the sensing chamber. e) The layout 
design of microring-based sensor array. Regions “b1” and “b3” denote grating couplers for coupling in and out of laser light. Reproduced with permis-
sion.[191] Copyright 2016, the MDPI. f) Picture of a microfluidic cartridge. g) Schematic cross-sectional view of the cartridge integrated with a sensor 
chip. h) Layout of photonic circuits with MZI (in the middle) and AWG arrays (upper shaded region). Reproduced with permission.[94] Copyright 2018, 
Royal Society of Chemistry.
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droplet of sodium chloride solutions. However, surface function-
alization of transducers for biosensing has not been reported. 
In 2017, Wondimu et  al. developed WGM optical microcavity-
based label-free biosensing incorporated in a digital microfluidic 
system with demonstrated streptavidin detection.[198] However, 
the cavities are not silicon-based but made of polymethyl meth-
acrylate (PMMA), which require bulky instruments (i.e., a high-
power pump laser and spectrometer) and optical focusing with 
free-space optical components for measurements.

5.2. Laboratory Prototypes with On-Chip Optoelectronic Devices

One major obstacle of commercializing silicon-based integrated 
optical biosensing techniques into low-cost, disposable POC 

systems is the demand for off-chip optoelectronic equipment 
such as external light source, spectrometer, PD/camera, and 
also necessary parts for light coupling (e.g., lenses or fiber 
array). Monolithic integration of both passive optical sensors 
and active optoelectronic devices on a single sensor chip is 
hence highly sought after.[199–201]

In 2018, Laplatine et  al. reported silicon microring-based 
biosensors integrated with on-chip germanium PDs using 
fan-out wafer-level-packaging.[193] Sixteen independent micro-
ring resonators and associated germanium PDs were fabri-
cated on a 1 mm2 die (see Figure  11a) and packaged onto a 
chip with electrical interconnects and SU8 microfluidic chan-
nels, as presented in Figure 11b. The sensor chip after pack-
aging is integrated with spring-loaded pins and also a PMMA/
PDMS-based fluidic gasket (see Figure  11c,d). For such a 
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Figure 10.  a) Picture of a digital microfluidic chip covered with a standard ITO top plate on top with droplets in between. b) Design layout showing 
the alignment between a digital microfluidic chip and SOI sensor chips. c) Schematic cross-sectional view of a digital microfluidic system incorporated 
with a SOI-based sensor chip. d) Schematic showing the design of PICs with 12 multiplexed microrings. Reproduced with permission.[189] Copyright 
2012, Springer Nature.
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prototype, the pins are connected with standard header pins 
via a printed circuit board (PCB). Both bulk refractive index 
sensing and label-free bioassay of streptavidin detection were 
performed.

Misiakos et  al. developed SiN BB-MZI array-based label-
free biosensors with monolithically integrated avalanche-
type LEDs as on-chip waveguide-coupled light sources.[190,202] 
The on-chip integrated avalanche diodes working in the 
reverse-biased mode emit with a wide band from visible to 
near-IR. However, an off-chip spectrometer is still required. 
Notably, in 2019, the same group further developed a “fully 
spectroscopic” chip-scale label-free biosensor with mono-
lithically integrated light sources and PDs.[194] As shown in 
Figure  11e,f, ten multiplexed BB-MZI transducers are cou-
pled with their own on-chip broadband light sources. After 
filtering with AWGs, the light beams are out-coupled to on-
chip integrated PD arrays for analyzing the output spectra. 
Moreover, such a portable reader compromising a docking 
station for accommodating the “opto-electro-fluidic” bio-
sensor chip, a micropump, driver and read-out circuits for 
LEDs and PDs, microcontrollers and communication elec-
tronics was also established (see Figure 11g). Real-time moni-
toring of the binding reaction for mouse IgG was presented 
with the lowest distinguishable concentration of 60 pm. 
Direct determination and detection of CRP in human serum 

were also performed with the lowest detectable concentration 
of 20 ng mL−1.

6. Current Commercial Chip-Scale Evanescent 
Field-Based Biosensors
In the past two decades, the continuous advances of integrated 
photonics and label-free optical biosensing technologies give 
rise to successful technology transfer from research laborato-
ries to businesses. Various optical biosensing systems based 
on dielectric on-chip photonic devices become commercially 
available. Table 4 summarizes the relevant optical label-free bio-
sensing systems currently on the market. Most of them feature 
on-chip optical waveguides or grating structures as sensors 
integrated with microplates or microfluidic channels on a glass 
substrate. However, bulky components are still unavoidable, 
such as external light source, fluidic pump, data storage, and 
processing units, etc.

