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Abstract

Optical biosensors have employed at least three distinct system architectures over the last 40 years, moving from “sample
in-answer out” systems to completely embedding the optical biosensor into the sample to embedding the recognition module
in the sample and optically interrogating the recognition module from outside of the sample. This trends article provides an
overview of the evolution of these three system architectures and discusses how each architecture has been applied to solve the
measurement challenges of a wide variety of applications. A fourth biosensor system architecture, that of an “autonomous”
biosensor which “takes the user out of the loop” while both detecting target analytes and responding to that measurement, is
currently under development for applications initially including environmental cleanup and “smart therapeutics.” As is the
case in many other areas of technology, it will be profoundly interesting to observe the further development and application
of elegant, simpler (optical) biosensor systems to address tomorrow’s measurement needs.
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Introduction

This trends article is dedicated to our friend and colleague
Maria Moreno-Bondi [1, 2]. Maria spent a lifetime working
internationally as well as in Madrid learning new chemical
approaches to create practical strategies for optical sensors.
Initially, she moved to Austria to join the lab of Prof. Otto
Wolfbeis and contributed to his early work establishing the
use of fluorescence probes in optical biosensors [1]. In the
early 2000s, she expanded her travels to work with Tuan
Vo-Dinh in Tennessee and Fran Ligler in Washington DC
to develop multiplexed immunosensors for applications such
as monitoring disease exposure and vaccination efficacy [2,
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3]. While she continued to use multiplexed biosensors dur-
ing the remainder of her research career, she stayed at the
forefront of the development of new chemistries for optical
biosensors, expanding her molecular recognition expertise
from antibodies to aptamers, phage-display peptides and
molecularly imprinted polymers, and the targeted applica-
tions from medical diagnostics to environmental monitoring
and food safety.

Current optical biosensor configurations

Optical biosensors are usually defined as portable optoelec-
tronic devices that measure an optical signal when a bio-
logical recognition molecule binds its target. Over the last
40 years, optical biosensors have incorporated biorecogni-
tion molecules with automated fluidics and a wide variety
of optical components and electronics to produce “sample
in-answer out” detection systems. In this trends article, we
discuss three biosensor configurations in the evolution of
optical biosensors and predict a fourth potential paradigm
that may put many current optical biosensor-based systems
out of business. These three configurations and potential
paradigm are depicted in Fig. 1.
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Fig. 1 Four biosensor configurations: a Sample in-answer out
[described in 4]. b System inserted into sample with answer sent to
remote user [described in 5]. Data shows positive detection events
during flights in four releases of the harmless B. globigii bacteria. ¢
Recognition molecules embedded in sample and interrogated with

Most of the optical biosensors currently in use today
employ a similar geometry in which the sample is inserted
into the biosensors and a signal is generated that can inform
the user. In this configuration, biorecognition molecules are
usually attached to a surface, the sample to be interrogated is
passed over the surface, and the recognition molecule binds
its target. Additional reagents may be included to bind to
the captured target to increase specificity and sensitivity of
the measurements. Portable optoelectronic devices are used
to measure an optical change at the recognition site when a
target is bound.

The first optical biosensors primarily used antibodies for
target recognition, and one of the first major challenges was
to develop methods for immobilizing proteins on optically
active surfaces using chemistries that would maintain activ-
ity and prevent nonspecific adsorption/denaturation [8, 9].
Once appropriate immobilization chemistries evolved, the
employment of nanobodies, lectins, oligonucleotides, car-
bohydrates, peptides, and molecularly imprinted polymers
(MIPS) significantly increased the range of targets detect-
able, as well as the ability to create sensors that maintain
stability under wider ranges of storage and use. Maria
Moreno-Bondi was a principal leader in the integration of
MIPS into optical biosensors [10, 11]. Initially, optical fibers
were waveguides of choice due to the ease of controlling the
excitation and emission light paths, but planar waveguides
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remote optoelectronic device [described in 6]. d Recognition mol-
ecules and response embedded in sample with no signal transmit-
ted to user [reprinted from 7]. Data shows the repeated ability of the
liposomes to detect high glucose, release insulin, and close back up
when normoglycemic conditions were detected

