
Design and Evaluation of a
Biocompatible Bioluminescence

Unit: Applications in Optogenetics
and Beyond

Arash Azarnoush

Thesis submitted to the University of Ottawa in partial
fulfillment of the requirements for the degree of

PhD in Electrical and Computer Engineering

Faculty of Engineering
University of Ottawa

© Arash Azarnoush, Ottawa, Canada, 2026



Abstract

Achieving non-invasive, deep tissue illumination is a significant challenge with appli-
cations in fields such as biophotonics and bio-optical communication. The high scattering
and absorption coe!cients of biological tissues limit light penetration and impose practical
constraints on various applications such as optogenetics and bio-optical interfaces. Tradi-
tional methods that utilize external light sources or implanted optical fibers are limited
by invasiveness and biocompatibility issues. To address these constraints, this research
proposes developing a wireless, bioluminescent illumination unit powered by piezoelectric
nanogenerators. The expected outcome of this system is to provide a minimally invasive
method for deep tissue illumination.

This approach not only enhances in vivo optogenetic applications but also holds po-
tential for bio-optical communications, which o”er advantages over electrical methods,
including higher spatiotemporal resolution and minimal invasiveness. The integration of
bioluminescence with ultrasonic stimulation o”ers a non-invasive, controllable light source
for targeted neural stimulation in optogenetics and other bio-optical applications.

This research will focus on designing the proposed illumination unit and characterizing
the bioluminescent response to ultrasonic stimulation by thoroughly modelling the under-
lying biological processes. Additionally, it will analyze light-tissue interactions to quantify
the resulting fluence distribution within biological tissue. By proposing the design of a
wireless bioluminescent systems, this study aims to open new pathways for medical di-
agnostics and therapeutic interventions using optogenetics. Furthermore, the findings of
this research could contribute to the design and analysis of wireless optical transceivers
for bio-optical interfaces, potentially advancing the field of optical biocommunication for
various applications.
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1

Introduction

1.1 Context and Importance of the Study

Ion movement across cellular membranes is essential for generating electrical signals and

regulating cellular responses [1]. Several types of ion channels, such as leakage channels,

ligand-gated channels, and voltage-gated channels, facilitate this process, while ion pumps

1



1.1. CONTEXT AND IMPORTANCE OF THE STUDY

like the Na+/K+-ATPase actively maintain electrochemical gradients. Understanding and

artificially manipulating ion fluxes has become a critical tool for studying cellular processes,

particularly in fields like neuromodulation and optogenetics [2].

These approaches enable the modelling of pathological conditions, o”ering deeper in-

sights into their underlying mechanisms assisting to develop appropriate treatments [3].

Moreover, precise control over ion fluxes a”ects signal transduction pathways, gene expres-

sion, and metabolic activities, providing a robust tool for modulating cellular behaviour

and advancing therapeutic interventions [4].

In the nervous system, manipulating ion fluxes (referred to as neuromodulation) not

only serves as a powerful method to better understand the complexities of neuronal function

and communication but also supports various therapeutic interventions [5]. This technique

forms the basis for mapping neural circuits, studying synaptic plasticity, and investigating

the cellular foundations of neurological disorders [5]. By modulating ion fluxes in neurons,

we can examine how alterations in ion channel function contribute to diseases such as

Parkinson’s, Alzheimer’s, and multiple sclerosis and pave the way for developing novel

therapeutic strategies.

Various mechanisms, including electrical [6], pharmacological [7], and optical approaches

[8], are employed for neuromodulation, each o”ering distinct advantages and limitations.

Electrical neuromodulation works through the direct application of electrical currents, pro-

ducing immediate e”ects with high spatial and temporal precision [6]. This method enables

precise modulation in localized brain regions at di”erent depths [6]. It is widely used due

2



1.1. CONTEXT AND IMPORTANCE OF THE STUDY

to its rapid onset and well-established clinical applications, particularly in treatments such

as deep brain stimulation for movement disorders like Parkinson’s disease [9]. However,

electrical stimulation lacks cell-type specificity and cannot di”erentiate between genetically

diverse cell populations in close proximity [10]. Moreover, it is often invasive and may cause

neurons to become less responsive over time [11].

Pharmacological neuromodulation relies on drugs that interact with endogenous recep-

tors, such as G-protein-coupled receptors, to influence intracellular processes [12]. This

method o”ers cell-type specificity by targeting particular receptors, enzymes, or ion chan-

nels. Nonetheless, it often lacks precise spatiotemporal control, as drugs can di”use into

surrounding tissues or the body more broadly [13]. Additionally, the slower onset of drug

e”ects, potential systemic side e”ects, di!culties in dose regulation, and desensitization

with prolonged use are significant limitations [13]. Maintaining e”ective drug concentra-

tions at the target site also presents a challenge [13].

Optical neuromodulation, commonly associated with optogenetics, relies on the expres-

sion of genetically encoded light-sensitive ion channels, known as opsins, on cell membranes

to manipulate neuronal activity [10]. By incorporating these opsins, cells become respon-

sive to optical stimulation, operating on the same principle that governs visual transduction

in animals. Depending on the properties of the deployed opsins, neural activity can either

be excited or inhibited in response to optical stimulation [10]. The targeted expression

of opsins in specific cells through genetic engineering allows optogenetics to be applied

in a highly cell-specific manner. Additionally, optogenetics o”ers high precision in both

spatial and temporal dimensions [10]. These properties have made optogenetics an invalu-

3



1.1. CONTEXT AND IMPORTANCE OF THE STUDY

able tool for both unraveling the complexities of the nervous system [14] and advancing

various therapeutic applications [15]. Beyond the nervous system, optogenetic approaches

have also been applied in diverse fields, including cardiology and metabolic regulation. For

instance, optogenetics enables precise cardiac pacing in cardiomyocytes and can modulate

therapeutic protein synthesis in diabetic treatment models through light-controlled gene

expression [16].

In optogenetics, one of the primary practical challenges is delivering light to target

cells within biological tissue. This di!culty stems from the light absorption properties of

biological components, such as hemoglobin and melanin, which absorb visible light strongly

[17]. These molecules exhibit absorption coe!cients peaking around 103 cm→1 in the blue

wavelength range, which is about six to seven orders of magnitude higher than water’s

absorption coe!cient (between 10→4 and 10→3 cm→1) in the same wavelength range (see

Figure 1.1)[18]. As a result, the penetration depth of visible light into biological tissue is

limited, making it challenging to illuminate cells located deeper within the tissue. Due to

this limitation, the use of external light sources for optogenetic applications is generally

restricted to in vitro settings or to cases where target cells are near the surface of the tissue.