In 2005, “EPIC” was announced by Corning as the first 
benchtop optical system for label-free biochemical sensing 
and cell-based assays.  The plate-based sensor chip consists of 
waveguide resonant gratings.[203] A broadband light source is 
employed for probing the resonances and the reflected light is 
measured by a spectrometer (replaced by a camera in the latest 
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Figure 11.  a) Optical microscope image of a fabricated sensor die with 16 microring arrays and 16 PD arrays for multiplexed detection. b) Picture of the 
integrated sensor chip. c) Schematic of the fabricated optofluidic chip with PDMS channel cover and spring-loaded pins. d) Picture of the prototype 
showing the connection with PCBs on a base controlled with a thermoelectric cooling module. Reproduced with permission.[193] Copyright 2018,  
Elsevier. e) Picture of the sensor chip with integrated MZIs, AWGs, LEDs, and PDs. For LEDs and PDs, only contact pads can be discernible here. 
f) Layout of the optoelectronic biosensor chip. The numbers denote: 1) LED contact pads; 2) LED junctions; 3) on-chip mode converters; 4) BB-MZI 
sensing region; 5) on-chip mode converters; 6) on-chip AWG-based spectral analyzers; 7) PD array; 8) PD bus lines; 9) PD pads. g) Picture of the 
portable reader with dimensions of 20 × 16 × 7 cm3. Reproduced with permission.[194] Copyright 2019, American Chemical Society.
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models). Likewise, the “ResoSens” system developed by Reso-
nant Sensors makes use of a similar grating structure based on 
TiO2 substrate for label-free bioassays. Afterward, a biosensing 
system featuring “optical waveguide lightmode spectroscopy 
(OWLS)” technique was developed by Microvacuum. The sensor 
structure combines a grating coupler and optical waveguide.[204] 
A linearly polarized red laser light is coupled into the grating 
coupler with an optimized incidence angle and then guided by 
TIR to the output port where it is detected by a PD. The whole 
system is integrated on a precision goniometer so that any per-
turbation on the sensor surface can be extracted by monitoring 
the variation of incidence angle.

In 2014, “Creoptix WAVE” was launched as a new label-
free test bench with 4-channel real-time measurements. The 
grating-coupled interferometry (GCI) technique involves optical 
waveguides with two input coupling and one output coupling 
gratings, suggesting clear advantages compared to the tradi-
tional grating coupler-based biosensors.[205,206] Owing to the 
waveguide-based interferometry, the analyte information is 
extracted through a time-dependent and robust phase shift 
signal. Thus the noise from temperature shifts or mechanical 
distortions can be largely mitigated compared to the traditional 
scheme of detecting interference signals at the far-field. While 
the product is based on the Ta2O5-on-glass material platform, 
researchers have also demonstrated the GCI technique on the 
silicon platform in research laboratories.[207]

Genalyte has been developing the “Maverick” detection 
system based on the latest silicon photonics technology over 
the past decade. The disposable and consumable sensing 
chip contains two fluidic channels and each channel covers 16 
waveguide-coupled microring-based sensing units.[208] Single 
test against 16 analytes can be performed with a low sample 
consumption down to 5–10 µL in only 10 min. In particular, 
the system performs biomolecule assays in multiple com-
plex matrices such as serum, plasma, whole blood, and crude 
extracts, which largely simplifies the sample preparation step. 
Besides, quantitative mass concentration detection has been 
reported for industrial polymer using the Maverick system.[209] 
The extracted “polydispersity index” is in a good agreement 
with standard methods (e.g., differential refractive index detec-
tors and UV chromatogram). Very recently, the system has 
been employed on clinically diagnosed patients for 12 assays of 

simultaneously detecting autoantibodies in whole blood within 
less than 15 min, suggesting clear advantages over standard 
clinical tests.[210]