are largely preferred now because (1) they are easier and
less expensive to manufacture, (2) simpler to modify, (3)
appropriate for multiplexed analyses, and (4) more amenable
to integration with other components [12, 13]. The measured
optical change can be caused by a either a refractive index
change (e.g., reflectance, surface plasmon resonance, inter-
ferometry) or a change in the mass of a surface film (e.g.,
ellipsometry) or can be a change in intensity at a particular
wavelength (e.g., colorimetry, fluorescence) or a change in
spectroscopic signature (e.g., Raman). The integration of
molecular tags, such as fluorophores, phosphors, nanopar-
ticles, and enzymic amplification constructs may increase
complexity but are highly useful both in discriminating
recognition events in the presence of unpredictable sample
matrices and for signal amplification to increase detection
sensitivity. Microfluidics are now integrated into the major-
ity of these biosensors to automate operations such as the
delivery of the sample to the biological detection molecules,
washing away unbound components, and introducing signal
amplification molecules. Significant advances in functional-
ity and manufacturability as well as miniaturization of the
sensors have been facilitated as new substrate geometries
have been created that can house organic photonics at the
same time as they channel fluids and guide light (e.g., [4]).
Electronic devices measure the change and provide that
information to the user either directly at the point of use or
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by telemetry to a remote site. Frequently, biosensors inte-
grate technology developed for cell phone optics or com-
munications directly into the sensor or employ entire cell
phones for imaging and communications [14].

Lateral flow tests are the simplest version of an optical
biosensor, usually employing antibodies as recognition mol-
ecules, nanoparticles as amplification tags, paper fluidics,
room light for excitation, and visual detection. While lateral
flow assays have become well known for pregnancy tests
and diagnosing COVID-19 and are being employed for a
broad range of other medical diagnostics, their sensitivity
and capacity for multiplexed analyses is limited. Thus there
is a real need for more sophisticated analytical biosensors
that can provide increased sensitivity and specificity and test
for multiple targets simultaneously. Low cost devices that
can diagnose multiple diseases simultaneously have been
under commercialization for over 20 years [15] and being
continuously improved [5, 16, 17].

In addition to medical applications, portable optical
biosensors using the “sample in-answer out” configuration
have demonstrated value for environmental monitoring and
remediation, food safety, explosive detection, biowarfare
defense, and detecting drugs of abuse [18-20]. As these sen-
sors decrease in cost and become increasingly user friendly,
they will be employed in ensemble activities over broader
geographic areas. Examples where point-of-use detection
has been demonstrated and could be expanded to multipoint
applications could include mapping the spread of pollutants
in real time, assessing population health in animals as well
as humans, monitoring water quality, and facilitating preci-
sion agriculture.

Though nearly all commercial optical biosensors involve
putting the sample into the sensor, there are examples of a
second configuration in which the entire sensor, including
the molecular recognition and optoelectronics, is embedded
in the sample, reminiscent of the 1966 movie Fantastic Voy-
age (where a miniaturized submarine was introduced into
a human to repair brain damage.) In the mid-1990s, a fiber
optic biosensor in a small drone demonstrated the ability to
detect bacteria remotely and in midair [21]. Subsequently,
a flow immunosensor in an unmanned underwater vehicle
detected explosives leaking from simulated underwater
mines [22]. In all of these examples, the entire analyses were
performed inside the samples and the processed data trans-
mitted remotely to the user. The advantages were that the
measurements could be made repeatedly for extended peri-
ods of time, all processing was automated, and there was no
requirement for the user to be exposed to the sample. Thus,
this configuration is particularly well suited for continuous
monitoring for toxic substances.