In contrast, external illumination is often impractical for in vivo applications, where deeper

tissue illumination is required.

In response to these limitations, various approaches have been developed. A simple, yet

widely used method is the use of optical waveguides coupled with external light sources,

such as lasers or Light-Emitting Diode (LED)s, for deep tissue optogenetics [19]. While

this technique addresses the light penetration issue, it is highly invasive, as it requires
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Figure 1.1: Absorption and penetration depth in water and other biological tissue constituents
for di!erent wavelengths. Figure is adapted from [18].

implanting the optical waveguide directly into the biological tissue. This procedure can

cause significant tissue damage, potentially disrupting normal neuronal function and alter-

ing neuronal circuit behaviour [20]. Furthermore, there is a risk of fiber breakage within

the cannula, which complicates long-term studies and can lead to further tissue damage

[20]. The tethered equipment and connections in these setups can also severely restrict the

mobility of the test subject and limit their natural behaviour, which limits the practicality

of behavioural studies.

More recently, Microscale Light-Emitting Diodes (µLEDs) have been introduced for op-

togenetic illumination [21]. These tiny devices, with dimensions comparable to individual

neurons, enable precise and localized light delivery without the need for implanting optical

waveguides and tethering optical equipment [22]. The compact size of µLEDs and the elim-
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ination of the need for external tethered light sources allow for less invasive implantation

and enable more natural movement in test subjects.

However, µLEDs come with their own challenges. One of the primary issues is the

mechanical mismatch between the rigid materials used in µLEDs arrays, such as silicon,

and the soft, delicate neural tissues they interact with [23]. This mismatch can lead to

tissue damage, inflammation, and adverse immune responses, particularly in long-term

implants where micromotions worsen these problems [24].

Additionally, powering the µLEDs e!ciently remains a challenge, particularly when

aiming for fully implantable, wireless systems. Several approaches have been explored,

each with its own advantages and limitations. In some designs, the use of electrochem-

ical energy storage, such as batteries, has been proposed [25]. Lithium-ion batteries, in

particular, providing stable electrical power through chemical reactions between their elec-

trodes and electrolyte [26]. However, the energy capacity of a battery is directly tied to its

physical volume [26]. As a result, these designs either depend on external hardware and

electrical connections to the implanted devices or require periodic battery replacement.

Both approaches are invasive and compromise biocompatibility.

Some other systems are designed based on electromagnetic power transfer, specifically

through magnetic induction [27]. This method is commonly employed biomedical devices

due to its ability to wirelessly provide energy without the need for implanted batteries. In

these systems, energy is transferred between a transmitter coil located outside the body

and a receiver coil integrated into the device [28]. This approach o”ers several bene-
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Figure 1.2: Attenuation of electromagnetic waves in pure water, a 0.9% saline solution, and
human tissue over the frequency band from 100 MHz to 6 GHz. Figure is adapted from [30].

fits to optogenetic experiments, including continuous power delivery without the need for

invasive battery replacements and enabling the operation of optogenetic systems with-

out significantly restricting the mobility of animal models. However, concerns about the

biocompatibility of these designs persist, particularly due to the use of conductive coils

and Complementary Metal-Oxide-Semiconductor (CMOS) technology. Additionally, the

inherent trade-o”s in using electromagnetic waves in miniaturized devices present further

challenges; Higher frequencies, necessary for smaller devices, lead to increased energy losses

in biological tissues (see Figure 1.2) [29], [30]. This creates a fundamental limitation on the

degree of miniaturization, as the energy losses must be controlled to prevent overheating

and ensure tissue safety.

Ultrasonic wireless power transfer has also been proposed as a means of delivering

energy to µLEDs-based optogenetic implants [31]. In these systems, piezoelectric materials

convert ultrasonic vibrations into electrical energy. Using ultrasonic waves is particularly

7



1.1. CONTEXT AND IMPORTANCE OF THE STUDY

advantageous in biological tissues due to their relatively low absorption rates, especially at

frequencies in the 0.1–10 MHz range [32]. Therefore, piezoelectric energy harvesting shows

great potential for powering small-scale, implantable optogenetic systems.

However, ultrasonic µLEDs-based optogenetic implants present their own challenges.

Reflection losses at the interfaces between the piezoelectric transducer and biological tissues

can reduce power transfer e!ciency. Moreover, the requirement for precise alignment and

focusing of the ultrasonic waves adds complexity to the system design. Additionally, since

current designs utilize non-organic piezoelectric materials and LEDs, concerns regarding

the biocompatibility of these systems persist.

With the variety of strategies available for light delivery in optogenetics, the field con-

tinues to be an area of active research, particularly for in vivo optogenetic applications.

Key challenges include the invasiveness of implanting procedures, the biocompatibility of

devices for chronic use, and the depth of tissue illumination that can be achieved. Further-

more, maintaining high temporal and spatial precision while ensuring freedom of movement

in freely moving animals is a challenge. However, technological constraints often necessi-

tate trade-o”s, where addressing one limitation may worsen another. Developing a fully

biocompatible, wireless method for deep tissue illumination remains a major engineering

challenge, especially in studies of neural activity in freely moving subjects. Successfully

overcoming this obstacle could represent a transformative advancement in the field of op-

togenetics, enhancing our understanding of complex neural dynamics and paving the way

for novel therapeutic approaches.
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The challenges of delivering or generating light within biological tissues are not limited

to optogenetics and are increasingly relevant to advancements in bio-optical communi-

cations. Optical techniques hold promise as communication methods within biological

systems, particularly for the development of Brain-Machine Interfaces (BMI) [33]. Com-

pared to electrical BMI, bio-optical communication o”ers minimal invasiveness and higher

spatiotemporal resolution. Furthermore, optical methods enable communication with a

larger population of neurons simultaneously [33].

Moreover, the development of techniques such as Genetically Encoded Voltage Indica-

tors (GEVIs) has expanded the use of bio-optical communication beyond simple activation-

based applications to the monitoring of neural activity [34]. GEVIs enable the observation

of electrical activity within neural circuits without requiring direct physical contact [34].