7. The Roadmap for Future Silicon-Based  
Optical Biosensors
Figure  12 presents an overview of technology developments 
on on-chip integrated dielectric photonic devices for label-free 
biosensing. Basic building blocks in silicon photonics, such 
as slab waveguides, straight ridge waveguides, multimode 
waveguides, and resonant gratings were exploited for optical 
biosensing at early stages. Then functional photonic devices 
originally for on-chip optical signal processing in communica-
tions and interconnects such as microrings and interferometers 
were also employed for biosensing. Many of these techniques 
have been successfully commercialized as bioanalytical sys-
tems on the market while others are under tests with clinical 
samples of patients for in vitro medical diagnostics. In the 
past decade, advanced sensor designs and alternative sensing 
mechanisms appear, such as those with multiple cross-coupled 
units (e.g., cascaded rings with Vernier effect, CROWs), or fine 
engineered sub-wavelength structures for either light localiza-
tion (e.g., PhCs, metasurfaces) or lossless propagation with a 
large mode overlapping to the analytes (e.g., SWG structure). 
These relatively new techniques are still attracting extensive 
research investigations from research groups over the world. 
Regarding the future development, various new findings and 
fresh concepts in optical physics may point the way for next-
generation silicon-based on-chip biosensors to unprecedented 
sensing performance in terms of sensitivity, LOD, time resolu-
tion, specificity, stability, etc.

7.1. Toward Ultra-Sensitive Biodetection Systems

Detecting single biological entities is always a crucial topic in 
fundamental science.[25,28] Although plenty of strategies have 
been explored toward ultra-sensitive detection, the typical 
LOD of current silicon-based planar optical biosensors are 
mostly ∼ fM to nM. To our knowledge, single-molecule detection 
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Table 4.  List of currently commercialized label-free biosensing systems on the market based on dielectric photonic chips.

Instrument (Company) Material platform Core technology Fluidic condition Multiplex capability Main functionalities

EPIC system (Corning) Glass Resonant waveguide 
gratings

Plate-based 384 well plate Detection of enzyme, small  
molecule, protein and DNA;  

antibody and cell-based studies

ResoSens system 
(ResonantSensors)

TiO2 Resonant waveguide 
gratings

Plate-based 96 or 384 well plate Cell-based assays and antibody–
antigen interactions

OWLS system 
(Microvacuum)

SixTi(1−x)O2 on glass Optical waveguide and 
grating couplers

Flow [0.1 µL min−1 
–30 mL min−1]

Single measurement Protein adsorption; antigen anti-
body binding; drug screening, 

binding kinetics; immunosensing

Creoptix WAVE system 
(Creoptix AG)

Ta2O5 on glass Grating-coupled 
interferometry

Flow [up to 400 µL min−1] 2 or 4 channels Small-molecule characterization; 
kinetic analysis; drug test

Maverick system (Genalyte) SOI Microring arrays Flow [up to 30 µL min−1] 2 channels, 16 analytes per 
channel

Protein binding events, mass 
concentration detection, etc.
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has not been reported yet. Remarkably, in recent years, probing 
single molecules has been accomplished using ultra-high-Q 
(UHQ) dielectric WGM microcavities such as microspheres 
and microtoroids.[28,211–215] Figure  13a schematically presents 
the biosensing system using a microsphere-based UHQ cavity. 
However, these pillar-supported WGM microcavities have some 
inherent drawbacks. First, the involved sophisticated fabrication 
process (e.g., wet etching and thermal reflow) inhibits the mass 
production. Second, the freestanding UHQ cavities require a 
highly critical light coupling condition (e.g., using a tapered 
fiber or bulky prism). At last, it is technically challenging to 
incorporate into complex photonic and microfluidic circuits for 
automatic and multiplexed measurements. For most of the on-
chip microring or PhC-based biosensors, the moderate Q factor 
≈102 to 104 hinders the optimization of LOD compared to those 
of standalone UHQ WGM microcavities (Q ≈ 107–109).[216]

In recent years, Bowers and Lipson’s research groups are 
leading the research on on-chip integrated UHQ WGM micro-
resonators based on ultra-low loss Si3N4 for enhanced optical 
nonlinear effects.[217,218] Figure  13b shows a fabricated wave-
guide-integrated UHQ microring. The measured transmission 
spectrum in Figure 13c suggests a well-resolved backscattering-
induced mode splitting feature. Loaded Q factors up to ≈7 × 107 
for integrated microrings have been realized by fine-tuning the 
material composition in Si3N4 to minimize the absorption loss 
and developing new surface smooth techniques (e.g., chem-
ical mechanical polishing of deposited Si3N4 films, multipass 
lithography, and hard mask-based dry etching) to minimize the 
scattering loss.[217] In 2018, Yang et  al. reported a monolithi-
cally integrated UHQ silica WGM ridge resonator coupled to 
a SiN waveguide with a measured Q ≈ 108 (see Figure 13d).[219] 
Figure  13e displayed the mode profile around the resonator-
waveguide coupling region. These waveguide-coupled UHQ 
microcavities can be further developed into an optofluidic inte-
grated ultra-sensitive biosensor, which will promise a leap for-
ward on label-free detection down to single-molecule regimes in 
the near future. Notably, UHQ WGM microcavities working at 

