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Recent Advances in Quantum
Biosensing Technologies

Kelvin Tafadzwa Mpofu and Patience Mthunzi-Kufa

Abstract

Recent advances in biosensing technologies have revolutionized the field of bio-
medical diagnostics and environmental monitoring. This chapter reviews cutting-edge
developments in quantum sensing and quantum biosensing, with examples including
diamond defect sensing and quantum plasmonic biosensing, among other novel
methodologies. Diamond defect sensing, leveraging nitrogen-vacancy centers in dia-
mond, offers unparalleled sensitivity and precision in detecting magnetic and electric
fields at the nanoscale. Quantum plasmonic biosensing, combining the unique prop-
erties of plasmons and quantum mechanics, enhances sensitivity and specificity,
enabling the detection of biomolecules at ultra-low concentrations. Additionally,
advancements in other quantum biosensing technologies, such as quantum dot-based
sensors and single-photon detection, will be discussed, highlighting their potential
applications in real-time, high-resolution biosensing. These innovative approaches
promise to significantly improve the accuracy, speed, and versatility of biosensing,
paving the way for new diagnostic tools and environmental monitoring solutions. The
chapter will delve into the principles behind these technologies, their current applica-
tions, and the future directions they may take, providing a comprehensive overview
of the transformative impact of quantum biosensing on medical diagnostics and
beyond.

Keywords: quantum sensing, biosensing, precision, technologies, nitrogen vacancy,
SQUIDs

1. Introduction

The continual rise in pandemics and epidemics has necessitated the development
of more sensitive and precise biosensing technologies [1-3]. Biosensing, a field that
has its roots in the mid-twentieth century, originally emerged with the development
of the first enzyme-based sensors in the 1960s, such as the glucose biosensor [4].
These early devices were based on classical principles of chemistry and physics, and
they laid the groundwork for a wide range of applications in medical diagnostics,
environmental monitoring, and food safety. As the demand for more sensitive, accu-
rate, and real-time detection methods grew, biosensing technologies evolved rapidly.
The introduction of optical, electrochemical, and piezoelectric sensors marked signif-
icant milestones in the field [5]. By the late twentieth century, advances in
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nanotechnology and materials science further propelled biosensing capabilities,
enabling the detection of analytes at increasingly lower concentrations and with
greater specificity [6].

However, despite these advances, which have significantly improved sensitivity in
biosensors, classical biosensors are inherently limited by the principles of classical physics
(shot-noise limit [7-12]), limiting the sensitivity and precision that can be achieved. This
is where quantum biosensing enters the scene, representing a paradigm shift in the way
we approach biosensing challenges [13-16]. Quantum biosensing takes advantage of the
unique properties of quantum mechanics, such as superposition, entanglement, and
quantum coherence, to overcome the limitations of classical sensors [13, 17]. These quan-
tum effects allow for the detection of small changes in biological systems with unparal-
leled sensitivity, even at the single-molecule level. Quantum biosensing not only builds on
the foundation laid by classical biosensors but also extends the capabilities of biosensing to
a level that was previously unattainable. This chapter explores recent advances in quan-
tum biosensing technologies, highlighting key developments such as diamond defect
sensing [18-22], quantum plasmonic biosensing, and other novel methodologies. By
examining these cutting-edge technologies, we aim to provide a comprehensive overview
of how quantum biosensing is revolutionizing the field of biomedical diagnostics and
environmental monitoring, offering new tools and techniques that promise to transform
how we detect and analyze biological systems.

Harnessing of quantum mechanics properties for practical applications has capti-
vated physicists since the early twentieth century [23]. Finding a real-world applica-
tion of quantum mechanics that exploits its unique principles has driven
groundbreaking research in various fields, including quantum computing [24-28] and
quantum cryptography [29-33]. These areas have long been considered the leading
candidates for the most impactful quantum technologies. However, recent develop-
ments suggest that the potential of quantum mechanics extends beyond computation
and encryption. A new frontier has emerged, known as quantum sensing [13, 34-39],
which utilizes quantum mechanical systems to measure physical quantities with
unprecedented sensitivity and precision.

Quantum sensing has the capability to reach measurement precision levels below
the shot noise limit and potentially reaching the Heisenberg limit [13, 34]. This
sensitivity, while a challenge in other quantum technologies, becomes a powerful asset
in sensing applications. Quantum sensors can detect small changes in magnetic and
electric fields, time, frequency, rotations, temperature, and pressure with precision
below the shot noise limit [39-42]. This new trend in quantum technology mirrors the
historical evolution of semiconductor technology, where sensors such as light meters
based on selenium photocells found practical use long before the advent of
semiconductor-based computers. An effective sensing tool should have high sensitiv-
ity, low precision, and high specificity [13]. For example, in biosensor devices, two
commonly evaluated metrics are sensitivity and the detection limit, with the latter
serving as an indicator of precision. Sensitivity can be mathematically represented as:

Sp =3 (1)

«_»

where “p” represents an independent parameter that indicates the presence or
absence of the target agent in the biosensor, and “O” is an observable that depends on

p”. Sensitivity quantifies the rate at which changes are observed in response to
variations in the independent parameter “p”.
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Although the formal recognition of quantum sensing as a distinct research field
is relatively recent, its foundational concepts have deep roots in physics. High-
resolution spectroscopy, particularly in atomic physics and magnetic resonance,
has laid much of the groundwork for quantum sensing technologies. Established
examples include atomic clocks, atomic vapor magnetometers, and superconducting
quantum interference devices (SQUIDs) [42-46]. The novel aspects of contemporary
quantum sensing arise from advancements such as the manipulation of quantum
systems at the single-atom level, the use of entanglement to enhance sensitivity, and
the deliberate design and engineering of quantum systems specifically for sensing
purposes.