There is also growing evidence that biophotons are generated within brain tissue and

other organs [35], [36], [37], [38]. Biophotons are photons naturally emitted by biological

cells and studies suggest that neurons may use these photons for various communication

and restoration functions [39], [40]. Research on the optical properties of neural tissues,

particularly myelinated axons, further reveals that these structures can act as natural

optical waveguides [41]. With specific refractive index profiles, myelinated axons can guide

photons with minimal signal loss, functioning similarly to engineered optical fibers [42],

[43]. This intrinsic optical capability and the presence of biophotons highlights promising

potential for bio-optical communication systems that could be integrated with the body’s

own light-based signaling mechanisms.
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These optical characteristics make bio-optical communication an ideal candidate for

next-generation bio-communication applications, including BMI as well as applications in

nano-networks in chips and bio-chips. In this context, advances in developing wireless,

non-invasive and biocompatible optical illumination systems, capable of operating within

various biological and bio-engineered environments, represent a significant step forward

for bio-optical communications. This development will lay a foundation for innovative

applications based on optical communication, enabling functionality within biological tissue

as well as within micro- and nano-scale bio-engineered systems.

1.2 State-of-the-Art Techniques for Light Deliv-

ery in Optogenetics

In several in vitro experiments involving optogenetic applications, light is externally gen-

erated using either lasers or LEDs [44]. Lasers are used for their excellent spatial and

temporal resolution which enables precise targeting of specific cells or regions [45]. They

also allow for fine-tuning of their spectra to match the activation wavelengths of di”er-

ent opsins. However, lasers are costly and challenging to miniaturize [46], which limits

their practicality in certain experimental setups, particularly those requiring portable or

implantable solutions.

Alternatively, LEDs o”er a more cost-e”ective and compact option [47]. Despite these

advantages, LEDs have some drawbacks. They emit less coherent light compared to lasers
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[47], which can result in reduced spatial resolution and less precise targeting. Additionally,

the divergent nature of LED light makes it more challenging to be sent through optical

fibers and other light-guiding systems when they are used as external light sources [48].

In organ-level studies or in vivo applications, the low penetration of light makes direct

illumination ine”ective [49]. Two-photon laser excitation is one of the alternatives that

has been utilized to improve light penetration into biological tissues [50]. This method is

used for deep tissue illumination, based on the principle discussed in section 1.1, where

biological tissues exhibit lower scattering and absorption at longer wavelengths [51] (see

Figure 1.1).

In two-photon excitation, two photons are absorbed nearly simultaneously for exciting

a molecule from its ground state to a higher energy state (Figure 1.3). Unlike one-photon

excitation, where a single photon with wavelength ω is absorbed, two-photon excitation

requires absorption of two photons (ω1 and ω2), each providing a fraction of the the en-

ergy of a single-photon equivalent (ω1 + ω2 = 2ω) [52]. Because these two photons have

longer wavelengths, they experience lower scattering and absorption coe!cients in biolog-

ical tissue, allowing them to penetrate deeper. However, as the absorption should happen

almost simultaneously, the excitation likelihood in two-photon excitation is significantly

lower than in one-photon excitation and depends on the square of the light intensity due

to its nonlinear nature [52]. Two-photon excitation requires considerably higher light in-

tensities than one-photon excitation, a characteristic that might suggest it is unsuitable

for tissue illumination due to the risk of potential tissue damage. While this limitation

has been mitigated by using extremely high-powered pulses of very short duration [53]
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Figure 1.3: A schematic energy level diagram shows the excitation of a molecule from the
ground state, g, to an excited state, f , located at energy Ef above the g state by the absorption
of two photons (vertical solid arrows). The photons can have the same energy, E1 (degenerate
case, Ef = 2E1), or di!erent energies, E1 and E2 (nondegenerate case, Ef = E1 + E2). After
excitation, the system quickly relaxes to state r, the lowest vibronic level of the lowest-energy
excited state, by internal conversion or vibrational relaxation (dashed arrow). The system finally
returns to the ground state by radiative or nonradiative pathways (bold dashed arrow). Figure
is adapted from [53].

and two photon excitation can provide higher illumination depth in biological tissue, it

requires complex and costly optical technology. Additionally, challenges related to the

need for external connections and restriction of the movement of the test subject remain

unresolved.

Under these circumstances, waveguides or optical fibers have been used as methods

for delivering light for in vivo experiments [54], [55]. However, as discussed earlier, two

major concerns with this method are the biocompatibility of the implants and the physical

constraints imposed by these connections, which restrict the study of freely moving subjects
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and limit experimental flexibility.

To address these issues, researchers have focused on developing flexible and biocompat-

ible waveguides as alternatives to traditional silica fibers. Various biodegradable polymer-

based optical waveguides have been created in di”erent formats, such as polymer-based

fibers [56], bioabsorbable polymer optical waveguides [57], and hydrogels [58]. Specifi-

cally, hydrogel waveguides have been engineered using materials like polyethylene glycol

[59], agarose [60], and gelatin [61]. These materials can improve biocompatibility of some

optogenetic settings. However, the restrictions imposed by physical connections still exist.

These limitations have driven the search for alternative methods that are better suited

for in vivo optogenetic applications. One such approach involves the development of minia-

turized implantable photonic devices. Various illumination systems have been proposed

for optogenetics, based on implantable µLEDs [62], [63], [64], [65], [66]. Although these

systems di”er in design, they typically share certain features, such as conductive coils

that capture electromagnetic energy from the environment to power the LEDs. Despite

their potential, there are concerns about the biocompatibility of using conductive coils and

CMOS technology within the human body.

Additionally, a significant challenge in miniaturizing these devices is related to the

electromagnetic energy harvesting process. Current devices vary in size depending on the

design, ranging from 10mm × 5mm × 0.2mm (Length × Width × Thickness) [62], to

5mm × 5mm × 4mm [64], and 13mm × 10mm × 0.8mm [63]. However, as discussed

earlier, smaller device sizes require higher frequencies to harvest su!cient energy, which
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leads to increased temperature in the surrounding tissue [58]. Therefore, even if fabrication

challenges are addressed, further miniaturization of these implants remains fundamentally

limited by these thermal constraints.

To address the challenges of using electromagnetic waves through biological tissues to

generate electrical energy, the use of ultrasonic energy harvesting has been proposed as

an alternative [67]. In this approach, ultrasonic energy is converted into optical energy

to activate the opsins. A neurostimulation platform based on this concept, known as

the Wireless Optogenetics Nanonetworking Devices (WiOptND), has been developed [68].

