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On August 21 and 22 2025, Peter Maurer and Amir Safavi-Naeini co-hosted a Q-FARM
workshop on Quantum Biotechnology. The workshop brought together researchers from quantum
science, biology, and medicine to discuss opportunities for quantum sensing for the life sciences.
Topics covered included qubit-based biosensors, quantum-enhanced spectroscopy, high-
throughput sensing, quantum imaging, and translational applications. This report summarizes the
key scientific opportunities and priorities identified during the workshop.

Quantum biotechnology has recently advanced as a unique tool to study and control biological
processes that are challenging to access with conventional technologies. The central challenge
is not merely improving sensor performance, but making quantum technologies practical in
biological environments and then identifying specific biological applications. Sensors must
operate in living, aqueous systems while minimizing perturbation and overcoming motion,
scattering, background fluorescence, photobleaching, heating, and biochemical nonspecificity.

During the workshop, several key advantages of quantum sensing technology were identified.
Specifically, these applications included:

e Quantum sensors can probe fields, forces, temperature, spins, chemical environments,
and molecular dynamics at length scales that are difficult for classical instruments to
access.

e Quantum optical approaches - including entangled, squeezed, single-photon, and
photon-correlation methods - may increase the information extracted per photon, an
important constraint in live-cell and tissue imaging.

e Spin-based platforms, including diamond defects, molecular qubits, and emerging
protein-based qubits, offer routes to local sensing near or inside biological matter.

e Nanophotonics, spectroscopy, and microfluidics can help move quantum-enabled
measurements from heroic single experiments toward scalable high-throughput
biological assays.

e Translational quantum sensing could connect basic discovery to practical areas such as
subcellular imaging, systemic disease detection, diagnostics, and drug development.

Diamond and molecular spin qubit sensors represent one of the most distinctive opportunities
in quantum biotechnology. The workshop discussed quantum diamond microscopy, spin qubits
encoded in fluorescent proteins, and spin-correlated radical-pair dynamics in living organisms.
Diamond nitrogen-vacancy centers remain a leading platform, combining optical readout, spin
control, and nanoscale magnetic sensitivity. However, realizing their biological potential requires
advances in surface chemistry, functionalization, delivery, and maintaining proximity to target
biomolecules without degrading coherence.

An emerging alternative is to make the biological system itself part of the quantum device. A
focus of the workshop was on novel genetically encoded fluorescent protein spin qubits that can
be optically initialized, coherently controlled, and read out in living cells. Rather than inserting an
external sensor, this approach engineers biomolecules into quantum sensors. Such systems



could be genetically targeted, self-assembled, and positioned with molecular precision, but major
challenges remain, including improving readout, reducing photobleaching, extending coherence,
enabling operation under physiological conditions, and benchmarking performance against solid-
state platforms.

Quantum-enhanced optical spectroscopy and imaging emerged as a second major theme.
Presentations highlighted nanophotonics for scalable molecular sensing, single-photon probes of
biological systems, quantum imaging beyond the diffraction limit, single-molecule spin and
fluorescent-protein dynamics, and quantum-inspired microscopy. Despite their diversity, these
approaches share a common goal: extracting more molecular information while reducing photon
dose, measurement time, sample preparation, or interpretational uncertainty.

The connection to existing biological imaging is particularly strong. Rather than replacing
established tools such as fluorescence microscopy, Raman spectroscopy, sequencing, and
correlated imaging, quantum technologies can augment them. Examples include entanglement-
based super-resolution imaging and quantum-enhanced microscopy for improved cellular
imaging. A central challenge is identifying applications where quantum resources provide a clear
practical benefit, such as reduced phototoxicity, improved imaging in scattering tissue, enhanced
chemical specificity, or new molecular information encoded in photon statistics.

High-throughput quantum sensing emerged as another central area. Biological discovery
depends not on individual measurements, but on reproducible measurements across large
numbers of cells, molecules, perturbations, time points, and patient samples. Draw insights from
past measurement revolutions in biology, such as DNA sequencing, microfluidics, single-cell
analysis, and diagnostics, the workshop highlighted the importance of novel high-throughput
measurement platforms that integrate quantum sensing, sample handling, signal processing,
controls, and user-friendly workflows.

Quantum-derived hardware offers a distinct opportunity to make conventional measurements
faster, more sensitive, and massively parallel, even when the readout itself remains essentially
classical or semi-classical. Advances driven by quantum optics and nanophotonics have
produced components that translate directly into high-throughput biological measurement: arrays
of optical microcavities and resonators for label-free, single-molecule detection via resonance
shifts; nano- and optomechanical resonators capable of mass and force sensing at the single-
particle level; and single-photon detectors, including superconducting nanowire and SPAD arrays,
that enable photon-efficient, time-resolved, low-light imaging. The unifying advantage is
parallelization: cavity and detector arrays allow many measurements to proceed simultaneously,
turning sensitive but serial techniques into scalable assays. Distinguishing this "quantum-
enabled" regime, where the sensing modality is classical but the enabling hardware comes from
quantum research, from "quantum-limited" sensing that exploits entanglement, squeezing, or spin
coherence may help the field identify which platforms are closest to practical, near-term
deployment.

Quantum effects in biology and biology-inspired quantum devices formed another key
theme. Presentations explored isotope-dependent quantum effects, single-photon probes, neutral
biomolecule detection, magnetic control of protein function, and radical-pair spin dynamics. These
topics address whether phenomena such as coherence, spin dynamics, tunneling, and photon



statistics play functional roles in biological systems, while emphasizing the need for rigorous,
reproducible evidence.

A productive approach is to focus on measurable observables rather than broad claims that
“biology is quantum.” Key questions include whether quantum control can test spin-dynamical
models, isotope substitution can reveal coherent or tunneling processes, single-photon statistics
can uncover otherwise hidden molecular states, and quantum sensors can detect biologically
relevant signals with sufficient specificity. In this framework, quantum biology serves as a catalyst
for new measurement technologies rather than a speculative concept.

Concluding

Quantum biotechnology is an exciting but demanding field at the convergence of quantum optics,
spin physics, nanophotonics, spectroscopy, molecular engineering, bioimaging, microfluidics, and
clinical translation. The greatest opportunities will come from quantum technologies around
biological questions, such as deploying qubits where classical probes fail, developing photon-
efficient imaging methods, creating molecular sensors for hidden biochemical states, or building
scalable assays.