The development of quantum sensors represents a significant leap in measurement
science, offering several advantages over classical sensors. Quantum sensors can
operate at the nanoscale, detecting signals that classical sensors cannot access. They
also promise enhanced precision and sensitivity, particularly when quantum entan-
glement is employed. This is especially relevant in applications where the ultimate
goal is to achieve Heisenberg-limited measurements, where the precision of a mea-
surement is pushed to the quantum mechanical limit. The motivation behind devel-
oping quantum sensing technologies extends beyond the pursuit of scientific
knowledge. Quantum sensors hold the potential to revolutionize various fields,
including medicine, environmental monitoring, and defense, by enabling measure-
ments that were previously impossible. For instance, in biosensing, quantum technol-
ogies could lead to the development of ultra-sensitive diagnostic tools capable of
detecting diseases at their earliest stages or monitoring biological processes at the
molecular level. Quantum biosensing is a subset of quantum sensing. This chapter
will explore the key concepts, developments, and methods of quantum sensing,
with a particular focus on practical applications in biosensing. The discussion will
cover the historical context of quantum sensing, its current state of development, and
the future directions of this rapidly evolving field. By examining the fundamental
principles that underlie quantum sensors and their real-world implementations, this
chapter aims to provide a comprehensive introduction to students and researchers
new to the field, as well as a valuable reference for those already engaged in quantum
sensing research.

2. Examples of quantum sensors

Quantum sensors are advanced systems that utilize quantum coherence, interfer-
ence, and entanglement to measure physical quantities with exceptional precision
(Figure 1) [80]. These sensors are designed to exploit quantum mechanical effects to
enhance sensitivity and accuracy to detect various physical parameters such as mag-
netic fields, temperature, and pressure. Unlike classical sensors, quantum sensors
offer the potential for unprecedented sensitivity, allowing them to detect extremely
weak signals that would otherwise be imperceptible. In this section, the authors
describe different types of quantum sensors (Table 1).

One of the earliest and most well-known quantum sensors is the superconducting
quantum interference device (SQUID) [71, 82]. SQUIDs are based on
superconducting Josephson junctions and are capable of measuring minute magnetic

fields with sensitivities as high as 10 aT Hz? in controlled laboratory settings
(Figure 2). These sensors have found commercial applications, particularly in
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Figure 1.

Examples of classical versus quantum sensing techniques for (A) electron-nuclear hyperfine interactions, (B)
electric field detection, and (C) spacetime distortions, highlighting quantum advancements such as coherence and
entanglement [80].

magnetoencephalography (MEG), where they detect magnetic signals from the brain.
However, the need for cryogenic operation imposes limitations on their use, requiring
bulky setups and reducing the achievable spatial resolution in real-world applications.

Atomic ensemble-based quantum sensors, particularly those using alkali atoms like
rubidium, have also been developed for magnetic field detection [83]. These sensors
operate by spin-polarizing atomic vapors and probing their magnetic field coupling
optically. This technique allows for high sensitivity, with coherence times reaching up
to several minutes and magnetic field sensitivities of 100 aT Hz? in laboratory
conditions. Optically pumped magnetometers (OPMs), a type of atomic ensemble
sensor (Figure 3), have been miniaturized for various applications, including nuclear
magnetic resonance (NMR), magnetocardiography (MCG), and magnetic induction
tomography. Despite their high sensitivity, these sensors require elevated operating
temperatures and near-zero magnetic field environments, necessitating additional
insulation and environmental control.
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Type of quantum
sensor

Introduction

Principles/techniques/types

Atomic clocks

Atomic clocks utilize the precise

Discuss the Hamiltonian describing

[47, 48] transition frequencies of atoms to keep  the transition between two energy
time with exceptional precision. levels in an atom and techniques like
Ramsey interferometry used in these
clocks.
Quantum Magnetometers that measure magnetic Explore the principles of the Zeeman
magnetometers fields with high sensitivity, leveraging effect and spin precession, central to
[39, 49-54] quantum effects in systems like NV quantum magnetometers.
centers in diamond and superconducting
qubits.
Quantum Devices that measure phase differences ~ Discuss various interferometers like

interferometers [55]

between coherent waves, using quantum
mechanical effects to enhance precision.

Mach-Zehnder, Michelson, and Sagnac
and their applications in quantum
sensing.

Optomechanical
sensors [51-61]

Sensors that harness the interaction
between light and mechanical systems,
with applications in measuring minute
displacements, forces, and fields.