an exceptional point (EP) as the degeneracy of two or multiple 
eigenstates reveal a much-enhanced sensitivity toward local-
ized nanoparticle-induced perturbations.[220] The induced mode 
splitting around the second-order EP suggests a square-root 
dependence of the perturbation rather than the linear depend-
ence in conventional cavities. Same concept of EP-enhanced 
sensing can be extended using silicon-based on-chip photonic 
devices for ultra-sensitive biodetection.

The concept of combining on-chip optical and plasmonic 
sensors shed light on ultra-sensitive detections. Chatzianag-
nostou et al. developed an integrated optical sensor consisting 
of a silicon nitride MZI and a gold stripe as a plasmonic wave-
guide with a butt-coupled interface (see Figure 13f).[221] Besides, 
active thermal tuning elements including a variable optical 
attenuator (VOA) and a phase shifter were deployed for spec-
trally tuning to the desired spectral window with a maximized 
extinction ratio and optimizing the LOD. Proof-of-concept 
refractive index sensing experiments in Figure  13g suggest a 
bulk sensitivity up to 1930 nm per RIU. However, biomolecule 
detection based on such a hybrid sensor has not been reported.

Apart from realizing mode conversion between independent 
photonic and plasmonic elements, new hybrid “optoplasmonic” 
modes have been explored by integrating metal nanostructure 
with photonic devices. Remarkably, the optoplasmonic WGM 
microcavities simultaneously benefit from ultra-small modal 
volumes,[222,223] high Q-factors, and extreme near-field enhance-
ments (also termed “plasmonic hotspot”). Furthermore, for 
on-resonance states, the enhanced local electric field intensity 
due to oscillation of free electrons in metals at the sensing site 
leads to a boosted sensitivity to tiny perturbations.[28,224,225] In 
2016, Kim et  al. reported real-time in situ monitoring of both 
transient and permanent ligand surface interactions using a 
silica UHQ microsphere with immobilized gold nanorods. The 
chemical reaction between the head groups of single ligand 
molecules and gold atoms can be analyzed and categorized 
into two regimes, namely with high and low affinities (see 
Figure 13h). Through tracing the resonance shift in real-time in 
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Figure 12.  The past, state-of-the-art and our envisioned future development of dielectric chip-scale integrated label-free optical biosensing techniques.
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Figure 13i, a transient reaction causes a spike pattern whereas a 
covalent binding generates a step pattern. More recently, moni-
toring the conformational dynamics of single protein molecules 
has been achieved by optoplasmonic UHQ WGM sensors.[226]

Over the past few years, integrating plasmonic nanostruc-
tures into silicon-based micro/nanophotonic devices have been 
continuously explored on a wide range of applications for nano-
lasers,[227] on-chip optical manipulation,[228] and SERS.[229] How-
ever, to our knowledge, integrating plasmonic nanostructure with 
silicon-based on-chip devices for biodetection has been discussed 
only in theoretical studies.[230–232] We envision that on-chip inte-
grated hybrid optoplasmonic optical biosensors will bring about 
unprecedented sensing performance in the coming years.

7.2. Toward Multi-Functional Biodetection Systems

Apart from ultra-sensitive biodetection, it is of great signifi-
cance to empower the sensing functionalities on the same 
platform with other alternative optical and non-optical sensing 
principles. The latest discoveries in fundamental optical physics 
may inspire the development of new biosensing mechanisms. 
As an example, on-chip generation of chiral light in exotic 

waveguiding structures[234,235] could be applied for discrimi-
nation and quantification of chiral molecules. Furthermore, 
compared to evanescent field-based detection, electrical or 
magnetic detection can offer additional information on various 
bioactivities, such as monitoring the electrochemical activities 
at the transducer surface and detecting analytes that are far 
away from the transducer surface. The realization of electro-
photonic microring-based biosensors is the first step of com-
bining on-chip optical and electrical sensors.[134] In the future, 
we expect a burgeoning field of integrated silicon-based biosen-
sors working with different principles.