This system utilizes piezoelectric nanowires and µLEDs to produce light in response to

ultrasound waves.

Despite the innovative nature of these devices, their size remains significantly larger

than that of individual neurons. This, complicates e”orts to stimulate neurons with single-

neuron precision or to target specific brain regions accurately. Additionally, there are

substantial concerns regarding the biocompatibility of employing CMOS circuits in vivo,

which further complicates their application in neurological experiments.

1.3 Research Objectives

Bioluminescence which is the emission of light by living organisms o”ers a compelling route

toward biocompatible illumination in biophotonic systems. While bioluminescent reporters

are widely used for sensing and imaging, comparatively fewer studies treat bioluminescence
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as a controllable light source that can be externally triggered and engineered for predictable

optical output.

A recent study [69] explored aequorin-based bioluminescence as part of a wired opti-

cal transceiver concept, motivating the possibility of leveraging calcium-triggered photon

emission for bio-optical interfacing. However, the detailed dynamic response of such sys-

tems (from stimulation to calcium release to photon emission) has not been quantitatively

characterized in a unified model.

Accordingly, this thesis investigates a wireless, ultrasound-powered, aequorin-based bi-

oluminescent illumination mote intended for deep-tissue optogenetic and bio-optical appli-

cations. The central objective is to develop and evaluate a system-level modelling frame-

work that links ultrasonic excitation and energy harvesting to calcium dynamics and the

resulting bioluminescent output, and to translate this source behaviour into tissue-level

illumination metrics.

To achieve this goal, the work is organized around the following objectives and contri-

butions:

• Biocompatible Wireless Stimulation

The optical transceiver proposed in [69] is designed using nanowires. With the ul-

timate goal of developing a wireless, biocompatible illumination unit for optoge-

netic applications, this study aims to integrate a biocompatible wireless stimulation

method into the design. The following key questions will be addressed:
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1. What biocompatible energy harvesting mechanism is suitable for use in our

design?

2. How can this energy harvesting mechanism be modeled, and what are the input-

output relationships of the proposed alternative energy harvesting method?

3. Under what stimulation conditions (e.g., pulse duration and acoustic intensity)

can the mote harvest su!cient energy to activate the biochemical pathway re-

quired for light generation?

4. How can the wireless stimulation stage be integrated within the modelling frame-

work that couples energy harvesting and the bioluminescence reaction?

• Behaviour of The Bioluminescence Unit

While the concept of an aequorin-based illumination unit was previously proposed in

[70], several key aspects remain unexplored. Specifically, the biological mechanisms

underlying aequorin-based light emission, along with the detailed optical response of

such systems, have not been fully characterized. This research aims to address these

gaps by focusing on the following:

1. What are the characteristics of the generated light in terms of time response

and light intensity?

2. How do changes in the physical properties of the illumination unit (such as the

dimensions, size, and composition of internal components) a”ect the character-

istics of the emitted light?
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3. How can the proposed aequorin-based illumination system be scaled up or down

to suit di”erent biological environments or varying sizes of tissues?

4. How does the choice of aequorin variant influence output magnitude and tun-

ability?

• Light-Tissue Interaction

For the proposed system to be used in practical applications, such as optogenet-

ics or other bio-optical interfaces, the emitted light must reach its intended target

within the biological tissue. Accordingly, this thesis examines light transport from

the bioluminescent mote in representative tissue media and addresses the following

questions:

1. What modelling framework is appropriate for describing light propagation in

biological tissue at the length scales of interest?

2. What is the spatial distribution of the emitted light as it propagates through

biological tissue?

3. How does tissue type a”ect light attenuation and the resulting fluence distribu-

tion?

4. How do the predicted fluence levels at a target location compare with reported

activation ranges for light-responsive receivers (e.g., opsins), under representa-

tive source–target separations?
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5. How does the predicted illumination field di”er between a single emitting mote

and a multi-mote configuration in terms of delivered fluence and spatial unifor-

mity at the target?
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2

Background and Literature Review

In this section, we will explore foundational concepts related to bioluminescence, opto-

genetics, and the challenges associated with light delivery in optogenetic applications.

Additionally, we will discuss piezoelectric biomaterials, which are utilized in the energy

harvesting component of the proposed bioluminescence unit.
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2.1 Bioluminescence

Bioluminescence, a natural phenomenon in which organisms produce light through chemical

reactions, has intrigued scientists for centuries. This unique capacity is found across a wide

variety of species, including marine organisms like jellyfish, squid, and anglerfish, as well

as terrestrial creatures such as fireflies and even certain fungi and bacteria [71].

The color of light emitted through bioluminescence varies among di”erent organisms,

with specific hues linked to environmental adaptation and survival strategies (Figure 2.1).

Marine organisms generally emit light in the blue-green spectrum (440-520 nm), while

terrestrial organisms like fireflies typically produce yellow-green light (520-590 nm). There

are exceptions, such as certain deep-sea species that emit red light [72]. The specific color

of bioluminescent light is primarily determined by the chemical structure of the luciferase

enzyme and luciferin substrate involved in the light-producing reaction [73].

On land, yellow-green bioluminescence is more common, particularly in organisms like

fireflies. This color range is highly visible in the night environment, making it e”ective

for communication, especially during mating rituals where visual signaling is crucial. The

emission of yellow-green light by fireflies serves as a key factor in mate selection, enhancing

reproductive success [75].

In marine environments, blue and green light is most common because these wave-

lengths travel further underwater, providing organisms with an evolutionary advantage

for long-distance communication and predator evasion [76]. This adaptation helps marine
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Figure 2.1: Overview of most common luciferases and their cofactors used in neuroscience appli-
cations. (a) Diversity of bioluminescent organisms and their luciferases. The shading indicates
the class of cofactors and their derivatives employed: purple = vargulin, blue = coelenterazine,
green = FMNH2/aldehyde, yellow = hispidine, and orange = D-luciferin. The catalytic sub-
units of the luciferase have been modeled in AlphaFold2 and are scaled approximately to their
relative size. The number of aminoacids is indicated in each structure, and their peak emission
wavelength is visualized below as a vertical black line within the visible spectrum. The display
is not exhaustive and various chemical modifications exist for CTZs, D-luciferins, and others.
Some luciferins require secondary substrates for their activity (FMNH2, reduced Flavin-mononu-
cleotide; Adenosine Triphosphat (ATP), adenosine triphosphate), others require calcium as cofac-
tor (e.g., aequorin, not shown), and most if not all require oxygen for their reaction. (b) Chemical
structures of some representative luciferin substrates used by the luciferases mentioned in panel.
Figure is adapted from [74].
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species e”ectively signal and interact over greater distances in the dark ocean depths. Con-

versely, some deep-sea organisms emit red light, allowing them to communicate or detect

prey without alerting other marine life, thereby gaining an advantage in the predator-prey

dynamic [77].