To reach the quantum regime of
sensitivity, optomechanical systems
often use techniques like backaction
evasion, where the measurement noise
caused by quantum fluctuations in light
is minimized.

Spin-based
quantum sensors

[62-65]

These sensors utilize the quantum
properties of nitrogen-vacancy (NV)
centers in diamond to detect magnetic
fields with high sensitivity.

These sensors are used in nanoscale
magnetic resonance imaging and in
studying quantum effects in biological
systems.

Photon-based
quantum sensors

[66-69]

These sensors utilize the quantum nature
of photons to detect extremely low light
levels.

Applications include quantum key
distribution, astrophysics, and optical
communication.

Superconducting
quantum
interference devices

[70, 71]

SQUIDs exploit quantum interference in
superconducting loops to measure
extremely small magnetic fields, useful in
fields ranging from medicine to material
science.

SQUIDs are built around Josephson
junctions, which allow for the flow of
supercurrents across a thin insulating
barrier between two superconductors.
The phase difference of the
superconducting wavefunction across
the junction governs the current
through the device.

Trapped ion
quantum sensors
[72-74]

Use trapped ions to achieve ultra-high
precision in timekeeping and detecting
minute forces.

¢ Ion clocks: Used in GPS and deep
space navigation.

¢ Force sensors: Used in fundamental
physics experiments and tests of
quantum mechanics.

Cold atom sensors

[75-77]

Measure magnetic fields by detecting the
precession of atomic spins in vapor cells.

Used in fundamental physics research
and applications like mineral
exploration.

Optomechanical
crystals [78, 79]

Confine both optical and mechanical
modes, enabling strong coupling and high
sensitivity.

Used in detecting minute forces

and displacements, with applications

in precision measurement and quantum
information

processing.

Table 1.
Types of quantum sensors.
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Figure 2.

Hllustration of a superconducting quantum interference device (SQUID). The SQUID consists of a superconducting
loop containing one or more Josephson junctions. It is highly sensitive to magnetic fields, making it a powerful tool in
quantum sensing and metrology [81].

Another class of quantum sensors are those based on solid-state spins, such as
nitrogen-vacancy (NV) centers in diamond, which have garnered significant attention
due to their unique properties (Figure 4). Diamond is a crystal composed of carbon
atoms. When a carbon atom in the diamond’s lattice is substituted with a nitrogen
atom, it creates electron vacancies, leading to the formation of nitrogen-vacancy
centers. These NV centers are highly sensitive to environmental changes and alter-
ations in their quantum state, making them useful as sensors. Consequently, diamonds
containing NV centers are recognized as quantum sensors and are gaining attention as
cutting-edge, ultra-sensitive sensors. Additionally, nitrogen-vacancy centers are
promising candidates for qubits in quantum computing and quantum simulation due
to their capability to function at room temperature. NV centers are defects in the
diamond lattice that can be optically initialized and read out, offering high sensitivity
to magnetic fields, temperature, electric fields, and pressure. These centers can oper-
ate over a broad range of conditions, including temperatures from 4 K to 625 K,
magnetic fields up to 8.3 T, and pressures up to 13.6 GPa. The sensitivity of NV-based
magnetometers can be enhanced using an ensemble of NV centers, achieving sensi-

tivities around 1 pT Hz 7. Furthermore, NV centers can be integrated into
nanodiamonds for localized sensing, making them highly versatile for applications
ranging from wide-field imaging to nanoscale diagnostics.
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Figure 3.

Schematic operation of an optically pumped magnetometer (OPM): top panel shows a glass cell without an
applied magnetic field, with randomly oriented atomic spins. The middle panel illustrates the effect of laser light
passing through the glass cell, aligning atomic spins along the laser axis in the absence of a magnetic field. In the
bottom panel, a magnetic field from the brain (BNeuro) causes a votation in the atomic spins, altering the
polarization of the laser light as it exits the cell, which is then detected by a photodetector [84].

Quantum sensors like OPMs and NV centers have complementary strengths that
make them suitable for different applications. OPMs, with their high sensitivity, are
ideal for macroscopic detection of weak magnetic fields generated by organs such as
the brain and heart. In contrast, NV centers excel in high spatial resolution due to their
proximity to the sample, making them suitable for detecting microscopic signals at the
cellular level. Additionally, the multifunctionality of NV centers, capable of detecting
magnetic fields, temperature, and other parameters, makes them valuable tools for
spectroscopy and diagnostics in biomedical applications.

Overall, quantum sensors represent a rapidly advancing field with the potential to
revolutionize various industries by providing tools for precise and sensitive

7
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Figure 4.

Thgel;'mage illustrates a quantum sensing setup utilizing nitrogen-vacancy (NV) centers in diamond. A laser with a
wavelength of 532 nm excites the NV centers, while microwaves ave applied to manipulate their spin state (S = 1).
The resulting fluovescence, modulated by the spin state, is detected by a CMOS camera through a dichroic mirror
and an imaging lens. The NV centers’ fluovescence provides information about magnetic fields, temperature, or
other quantum properties, making it a powerful tool for precision sensing in various applications [85].

measurements at both macroscopic and microscopic scales. Single-photon sensing is
also a critical phenomenon, which is studied frequently [86].