In recent years, nanomembrane-based rolled-up microtubes 
have been successfully integrated with silicon-based wave-
guides,[236,237] and later demonstrated as vertical WGM optical 
microcavities for optofluidic sensing.[238] Figure  14a schemati-
cally presents self-rolled vertical microtubes monolithically 
integrated on silicon waveguide arrays. The ultra-thin cavity 
wall (≈100–200  nm) ensures strong evanescent fields and 
thus efficient interactions between the WGMs and the objects 
inside the hollow core as the sensing channel.[239] Compared to 
other freestanding tubular-shaped optical biosensors[240] (e.g., 
microcapillaries[54] and microbubbles[241]), rolled-up micro-
tubes feature a highly flexible integration with on-chip optical, 
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Figure 13.  a) Schematic showing the WGM microsphere-based biosensing system. Reproduced with permission.[224] Copyright 2018, De Gruyter. 
b) Optical microscope image of a waveguide-coupled UHQ microring with an optimized fabrication process. c) Normalized transmission spectrum 
of a UHQ microring. Reproduced with permission.[217] Copyright 2017, The Optical Society. d) SEM image of two ridge resonators coupled with a 
common waveguide (false color). e) Simulated mode profile at the ridge resonator-waveguide coupling region in a cross-sectional view. Reproduced 
with permission.[219] Copyright 2018, Springer Nature. f) Schematic of the plasmo-photonic MZI sensor with a gold strip-based plasmonic waveguide 
as the sensing element. g) Measured spectra in refractive index sensing of still water and PBS solutions. Reproduced with permission.[221] Copyright 
2019, American Chemical Society. h) Sketch of the two types of reactions between ligand and metal nanorod decorated on a microsphere. i) Trace of 
resonance shift for two types of reaction. Upper: the low-affinity regime showing transient interactions. Lower: the high-affinity regime showing covalent 
bindings. Reproduced with permission.[233] Copyright 2016, Wiley-VCH.
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electrical, magnetic devices, and microfluidic circuits,[242] and 
hence can be utilized as a central building block for lab-on-a-
chip biosensing systems.

Thanks to the maturing rolled-up nanotechnology, various 
nanomembrane-based tubular sensors working in different 
principles have been developed in the past few years,[240] 
including silica-based microtubes as optical[243,244] or opto-
plasmonic[245] cavities for probing the binding dynamics of 
molecules. In 2019, graphene-integrated optoplasmonic micro-
tubes have been employed for sensitive surface detection due 
to the largely enhanced electric field (see Figure  14b,c).[245] 
Monitoring the photodegradation process of dye molecules 
with resolution down to the single molecular layer was 
achieved. Besides, leveraging this versatile nanotechnology, 
tubular electrodes have been developed as electric biosensors 
for real-time cell-based assays[246] (see Figure 14d) by conduc-
tometric measurements and also detecting hybridization of 
complementary DNA strands[247] by impedimetric measure-
ments (see Figure  14e). In the future, all these fascinating 
biosensing architectures can be merged and integrated onto a 
silicon chip as a multi-functional opto-electro-fluidic bioana-
lytical system.

7.3. Toward Portable Systems for Smartphone-Based 
Routine Diagnostics

Over the past two decades, the concept of “mobile health” has 
been continuously explored, which aims at implementing 
the practice of medicine and healthcare via mobile devices 
and wireless technologies.[248–250] The latest models of smart-
phones incorporate powerful computing capabilities, large 
data storage, network connectivity, and a large variety of sen-
sors/detectors such as CMOS cameras, touch screens, sound 
detectors, gyroscopes, etc. Nowadays, the demonstrated smart-
phone-based diagnostics include optical microscopy (e.g., 
brightfield, fluorescence, scattering),[251] spectroscopy,[252] 
colorimetric detection,[253] and electrochemical detections.[254] 
Well-established tests originally performed with bulky 

instruments including label-free immunoassays, cellular 
imaging, lateral flow assays have been accomplished using 
such a miniaturized smartphone-incorporated system.[250] 
For label-free bioassays, chip-scale SPR structures [255,256] and 
dielectric gratings (also termed 1D PhCs)[257–259] have been 
successfully integrated with smartphones as portable biosen-
sors. However, free-space optical components (e.g., lens, fil-
ters, prism) and an external light source (LED, or laser diode) 
cannot be circumvented, which renders the system relatively 
bulky and less convenient.