In addition to roles in communication and camouflage, bioluminescence has been pro-

posed to function as a defensive strategy through the so-called burglar alarm hypothesis.

This hypothesis suggests that when a bioluminescent organism is attacked or disturbed by

a predator, it emits light to attract higher-level predators, thereby increasing the likelihood

that the original predator will be detected or attacked [78]. In this way, light emission in-

directly benefits the prey organism by reducing predation pressure. This mechanism has

been observed in various marine organisms, including dinoflagellates, which produce bright

flashes when mechanically stimulated, potentially exposing grazing predators to their own

predators [79]. Although not universally applicable across all bioluminescent species, the

burglar alarm hypothesis remains a widely cited explanation for the ecological function of

bioluminescence in predator-prey dynamics.

Bioluminescence results from a chemiluminescent reaction in which enzymatic processes

generate an excited-state product that emits light as it relaxes to the ground state. In most

described systems, light production involves oxidation of a small-molecule substrate, often

referred to generically as a luciferin (despite substantial structural diversity across taxa) by

molecular oxygen in a reaction catalyzed by a luciferase. The specific biochemical require-

ments vary across organisms; for example, some reactions are ATP-dependent, whereas in

photoprotein-based systems the substrate can be pre-bound in a stable protein complex
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and emission is triggered by ions such as Ca2+ [72], [73].

The bioluminescence reaction can be broken down into the following stages. Initially,

luciferin reacts with oxygen to form a High-Energy Intermediate (HEI), typically a peroxide

with a weak bond. This intermediate molecule undergoes decomposition, leading to the

production of oxyluciferin in an excited state. As the oxyluciferin returns to its ground

state, it releases energy by emitting photons. The wavelength of this light corresponds

to the energy di”erence between the excited and ground states of the oxyluciferin. The

structure of this molecule dictates the potential range of emitted colors. For example,

in firefly bioluminescence, oxyluciferin can exist in di”erent forms, such as the monoanion

(C1) and dianion (C2), that emit red (615 nm) and yellow-green (560 nm) light, respectively

[73].

The luciferase enzyme can also plays a role in modulating the color of the emitted light.

It can influence the active site of the light-emitting molecule and modulate its structure

and electronic state at the moment of emission. In other words, the luciferase can modify

the emission spectrum through changes in active-site configuration during the reaction.

For example, the same synthetic luciferin analogue (adenylate of D-5,5-dimethylluciferin)

can emit photons with di”erent wavelenghts depending on the luciferase catalyzing the

reaction [73].

In addition to enzyme influences, some organisms modify the color of bioluminescent

emission through energy transfer mechanisms. This is especially common among marine

species, where the blue light generated by the luciferin-luciferase reaction is transferred

23



2.1. BIOLUMINESCENCE

to a nearby fluorescent protein via Förster Resonance Energy Transfer (FRET). In these

organisms, the fluorescent protein, such as Green Fluorescent Protein (GFP), absorbs the

energy and re-emits it at a longer wavelength, typically as green light. This mechanism

accounts for the green bioluminescence observed in jellyfish like Aequorea victoria, even

though its photoprotein, aequorin, initially emits blue light [73]. Similarly, certain fish

employ red fluorescent proteins to convert blue luminescence into red [72].

The e!ciency of bioluminescence is measured by the bioluminescence quantum yield,

expressed in terms of Einstein per Mole (E.mol→1), which quantifies the number of photons

produced per mole of luciferin. In an ideal situation, each luciferin molecule would produce

one photon, yielding a quantum e!ciency of 1 E.mol→1. However, actual yields are typically

considerably lower [80].

Bioluminescence has found a wide range of applications beyond its natural occurrence

in ecosystems. It is frequently utilized as a tool for monitoring cellular and molecular pro-

cesses [73]. Inserting genes responsible for bioluminescence into other organisms through

genetic engineering can facilitate tracking the expression and activity of other genes within

an organism [81]. This technique has been applied in various fields. In cancer research,

Bioluminescence Imaging (BLI) o”ers a non-invasive method to visualize and quantify

molecular and cellular processes and has enhanced our understanding of tumor growth,

metastasis, and treatment response dynamics [82]. In developmental biology it aids in

studying gene expression patterns during organismal development [83]. Furthermore, bi-

oluminescence has practical applications in environmental monitoring. Bioluminescent

bacteria, for example, are employed to assess water quality. In this technique, biolumines-
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cent organisms emit light under normal conditions, but a decrease in light emission can

indicate the presence of toxic substances in the water [84].

Among the luciferase systems currently used for bioluminescence imaging, firefly luciferase-

and NanoLuc-based platforms are widely regarded as important benchmarks. Firefly lu-

ciferase from Photinus pyralis, used with D-luciferin, has long served as a standard reporter

for in vivo bioluminescence imaging because of its robust performance and extensive val-

idation in preclinical models [85], [86]. More recently, NanoLuc, an engineered luciferase

derived from Oplophorus gracilirostris, has become widely used because of its small size,

ATP independence, and high photon output; however, its native blue emission is less favor-

able for deep-tissue imaging due to stronger absorption and scattering in biological tissues

[86], [87], [88]. To improve deep-tissue performance, engineered firefly luciferase systems

such as Akaluc used with AkaLumine have been developed to produce red-shifted to near-

infrared emission and substantially higher sensitivity in deep tissues, including the brain,

compared with the conventional D-luciferin/firefly luciferase system [85], [89]. In parallel,

NanoLuc-based constructs and substrates have also been optimized for in vivo applications,

including brain imaging, for example through red-shifted BRET reporters such as Antares

and improved furimazine analogs such as cephalofurimazine [88], [90]. Together, these sys-

tems illustrate that the current state of the art in bioluminescence imaging is driven largely

by engineering of both luciferases and luciferins to improve brightness, spectral properties,

substrate bioavailability, and tissue penetration.
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2.1.1 Bioluminescence of Jellyfish

The bioluminescence reaction of jellyfish has some unique properties. At the core of jellyfish

bioluminescence is a molecule called Coelenterazine (CLZ), which belongs to the imida-

zopyrazinone class. When CLZ reacts with oxygen, it forms a peroxide. This reaction is

similar to that found in firefly bioluminescence, but with a key distinction: in jellyfish, the

resulting peroxide forms a stable complex (or adduct) with the enzyme apoaequorin. This

complex molecule is known as aequorin photoprotein.