2.1 Atomic clocks

Atomic clocks use the highly precise transition frequencies of atoms to maintain time
with extraordinary accuracy, outperforming traditional timekeeping devices by orders
of magnitude. These clocks typically measure the energy difference between two states
of an atom, such as the hyperfine levels in cesium or rubidium, where the Hamiltonian
describing the transition between these states is key to their operation. The time evolu-
tion of these energy states can be modeled using a Hamiltonian of the form:

H = hawob,

where w is the resonant frequency of the transition, and 6, is the Pauli matrix for
the energy levels. Techniques like Ramsey interferometry, which involves a sequence
of microwave pulses separated by a free evolution period, are utilized to increase the
precision of atomic clocks. These interferometric techniques allow for measuring the
phase difference between atomic states, offering a robust method to track time with
exceptional precision.

2.2 Quantum magnetometers

Quantum magnetometers measure magnetic fields with extreme sensitivity by
harnessing quantum effects in specific materials such as NV centers in diamond or
superconducting qubits. These devices exploit the Zeeman effect, where the energy

8
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levels of particles split in response to an external magnetic field, and the principles of
spin precession. The Hamiltonian governing the NV centers in the presence of a
magnetic field can be expressed as:

H= DS; + }/BZSZ

where D is the zero-field splitting parameter, y is the gyromagnetic ratio, and B, is
the external magnetic field. By measuring the precession of the spins, quantum mag-
netometers can detect even minute changes in the magnetic field, with applications in
both fundamental physics and biological systems.

2.3 Quantum interferometers

Quantum interferometers are devices that measure phase differences between coher-
ent waves, often utilizing quantum mechanical principles to enhance precision. Common
interferometers such as the Mach-Zehnder, Michelson, and Sagnac interferometers are
designed to split a beam of light into two paths, later recombining them to detect phase
shifts caused by the environment. The Mach-Zehnder interferometer, for instance, can be
described by unitary operations corresponding to beam splitters and phase shifters, and it
is widely used in quantum sensing and gravitational wave detection. Quantum mechani-
cal effects like superposition allow interferometers to measure these phase shifts with
remarkable sensitivity, making them essential in precision measurement tasks.

2.4 Optomechanical sensors

Optomechanical sensors exploit the interaction between light and mechanical sys-
tems to detect tiny displacements, forces, and fields. These systems operate in the
quantum regime by coupling the mechanical motion of mirrors or membranes to the
light field within an optical cavity. A common challenge in these systems is the
quantum backaction, where the quantum fluctuations in the light field induce mea-
surement noise in the mechanical system. Techniques like backaction evasion are
employed to mitigate this noise, using cleverly designed measurement schemes to
push the sensitivity of these sensors to their quantum limits. Optomechanical sensors
are pivotal in detecting weak forces and are widely used in gravitational wave detec-
tion and fundamental tests of quantum mechanics.

2.5 Spin-based quantum sensors

Spin-based quantum sensors make use of NV centers in diamond or other spintronic
materials to detect magnetic fields at the nanoscale. The quantum properties of these
spins allow them to act as highly sensitive detectors of magnetic fields, especially useful
in nanoscale magnetic resonance imaging (MRI) and biological systems. The interaction
between the NV center’s spin state and external magnetic fields causes shifts in energy
levels, which can be detected via fluorescence. These sensors are invaluable in biological
imaging, quantum control experiments, and material science applications.

2.6 Photon-based quantum sensors

Photon-based quantum sensors utilize the quantum properties of light, particularly
single-photon detection, to achieve exceptional sensitivity in low-light environments.

9
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These sensors are widely used in quantum key distribution (QKD), where the secure

transmission of information is guaranteed by the fundamental principles of quantum
mechanics. Moreover, they find applications in optical communications, astrophysics,
and precision measurement systems. Photon-based quantum sensors push the bound-
aries of sensitivity and precision, opening up new possibilities in secure communica-

tion and scientific research.

2.7 Superconducting quantum interference devices (SQUIDs)

SQUIDs operate by exploiting quantum interference in superconducting loops,
enabling them to measure extremely small magnetic fields. The core component of a
SQUID is the Josephson junction, which allows for supercurrents to flow across an
insulating barrier between two superconductors. The current through the device is
controlled by the phase difference of the superconducting wavefunctions on either
side of the junction, which in turn depends on the external magnetic field. SQUIDs are
crucial in various fields ranging from medicine, where they are used in magnetoen-
cephalography (MEG), to material science and fundamental physics experiments.

2.8 Trapped ion quantum sensors

Trapped ion quantum sensors achieve ultra-high precision in measuring time and
detecting minute forces by trapping single ions in electromagnetic fields. These sen-
sors are often used in atomic clocks and force detection experiments. In atomic ion
clocks, trapped ions such as aluminum or mercury are used to measure time with
incredible precision, while in force sensors, trapped ions can detect tiny displacements
and forces, contributing to advancements in fundamental physics and quantum
mechanics tests.