The introduction of entire biosensors into the human
body, however, is fraught with problems. In 2004, US pat-
ent No. 6,673,596 described an optical biosensor involving

gene recognition and luminescent signal generation on a
chip fully implanted in the body [23]. However, the ability of
a mammal to wall off a foreign body with a layer of impen-
etrable scar-like tissue is well known, limiting the commer-
cial potential of this device. In addition, the introduction of
hard, electronic materials usually generates toxicity. While
investigators such as John Rogers [24] are developing bio-
compatible, biodegradable electronic materials that may
address some of these issues for fully implantable biosen-
sors, a third configuration has been demonstrated that can
provide for continuous in vivo sensing. In this configuration,
the recognition element is embedded in the sample and opti-
cally interrogated using optoelectronics positioned external
to the sample.

The first versions of this configuration used optical fibers
to carry light between the optoelectronics and the sensing
element. As long ago as 1994, the Saylor group embedded
a fiber optic tipped with bioluminescent bacteria in ground
water to detect environmental pollutants [6]. In a similar
configuration for a very different application, carbon diox-
ide-sensitive hydrogels located at the end of an optical fiber
continuously monitor fermentation processes to optimize
performance [25].

More recently, examples that completely separate the
sensing element from the optoelectronics have been dem-
onstrated for in vivo use. The first example of such a sensor
configuration was a glucose sensor for diabetics embedded
in a contact lens that was interrogated using an external
colorimetric monitor [7]. Unfortunately, while the sensor
did measure glucose, tears turned out to be unreliable for
reflecting glucose concentrations in the body as a whole.
Peripheral artery disease is an application where sensing
a local area in vivo offers an approach to measure thera-
peutic efficacy and possibly prevent complications such as
nonhealing ulcers and lower limb amputation. To address
this problem, Michael McShane developed implantable
oxygen sensors from oxygen-sensitive phosphors embed-
ded in hydrogels. These optical sensor elements, for which
he coined the term “smart tattoos” [26], are biocompatible,
functional for months to years, addressable using external
optics, and now produced commercially [27]. The McShane
and Cote groups have continued this line of engineering,
fabricating and testing implantable sensors for glucose and
other targets, and creating tiny hydrogel fibers capable of
multiplexed measurements [28].

Outlook

Looking at these geometric configurations over half a cen-
tury of development of optical biosensors is intriguing
[29]. As an alternative to a requirement to collect a sample
and add it to a biosensor, we can now add our recognition
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molecules to the sample and detect spectral changes using a
CMOS-based imager or spectrometer. In the most advanced
configuration, the detector can be both portable and remote
from the recognition molecules, and direct contact with
the sample is not required. This geometric paradigm sug-
gests the potential for an entire new range of measurements
for optical biosensors. For the first time, we can envision
continuous, long-term measurements in living cells, three-
dimensional tissues, and even intact animals. We no longer
need to extract, fix, or terminate living organisms in order
to perform functional measurements. Furthermore, imaging
capabilities, including those based on smartphone technol-
ogy, suggest that we can analyze larger areas, such as thou-
sands of individual cells in complex arrangements, simulta-
neously, without reducing the data to “average values” [30].

Other exciting research advances suggest an even more
game-changing fourth configuration. What if we could sense
and respond without any optoelectronic device and no need
to inform the user of the presence or concentration of a target
analyte? Cells do this naturally. Investigators such as Gary
Sayler, Shimshon Belkin, and Sylvia Daunert have been
modifying bacteria for decades to luminesce when they bind
heavy metals and other environmental pollutants in ground
water—why not further modify the same strains of bacteria
to simultaneously sense and remediate the pollutants? One
could envision trapped bacteria that could monitor pollut-
ant levels if needed, but would solve the problem regard-
less of whether an operator was present or not. Similarly, a
liposomal construct is being commercialized that releases
insulin in vivo only when glucose levels are high [31]. These
insulin-releasing liposomes are embedded into dissolvable
microneedles in a patch that is simply attached to the skin
each day. No monitoring is required to achieve normal glu-
cose levels. Hopefully, these types of advances will usher
in a new generation of “autonomous” biosensors for some
applications. For many if not most applications, the answer
really is the most effective, lowest cost sensor irrespective of
the underlying technology. Nonetheless, easier and simpler
ways to solve measurement challenges require new ways of
thinking, and, at least for most customers, the simpler and
more automatic—requiring minimal thought or action, the
better.
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