Aequorin photoprotein contains three EF-hand calcium-binding domains, specifically

EF-hands I, III, and IV. Upon the binding of calcium ions to these domains, the molecule

undergoes a conformational change that leads to the opening of the imidazolone ring of

the CLZ peroxide. This opening leads to the formation of a 1,2-dioxetanone intermediate.

This unstable intermediate decomposes, releases carbon dioxide and generates oxyluciferin

(named coelenteramide) in an excited state. As the molecule returns to its ground state,

energy is emitted in the form of light [91]. This process is depicted in Figure 2.2.

Unlike many other bioluminescence systems that rely on a direct reaction between

luciferin and luciferase, the jellyfish mechanism involves a luciferin-protein complex that

reacts with calcium ions. As a result, the amount of light emitted is directly proportional

to the amount of aequorin present. This represents a significant distinction from luciferin-

luciferase systems where light emission depends on the luciferin substrate rather than the

enzyme [73].

On this basis, aequorin’s bioluminescence is being used as a tool in the study of calcium
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Figure 2.2: Calcium-based bioluminescence of Aequorin. Top left: Coelenterazine (CLZ) is
bound within apoaequorin (outlined structure). Top right: Upon binding of calcium ions (gray
spheres), the protein undergoes a conformational change that leads to the formation of a high-
energy intermediate. Bottom right: This intermediate decomposes, releasing CO2 and producing
coelenteramide in an excited state. Bottom left: As coelenteramide returns to the ground state,
a photon is emitted.
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signaling within various cellular compartments [92]. By genetically engineering aequorin to

target specific intracellular locations, this photoprotein is used to measure calcium concen-

trations in di”erent regions of the cells. Upon binding calcium ions, aequorin emits light,

which is then measured using specialized equipment like luminescence readers. This allows

for real-time monitoring of calcium dynamics, providing insights into cellular processes like

muscle contraction, neurotransmitter release, and apoptosis. For instance, in mammalian

cells, aequorin-based probes have been used to track subcellular calcium fluctuations during

signal transduction events [93].

2.1.2 Modifications of aequorin Bioluminescence

Aequorin’s bioluminescence reaction as discussed in section 2.1.1 can be modified using

various strategies. These modifications generally fall into three categories: mutagenesis

of the calcium-binding sites of the apoaequorin protein, the use of CLZ analogs, and the

fusion of fluorescent proteins to aequorin.

In apoaequorin mutagenesis, one or more amino acids are substituted to modify the

light emission reaction (Figure 2.3). Mutations within or near the EF-hand calcium-binding

motifs are introduced to alter calcium-binding a!nity [94]. Additionally, Aequorin contains

a 600 Å hydrophobic cavity where the CLZ chromophore is stabilized by 21 hydrophobic

residues. Substitutions in this CLZ-binding pocket are primarily aimed at spectral tuning,

such as shifting the emission wavelength [95]. These modifications enable modulation of

the bioluminescence reaction by altering calcium-binding a!nity, interdomain interactions
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Figure 2.3: Apoaequorin amino acid sequence highlighting the mutated sites screened for en-
hanced Ca2+ sensitivity. The apoaequorin sequence from Aequorea victoria (PDB code: 1EJ3 )
is 189 amino acids long. Random, non-conservative substitution was performed on boxed amino
acids in order to alter aequorin Ca2+ a”nity. Amino acids involved in CLZ and Ca2+ (Ca) bind-
ing are indicated. Figure is adapted from [94].

(particularly between EF-hands II and III), and the coupling between calcium-binding and

coelenterazine-binding domains.

While many mutants exhibit negligible changes in calcium sensitivity compared to

wild-type aequorin, some others significantly enhance this sensitivity. For example, [94]

reports that mutations such as Q159D 1, Q159T, S157D, N121D, A123D, and A179T have

been shown to increase the protein’s responsiveness to calcium and are often classified

as “AequorinXS” variants. Conversely, some mutations, such as Y38S and A69M, result

in diminished luminescence output. Building on the enhanced luminescence observed in

single mutants, combinations of these mutations have also been investigated. For example,

1These mutations are denoted using the standard nomenclature of the original amino acid, residue
number, and substituted amino acid (e.g., Q159D indicates the substitution of glutamine with aspartic
acid at position 159).
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double mutants incorporating Q159D or Q159T with N121D exhibited even greater Ca2+

sensitivity and increased light emission rates [94].

In addition to modifying the calcium-binding domains, the bioluminescent properties of

aequorin can be tuned by replacing CLZ with structural analogs [95]. The emission profile,

particularly the peak wavelength, depends on the electronic structure of CLZ, which drives

the bioluminescent reaction. This spectrum is influenced by electron conjugation across

its aromatic rings. Within the active site of aequorin, CLZ is stabilized by hydrogen

bonds, ϱ–ϱ interactions, and hydrophobic contacts that help fix the orientation of its ring

systems [95]. Modifying the CLZ molecule can a”ect its non-covalent interactions within

the binding pocket and influences its conformation and flexibility. When native CLZ is

used to reconstitute apoaequorin, the resulting wild-type aequorin emits blue light with

a peak wavelength around 470 nm. To modulate the bioluminescent properties, several

structural analogs of CLZ have been developed and used. For example:

• CLZ-f is a modified analog of CLZ, in which a fluorine atom replaces a hydroxyl group

on the phenol ring. When aequorin is reconstituted with CLZ-f, the bioluminescence

reaction exhibits increased calcium sensitivity [96].

• CLZ-hcp is a synthetic analog of CLZ, in which the imidazo-pyrazinone core is chem-

ically modified at the phenolic position. CLZ-hcp is known for increased calcium

sensitivity and shifts the emission maximum to 445 nm [97].

A third modification method for aequorin bioluminescence involves fusion of a Fluores-

cent Protein (FP) to the photoprotein. This approach takes advantage of Bioluminescence
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Resonance Energy Transfer (BRET), in which radiationless energy transfer occurs from

the excited oxyluciferin intermediate to the FP [98]. The fluorescent protein then emits

light at its characteristic wavelength, resulting in a red-shifted emission relative to native

aequorin’s blue bioluminescence. In addition to spectral tuning, fusion constructs may also

enhance protein stability and Ca2+ sensitivity.