2.9 Cold atom sensors

Cold atom sensors measure magnetic fields by detecting the precession of atomic
spins in vapor cells. These sensors are highly sensitive to magnetic fields and are used
in a variety of applications, from fundamental physics research to mineral explora-
tion. By cooling the atoms to near absolute zero, the sensor increases its precision and
sensitivity, allowing for better measurements of weak magnetic fields.

2.10 Optomechanical crystals

Optomechanical crystals are engineered to confine both optical and mechanical
modes, enabling strong coupling between light and mechanical vibrations. This strong
coupling enhances the sensitivity of these systems to detect minute forces and dis-
placements. Optomechanical crystals are integral to precision measurement applica-
tions, where detecting small changes in position or force with high sensitivity is
critical, and they also play a role in quantum information processing.

3. Examples of quantum biosensors

Quantum biosensing is an emerging field at the intersection of quantum physics
and biological sensing, offering unprecedented sensitivity and precision in detecting

10
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biological molecules. This innovative technology leverages the unique properties of
quantum systems, such as superposition, entanglement, and quantum coherence, to
measure extremely low concentrations of biological analytes, even at the single-
molecule level. One of the key advantages of quantum biosensors is their ability to
detect subtle changes in biological systems with a level of sensitivity that surpasses
traditional biosensors. This is achieved through the integration of quantum phenom-
ena into the sensing mechanisms, enabling the detection of minute variations in
environmental factors such as temperature, magnetic fields, and chemical concentra-
tions.

3.1 Quantum plasmonic biosensors

Quantum plasmonic biosensors are a notable category within quantum biosensing,
utilizing the interaction between quantum light and plasmons—coherent oscillations
of free electrons at the surface of a metal—to achieve enhanced detection capabilities.
An example of these biosensors is that which operates based on surface plasmon
resonance (SPR) (Figure 5), a technique that allows for label-free detection of bio-
molecules with high sensitivity [88-90]. Quantum enhancements in plasmonic
biosensing have shown potential to achieve sensitivities below the shot-noise limit,
enabling the detection of single molecules or even smaller biological entities. Recent
advancements have demonstrated the use of quantum light sources, such as squeezed
light and entangled photons, in plasmonic biosensing, leading to significant improve-
ments in the SNR and detection accuracy. For example, quantum plasmonic biosen-
sors have been employed in various applications, including the detection of cancer
biomarkers and real-time monitoring of molecular interactions.
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Figure 5.

A schematic representation of a quantum plasmonic sensor setup. The system utilizes a pump source to generate
photon pairs through a beta barium bovate (BBO) crystal. The heralding photon (path A) is directed toward
detector D o, while the probe photon (path B) interacts with a surface plasmon polariton (SPP) mode on a gold
film prism, where biotin-streptavidin (BSA) binding is used for sensing. Polarizing beam splitters (PBS) and
interference filters (IF) are used to manage the photonic paths, with auto-rotator mirvovs adjusting the
polarization states of the probe photon. The transmitted signal is detected by Dg, providing information about the
target analyte’s presence and concentration. This image is taken from [87].
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3.2 Quantum Raman spectroscopy

Raman scattering is a phenomenon in which light interacts with the molecular vibra-
tions of a material, causing the light to scatter and shift in wavelength [91-93]. This shift
provides information about the molecular structure, chemical composition, and physical
properties of the material being studied. Raman scattering is a relatively rare event,
occurring in only about 1 out of every 1 million photons that interact with a sample
(Figure 6), which usually necessitates the use of a high-power light source to excite the
sample [94, 95]. Recent advancements in quantum biosensing and sensing technologies
have yielded several notable breakthroughs. One example is coherent Raman microscopy,
where a bright squeezed state was employed to reduce imaging noise below the shot-noise
limit [96]. Additionally, stimulated emission microscopy has seen improvements through
the use of intensity-squeezed light, enabling sub-shot-noise limited microscopy [97].
Further research in quantum-enhanced continuous-wave stimulated Raman scattering
spectroscopy utilized squeezed bright light to reduce the SNR ratio by 3.60 dB relative to
the shot-noise limit [98]. Surface-enhanced Raman scattering (SERS) is a technique that
amplifies Raman scattering by utilizing a metal surface as the sample substrate. This
enhancement occurs through two main mechanisms, the first being electric field
enhancement, generated by the excitation of localized surface plasmons. When molecules
are within this enhanced electric field, the likelihood of Raman scattering increases sig-
nificantly. The second mechanism involves chemical enhancement, which arises from
inter- and intra-molecular charge transfer between the metal and the target molecule. As a
result, SERS is a non-destructive, highly sensitive technique that can detect extremely low
concentrations of a sample using much lower laser power than what classical Raman
measurements require.

Classical optical detection techniques are inherently limited by shot noise, which
imposes a fundamental restriction on the accuracy of spectroscopic measurements. In
the pursuit of overcoming these classical limits, quantum Raman (qRaman) spectros-
copy emerges as a novel approach that leverages non-classical light to achieve high-
precision spectroscopic fingerprinting. This advancement opens new avenues for high-
accuracy medical diagnostics, particularly in the context of biomarker identification at
the single cellular level, which is crucial for understanding disease status and progres-
sion. Raman spectroscopy is a powerful analytical tool for identifying biomarkers that
correlate with disease, especially at the single-cell level. However, inherently weak
Raman signals obtained from small biological samples present a significant challenge. To

Raman Spectroscopy Surface-Enhanced Raman Spectroscopy
Laser Raman Signal Laser SERS Signal
. M"M*dﬁﬁ
Bare Substrate

Gold-Coated Textured Substrate

Figure 6.