To our knowledge, reports on integrating silicon-based chip-
scale biosensors with smartphones are still scarce. Now it is the 
right moment to drive for smartphone-based miniaturized sys-
tems leveraging the latest silicon-based label-free biosensing 
technologies for routine POC tests. An ideal plan may incor-
porate the following units: i) a silicon sensor chip with mul-
tiplexed passive optical transducers selectively functionalized 
with different receptors for corresponding biomarkers and ref-
erence units fabricated at the wafer level which can be freely 
replaced; ii) a reusable microfluidic circuit including miniatur-
ized valve and pump with sample handling capabilities, or a 
recently reported “plug-n-play” module with digital microflu-
idics;[260] iii) a dock offering proper alignment between the 
passive sensor chip and off-chip optoelectronic components 
(light source and camera) in the smartphone for light cou-
pling; iv) an electrical interface between the optofluidic chip 
and smartphone for maneuvering the automatic bioassays; 
v) software for real-time processing the sensing results, and 
sharing results via the cloud. Without introducing on-chip 
active optoelectronic devices (e.g., light sources or PDs), the 
silicon sensor chip can be made with very low cost and hence 
disposable after use, which also avoids complex cleaning and 
potential cross-contamination issues. Although the technology 
is still in early infancy compared to other portable optical bio-
analytical devices running conventional tests like ELISA and 
real-time polymerase chain reaction for POC assays,[261] we 
expect a technology boom for integrating and coordinating 
these label-free biosensing techniques with smartphones in 
the coming 10 years.
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Figure 14.  a) Schematic showing vertical rolled-up microcavities integrated with waveguide array on an SOI chip. Reproduced with permission.[236] 
Copyright 2015, The Optical Society. b) Schematic of a graphene-activated optoplasmonic rolled-up microcavity-based biochemical sensor. c) Sche-
matic showing the zoomed-in view at the tube sensor surface for monitoring the photodegradation of dye molecules. Reproduced with permission.[245] 
Copyright 2019, American Chemical Society. d) Schematic of conductometric tubular electrodes for single-cell in-flow detection. e) Schematic of inter-
digital electrodes for monitoring electrochemical reactions. In particular, the coverage of the electrode surface by the hybridized DNA can be determined 
by the reduction/oxidation of ferricyanide and an anionic solution. Reproduced with permission.[240] Copyright 2019, American Chemical Society.
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8. Conclusion

In the burgeoning research area of chip-scale miniaturized bio-
sensors, silicon-based photonic devices offering the promising 
platform with unprecedented opportunities are increasingly 
attracting research attention. The key and unique advantages 
mainly include: i) the CMOS compatible fabrication process; 
ii) the maturing silicon photonics technology with a plethora 
of device configurations as integrable sensing units; iii) the 
straightforward optofluidic integration routes; and iv) the well-
established surface functionalization strategies. In this article, 
we have reviewed on the state-of-the-art and future development 
trend of silicon-based label-free optical biosensors utilizing 
on-chip lightwave guiding and evanescent field-based sensing 
principle. Cutting-edge technological advances on three types of 
on-chip optical biosensor architectures, namely interferometers, 
microring resonators, and photonic-crystal-based cavities are 
summarized. The emerging strategies of elevating sensitivities 
and simplifying sensing schemes are also discussed. Besides, 
seminal progress on packaged laboratory prototypes with incor-
porated advanced microfluidic or optoelectronic components 
takes the field one significant step closer to real-world applica-
tions. To replace the bulky models in currently time-consuming 
standard clinical tests and offer better biosensing performance 
using silicon-based label-free lab-on-a-chip bioanalytical sys-
tems will be a vigorously pursued goal. Meanwhile, it is also 
highly intriguing to turn the biosensor chips into low-cost, user-
friendly, portable, and disposable products taking the advantages 
of ubiquitous and powerful smartphones to perform multiple 
routine bioassays for future POC diagnostics. We envision this 
rapidly advancing field will make a revolutionary impact on the 
medical diagnostic and personal healthcare in the near future.
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