Several aequorin–FP fusions have been reported:

• Green Fluorescent Protein–Aequorin (GA) is a fusion construct with GFP. GA shows

increased sensitivity to submicromolar Ca2+ concentrations compared to aequorin

alone and functions as both a fluorescent marker and a Ca2+ sensor, emitting green

light via BRET [96].

• tandem-dimer-Tomato–Aequorin (tdTA) , also referred to as Redquorin, is a fusion

with the red FP tandem-dimer Tomato (tdTomato). This construct shifts emission

into the red spectral region [99].

• Citrine–Aequorin (CitA) is a fusion with Citrine, a yellow FP, resulting in yellow-

shifted bioluminescence [99].

Such modifications allow the bioluminescent properties of aequorin to be engineered

for various applications, including enhanced calcium sensitivity and spectral tuning. In

practice, these strategies are often used in combination to meet specific requirements. For

example, among double mutants incorporating EF-hand domain modifications, QD+AT2

2Double mutants are typically named by combining the abbreviations of the individual mutations (e.g.,
QD+AT for Q159D+A179T).
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and QT+AD when paired with specific CLZ-f showed high Ca2+ sensitivity, with EC50
3

values of 216 nM and 279 nM, respectively, which are significantly lower than the 659 nM

observed for the wild type [100].

2.2 Optogenetics

The emergence of optogenetics dates back to the early 2000s, when a published study

[101] described how a light-sensitive microbial protein called opsin can be used to control

neurons by light. As a combination between optical technologies, genetic targeting and

molecular biology, optogenetics holds the potential to revolutionize our understanding of

neural circuits[45]. Besides neurology, optogenetics has recently been used in several fields,

including cardiology [49], immunology [102], and urology [103]. Recent advancements in

genetic engineering for opsin development as well as new optical techniques have o”ered

new possibilities for the use of optogenetics in diagnostic and therapeutic procedures.

For instance, one study [8] introduced an innovative all-optical technique capable of

simultaneously manipulating and monitoring multiple neurons. This approach combines

two-photon optogenetic activation with calcium imaging, allowing for highly precise tar-

geting and high-resolution tracking of neural activity. Notably, this method enables re-

searchers to investigate the same neuronal populations across di”erent behavioural states

and to selectively target neural ensembles based on their specific functions. Also, a re-

search study [104] employed frequency-specific optogenetic Deep Brain Stimulation (DBS)

3EC50 refers to the concentration of Ca2+ required to elicit 50% of the maximal luminescent response.
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of the subthalamic nucleus to enhance motor function in Parkinsonian models. The study

demonstrated that high-frequency optogenetic stimulation could replicate the therapeutic

e”ects of conventional electrical DBS in alleviating symptoms. This examples underscores

the valuable role of optogenetics in both studying and potentially treating neurological

disorders.

2.2.1 Opsins

In optogenetics, the ability to optically manipulate neuronal activity relies on the presence

of a particular photosensitive ion channel called opsin on the neuron’s membrane. Opsins

are capable of triggering various cellular responses, such as inducing action potentials,

inhibiting neural activity, or modifying intracellular signaling pathways, in millisecond

temporal precision [105], [106].

Opsins are broadly classified into two main types: microbial opsins (Type I) and ver-

tebrate opsins (Type II). Type I opsins, which function as ion channels or pumps, are

present in various microorganisms, including bacteria and algae. These proteins help the

microorganisms navigate their environment by regulating ion concentrations and control-

ling the movement of cellular appendages [101], [108]. Type II opsins, found in animal

cells, typically serve in vision and the regulation of circadian rhythms. They function

as G-Protein-Coupled Receptors (GPCR), initiating slower signaling cascades upon light

activation [10], [105].

While opsins are naturally present in photoreceptor cells, similar mechanisms can be
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Figure 2.4: Properties of depolarizing optogenetic tools (continues on next page).
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(a) Depolarizing tool classes. White bars indicate mutations. (b) Construct design and repre-
sentative image for in vitro characterization. Scale bar, 50 µm. (c) Normalized representative
photocurrents. Scale bars, 400 pA, 200 ms. Horizontal scale bar applies to all traces. Color and
shape legend applies throughout the figure. (d) Action spectra (n = 5–11). (e) Peak (filled bars)
and steady-state (hollow bars) photocurrents to 1 s light (n = 8–27). (f) Time to peak (n = 8–27)
versus ωdes (n = 8–50). Traces show normalized representative ChR2 (black) and C1V1TT (red)
onset photocurrents. Vertical scale bars represent 200 pA, bars indicate time to peak, and blue
arrow indicates ongoing light pulse. (g) Recovery from desensitization (n = 5–20). Vertical and
horizontal scale bars represent 1 nA and 2 s. (h) Normalized representative traces and summary
plots of ωo! (n = 8–53). Scale bars, 200 pA and 25 ms. (i) Peak and steady-state photocur-
rents across light intensities. Inset, representative ChR2 photocurrents at low (light gray) versus
high (dark gray) light intensity. Scale bars, 250 pA and 250 ms. EPD50 for peak (filled bars)
and steady state (hollow bars) (n = 5–15). (j) ωo! versus EPD50 and peak and steady-state
photocurrents. All population data are plotted as mean ± s.e.m. *P < 0.05, **P < 0.01 and
***P < 0.001. Unless otherwise indicated, C1V1T and C1V1TT were activated with 560-nm light,
and all other tools were activated with 470-nm light at ↗5 mW mm→2. Figure is adapted from
[107].

utilized in other neurons that have been genetically modified to express opsins. This ca-

pacity to manipulate ion flow in response to light is a fundamental aspect of the field

of optogenetics [49]. Numerous practical factors must be considered when designing an

optogenetic experiment. For instance, choosing the appropriate type of opsin involves un-

derstanding the direction of ionic current, the specific ions involved, the tool’s temporal

precision and kinetics, the magnitude of the evoked photocurrent, and its spectral prop-

erties. Figure 2.4 provides an overview of the characteristics of several commonly used

depolarizing opsins, demonstrating their functional di”erences and suitability for various

experimental applications.