Cogr:tlpaVkon of Raman Spectroscopy and Surface-Enhanced Raman Spectroscopy (SERS): the left panel illustrates
Raman spectroscopy using a bave substrate, where a laser excites the sample, vesulting in a weak Raman signal. The right
panel shows SERS using a gold-coated textured substrate, which significantly enhances the Raman signal through the
excitation of localized surface plasmons, allowing for a much stronger SERS signal with lower laser power [99].
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achieve satisfactory signal-to-noise ratios (SNR), classical Raman spectroscopy often
requires the use of high optical powers. This requirement poses a dilemma in biological
systems, where maintaining optical intensity below certain thresholds is essential to
avoid damaging the specimens or altering their biological dynamics. Such damage could
lead to erroneous results, compromising the integrity of the diagnostic process. In
response to these challenges, the qRaman project aims to revolutionize the field of
optical microscopy for biomedical and bio-imaging applications by developing a novel
quantum Raman microscope. This cutting-edge system introduces a new paradigm in
quantum bio-optical measurements by integrating pulsed non-classical squeezed light
with stimulated Raman scattering (SRS). SRS is a highly effective technique for studying
the spatio-temporal dynamics of molecular bonds within biological specimens, offering
high sensitivity and speed. The utilization of an amplitude-squeezed probe beam in this
context allows for a significant improvement in the achievable SNR at lower optical
intensity levels, thereby mitigating the risk of optical damage to the sample. This
approach not only preserves the integrity of the biological specimens but also enhances
the accuracy and reliability of the measurements.

An example of a qRaman project is the QURAMAN system, which is specifically
designed to support intraoperative decision-making in cancer screening, with a focus on
lung cancer diagnostics [100]. Currently, the assessment of cancerous tissues relies
heavily on the subjective judgment of trained pathologists during intraoperative exami-
nation of frozen sections. This process is both costly and time-consuming, requiring years
of specialized training and experience. The QURAMAN microscope seeks to address these
limitations by providing a fast, objective, and reliable diagnostic tool that could signifi-
cantly reduce the reliance on subjective assessments [100]. The QuRAMAN project is
working on three main things: making the quantum Raman microscope better at finding
lung cancer in human tissue, testing the quantum Raman microscope on human tissue,
and giving manufacturers an OEM light source and a small microscope that they can just
plug in and use [100]. These components are intended to support bioimaging and quan-
tum technologies across various sectors, including education, science, and industry. By
addressing the intersection of quantum optics, bio-optics, and Raman spectroscopy, the
QuRAMAN device is poised to push the boundaries of current medical diagnostic tools
[100]. Its applications in quantum metrology and quantum sensing are expected to have
significant implications for the biomedical sciences, particularly in the early and accurate
detection of cancer. The interdisciplinary nature of the QURAMAN project holds the
promise of fostering innovation and collaboration across traditionally distinct fields, ulti-
mately leading to more effective and efficient diagnostic solutions in medical practice.

3.3 Nitrogen vacancy (NV) center biosensors

Another prominent quantum biosensing technology is based on NV centers in
diamonds [101]. NV centers are defects in the diamond lattice that possess unique
quantum properties, making them highly sensitive to magnetic fields, temperature,
and other environmental parameters. NV center biosensors are particularly advanta-
geous for their ability to operate at room temperature and provide non-invasive, real-
time monitoring of biological processes. The application of NV centers in biosensing
includes MRI at the nanoscale, detection of single molecules, and the measurement of
intracellular processes. These sensors are capable of detecting variations in magnetic
fields with exceptional spatial resolution, which is crucial for applications such as
tracking the movement of molecules within cells or detecting minute changes in the
local environment of biomolecules.
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3.4 Quantum dot-based quantum biosensors

Quantum dot-based quantum biosensors represent an advanced class of biosensing
devices that combine the unique properties of QDs with quantum principles to
enhance the detection and analysis of biological molecules [102]. Quantum dots,
which are semiconductor nanocrystals, are prized for their size-tunable fluorescence,
high photostability, and narrow emission spectra, making them ideal for sensitive and
multiplexed detection. When integrated with quantum techniques, these biosensors
can exploit quantum coherence, entanglement, and other quantum phenomena to
achieve even greater sensitivity and specificity in detecting biomolecules. Quantum
dot-based quantum biosensors are particularly promising in applications requiring
ultra-sensitive detection, such as in medical diagnostics, where they can identify trace
amounts of biomarkers for diseases like cancer, neurodegenerative disorders, and
infectious diseases. Additionally, these biosensors have potential in environmental
monitoring, detecting low concentrations of pollutants or pathogens with unprece-
dented accuracy. The ability to use quantum dots of different sizes enables
multiplexing, allowing simultaneous detection of multiple targets within a single
sample. Moreover, the integration of quantum dots with quantum technologies opens
new avenues in quantum imaging and sensing, where quantum effects can improve
resolution and signal-to-noise ratios. However, challenges remain, particularly
regarding the biocompatibility and potential toxicity of quantum dot materials, as well
as the complexity of integrating quantum principles into practical biosensor designs.
Despite these hurdles, quantum dot-based quantum biosensors are at the forefront of
biosensing technology, offering the potential for breakthroughs in both diagnostic and
environmental applications by harnessing the power of quantum mechanics.

4. Solid-state quantum biosensors

Solid-state quantum biosensors, which include systems like NV centers and quan-
tum dots, represent a robust platform for integrating quantum technology into prac-
tical sensing devices [103-105]. These biosensors are characterized by their solid-state
nature, which offers advantages in terms of stability, miniaturization, and integration
into existing technologies. Solid-state quantum biosensors have been employed in a
range of applications, from environmental monitoring to medical diagnostics, because
of their ability to operate in diverse conditions and compatibility with various sensing
modalities. Quantum biosensing represents a transformative approach in the field of
biosensors with the potential to revolutionize medical diagnostics, environmental
monitoring, and many other fields. More work on quantum plasmonic biosensors, NV
center-based sensors, and solid-state quantum biosensors is likely to make biosensors
more sensitive, accurate, and useful, which will make it easier for them to be used in
many clinical and research settings. The integration of quantum technologies into
biosensing platforms not only enhances detection capabilities but also opens new
avenues for exploring complex biological processes with unprecedented detail.

5. Single-photon sensing

Single-photon sensing plays a pivotal role in quantum sensing technologies [106—
109]. This capability allows for the detection of individual photons, which is essential in
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various quantum systems, from quantum communication to quantum imaging. Single-
photon detectors are vital for measuring weak signals with high precision, enabling
enhanced sensitivity in experiments that operate at the quantum limit. For instance, in
quantum key distribution (QKD) and other quantum cryptographic protocols, the abil-
ity to detect individual photons ensures the security of information transmission. More-
over, single-photon sensing is critical in developing ultra-sensitive biosensors and
imaging systems, where the detection of single-photon events can provide deeper
insights into molecular-level interactions. By leveraging quantum properties such as
superposition and entanglement, single-photon detection opens the door to unprece-
dented levels of precision and accuracy, which is crucial for advancing quantum sensing
applications [110]. Single-photon sensing is critical in enhancing the sensitivity and
precision of quantum biosensing technologies, particularly in detecting low-
concentration biomarkers. In biosensor applications, biomarkers are biological mole-
cules that indicate a particular disease state, infection, or other physiological conditions.
Examples of biomarkers commonly detected in sensor applications include:

* Prostate-specific antigen (PSA): PSA is a protein biomarker used to detect prostate
cancer [111]. Quantum-based biosensors, including those using single-photon
detection, have shown potential in improving sensitivity for early detection,
especially at low PSA concentrations in blood samples.

o C-reactive protein (CRP): CRP is a biomarker associated with inflammation and
cardiovascular diseases [112]. Quantum biosensors utilizing single-photon
technologies have demonstrated enhanced detection of CRP levels, allowing for
earlier diagnosis of inflammatory conditions.

e Cardiac troponins: Cardiac troponins are essential biomarkers for detecting
myocardial infarctions (heart attacks) [113]. Single-photon sensing in optical
biosensors have the capacity for enabled rapid and highly sensitive detection of
cardiac troponins, improving response times in critical care settings.

* DNA sequences: Quantum sensing can also be applied to detect specific DNA
sequences used as biomarkers for various genetic disorders and infectious
diseases. The ability to detect single-photon events enhances the sensitivity
required for identifying low concentrations of target DNA, enabling early-stage
diagnostics for diseases such as cancer and viral infections.

In each of these cases, the ability to detect individual photons enhances the bio-
sensor’s performance by allowing for detection at ultra-low concentrations, reducing
false negatives, and increasing the dynamic range. This makes single-photon sensing
an indispensable tool in biosensing technologies aimed at biomarker detection, push-
ing the boundaries of medical diagnostics.

6. Examples of quantum states in optical sensing

Quantum metrology studies the potential of different quantum states to enhance
the precision of quantum systems [114-117]. Examples of quantum states used in
optical sensors are squeezed states, entangled states such as NOON states, Fock states,
and coherent states [88]. In optical sensing, quantum states can be harnessed to
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Method Description Reference
Spontaneous parametric A nonlinear crystal is pumped by a laser to generate pairs of [121-124]
down-conversion correlated photons at half the pump frequency.

Four-wave mixing Involves the interaction of several light fields in a nonlinear [125]
(FWM) medium, leading to the generation of new fields.

Optomechanical The motion of a mechanical oscillator is coupled to the amplitude  [126, 127]
squeezing or phase of a light field. Properly driving these systems can lead to

the generation of squeezed light.

Squeezing via Feedback Involves detecting the noise in a system and then feeding backa  [128, 129]
signal to reduce that noise, effectively squeezing the state.

Quantum dots Can be used to produce single photons, and under certain [130]
conditions, they can be used to produce squeezed light.

Table 2.
Methods of squeezed light generation.

achieve ultra-sensitive detection. By manipulating light at the quantum level, we can
enhance signal-to-noise ratios, reduce uncertainty in measurements, and even enable
new sensing modalities that were previously unattainable. For instance, techniques
that generate non-classical light, such as squeezed states (Table 2) or entangled
photons, can dramatically improve the precision of measurements in optical systems.
These quantum states enable sensors to operate below the classical shot-noise limit,
pushing the boundaries of precision. An exemplary development is the use of
entangled photons, specifically a two-photon NOON state, for protein concentration
measurements; this work provided proof of concept for the application of quantum
states to a biosensing experiment and displayed the potential of quantum biosensors
[118]. In quantum magnetometry, a quantum-enhanced optomechanical magnetome-
ter was developed using squeezed light, resulting in a 20% improvement in magnetic
field sensitivity [119]. Single-molecule detection at the quantum noise limit was
achieved using a coherent state for biosensing, and particle tracking in living cells was
enhanced by 42% using a squeezed local oscillator [120]. Additional advancements
include the use of a squeezed local oscillator for particle tracking with sub-diffraction
limit spatial resolution and quantum-enhanced microcantilever displacement mea-
surement with squeezed light [120]. There are several key methods for generating and
manipulating quantum states in optical systems, each with distinct advantages for
different sensing applications. Table 2 shows some of the most widely used methods
for generating squeezed quantum states in optical sensors.

7. Recent advances and challenges with quantum biosensors
7.1 Limitations

Despite the promising potential of quantum biosensing technologies, several chal-
lenges remain. One significant limitation is the complexity of integrating quantum
sensors into practical, user-friendly devices suitable for widespread clinical use. The cost
and technical expertise required to operate quantum sensors may also hinder their
adoption in low-resource settings. Furthermore, many quantum biosensing platforms,
such as those utilizing NV centers or quantum dots, require precise environmental
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controls to maintain their sensitivity, which may limit their applicability in real-world
settings. Another limitation is the scalability of quantum biosensing technologies. While
proof-of-concept experiments have shown remarkable results, transitioning these tech-
nologies from laboratory-scale experiments to mass production remains a challenge.
Additionally, ensuring the biocompatibility of quantum sensors, particularly those using
materials such as quantum dots, is critical to avoid toxicity in biological applications.
Addressing these limitations will require interdisciplinary collaboration across fields
such as quantum physics, materials science, and biomedical engineering, along with
continued investment in research and development. As these challenges are overcome,
quantum biosensing technologies will likely become a transformative force in diagnos-
tics and environmental monitoring.

7.2 Future directions

The future of quantum biosensing holds numerous exciting possibilities. Contin-
ued research into quantum-enhanced detection methods, such as quantum
plasmonics, quantum dot biosensors, and NV centers, could lead to even greater
improvements in sensitivity and specificity. Future developments may focus on min-
iaturizing quantum biosensing platforms, making them more accessible for point-of-
care diagnostics and personalized medicine. Moreover, the integration of artificial
intelligence and machine learning algorithms with quantum sensors could allow for
the analysis of large-scale biosensing data in real time, providing more accurate and
faster results. Quantum biosensing is also expected to expand its applications beyond
biomedical diagnostics into areas such as food safety, environmental monitoring, and
industrial quality control. By leveraging the capabilities of quantum mechanics, future
biosensors may be able to detect a wider range of chemical and biological agents with
unprecedented precision. Furthermore, advances in quantum metrology could
improve the accuracy of biosensing devices, making them invaluable tools for
research in molecular biology and biochemistry.

8. Conclusions

Recent advances in quantum biosensing technologies have revolutionized the field of
biomedical diagnostics and environmental monitoring. The integration of quantum
principles such as superposition, entanglement, and quantum coherence into biosensing
platforms has enabled unprecedented levels of sensitivity and specificity in detecting
biomolecules at ultra-low concentrations. Key innovations, including diamond defect
sensing and quantum plasmonic biosensing, have demonstrated their potential in real-
time, high-resolution biosensing applications. These technologies, in conjunction with
quantum dot-based biosensors and single-photon detection, hold the promise of
transforming the precision and speed of diagnostics, offering new opportunities for
early disease detection and environmental monitoring. As this chapter has explored, the
unique properties of quantum sensors have the potential to overcome the limitations of
classical biosensing approaches. This shift marks a new era in biosensing capabilities,
opening the door for future research and clinical applications that will continue to push
the boundaries of what can be achieved in detecting and analyzing biological systems.
The ongoing development of quantum biosensing technologies is expected to play a
crucial role in addressing global health challenges, environmental sustainability, and the
development of next-generation diagnostic tools.
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Nomenclature

SPR surface plasmon resonance

LSPR localized surface plasmon resonance

NV nitrogen vacancy

VQE variational quantum eigensolver

OAQA optimization algorithm for quantum annealers
SERS surface-enhanced Raman spectroscopy

MEG magnetoencephalography

SNR signal-to-noise ratio

MRI magnetic resonance imaging

NMR nuclear magnetic resonance

SQUID superconducting quantum interference device
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