Commonly used in optogenetics, rhodopsins are a class of Type II opsins. They serve

as the opsins of rod cells in the retina and are light-sensitive receptor proteins that trigger
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visual phototransduction. Rhodopsins are capable of either depolarizing or hyperpolarizing

cell membranes, leading to cellular excitation or inhibition. For example, depolarizing

opsins like ChR2 induce depolarization when exposed to blue light, with a peak activation

wavelength between 470 and 490 nanometers. By opening non-selective cation channels,

these opsins cause a net influx of positive ions, resulting in action potential generation.

In contrast, hyperpolarizing opsins such as halorhodopsin induce hyperpolarization when

activated by light, primarily responding to green light with a peak activation spectrum of

570–590 nm. These opsins transport ions like protons or chloride ions, leading to membrane

hyperpolarization and a subsequent decrease in neuronal activity [49].

Generally, opsins are made up of seven transmembrane helices, which create a pocket

that houses a retinal chromophore (Figure 2.5A to C). When light interacts with this

chromophore, it undergoes photoisomerization, transitioning from its 11-cis configuration

to an all-trans configuration. This transformation induces a conformational change in the

opsin protein resulting in the opening of the ion channel and allowing particular ions to

pass through (Figure 2.5 D).

2.2.2 Photocycles and Modelling of ChR2

ChR2 is commonly used in optogenetics experiments because it o”ers a good balance of fast

activation, reliable depolarization, and ease of use across various experimental setups. Its

well-characterized properties, broad compatibility with di”erent cell types, and fast kinetics

make it ideal for precise control of neuronal activity. Although di”erent opsins exhibit
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Figure 2.5: (A to C) Overall structure presentation of the ChR2 dimer. (D) 11-cis to all-trans
isomerization in animal rhodopsins. (A to C) are adapted from [109] and (D) is adapted from
[110].
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varying kinetics, their photocurrents can generally be modeled using similar frameworks.

In this section we focus on the modelling of ChR2, outlining the methods and dynamics

that govern its photocycle.

There are several approaches for modelling the behaviour of ChR2, ranging from the

simpler three-state model [111] to the more detailed four-state [112] and six-state mod-

els[113]. The three-state model provides a foundational understanding with two closed

states and one open state, though it lacks the granularity needed to capture intermediate

transitions. The four-state model, which includes two open and two closed states, o”ers

a more precise representation of ChR2 kinetics, e”ectively capturing both fast and slow

channel dynamics. The six-state model further refines this by incorporating additional

intermediate states, providing the most comprehensive kinetic description, although with

increased complexity. Here, we provide a brief overview of the four-state model to explore

its mechanisms as stated in [112].

This model includes two open states (O1 and O2) and two closed states (C1 and C2),

as shown in Figure 2.6. In this model, states C1 and O1 are dark-adapted closed and open

states, while states C2 and O2 are light-adapted closed and open states. Upon absorbing

light, ChR2s move from the closed state C1 to the open state O1 at an activation rate ς1.

After a short period, some channels shift from the highly conductive O1 state to the less

conductive O2 state at a rate e12. Transitions from open states to closed states can occur
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Figure 2.6: Two models of ChR2 photocycle which can qualitatively reproduce the photocurrents
in ChR2 transfected neurons. (a) The three-state model: C—closed/ground, O—open and D—
closed/desensitized states. (b) Four-state model, with two closed C1 and C2 and two open states
O1 and O2. The transition rate constants are described in the text. Figure is adapted from [112].

as follows:

O1 ↘ C1 (rate Gd1),

O2 ↘ C2 (rate Gd2).

We define PO1(t), PO2(t), PC1(t), and PC2(t) as the probabilities of the molecule being

in states O1, O2, C1, and C2, respectively, at time t. Therefore, the state transitions are
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described by the following system of di”erential equations:

dPO1(t)

dt
= ς1PC1(t)→ (Gd1 + e12)PO1(t) + e21PO2(t), (2.1)

dPO2(t)

dt
= ς2PC2(t) + e12PO1(t)→ (Gd2 + e21)PO2(t), (2.2)

dPC2(t)

dt
= Gd2PO2(t)→ (ς2 +Gr)PC2(t). (2.3)

2.2.3 Photocurrent Dynamics in ChR2

The photocurrent observed in ChR2-expressing cells results from ion flow through the two

open states, O1 and O2. The total current can be expressed as:

I(t) = V ≃NChR2 ≃ (g1PO1(t) + g2PO1(t)) , (2.4)

where NChR2 is the total number of ChR2 channels, g1 and g2 represent the conductances

of the channels in the O1 and O2 states respectively, and V is the membrane voltage.

During light stimulation, ChR2 channels transition from C1 to O1, causing a rapid rise

in current. Over time, as more molecules move to the less conductive O2 state, the current

declines and reaches a steady plateau. This biphasic current response is characterized by

an initial peak followed by a sustained lower plateau (Figure 2.7).

Once the light is turned o”, the current decays biexponentially as the channels return
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Figure 2.7: (a) Photocurrents in ChR2-expressing hippocampal cells for short light pulses (1, 2,
3, 4, 5, 6, 8, 10 and 20 ms). Light intensity is approximately 1 mW mm→2. (b) Time to peak
photocurrent and (c) normalized values for the peak current vs photostimulus duration. Figure
is adapted from [112].

to the closed states. This decay is modeled by:

Io!(t) = Afaste
→t/ε1 + Aslowe

→t/ε2 , (2.5)

where Afast and Aslow are the amplitudes of the fast and slow decay components, and φ1

and φ2 are their respective time constants.

2.3 Piezoelectricity

Piezoelectricity refers to the coupling between mechanical and electrical quantities within

certain materials. It is fundamentally characterized as a linear interaction, where mechan-
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ical and electrical responses are directly related. Materials that exhibit this behaviour are

classified as piezoelectric materials [114].

The phenomenon exhibits two distinct modes of energy conversion [114]:

1. Direct Piezoelectric E!ect: Mechanical input is converted into electrical output.

When a mechanical load deforms the material, it induces a macroscopic change in

electric polarization. This change produces measurable electrical charges or voltages

proportional to the applied deformation.

2. Inverse Piezoelectric E!ect: Electrical input is converted into mechanical out-

put. An applied electric voltage across the electrodes causes the material to deform

mechanically.

The underlying physical mechanism of the piezoelectric e”ect lies in the internal struc-

ture of the material. In its original, undeformed state, the material remains electrically

neutral, because the center of positive charges (CQ+) coincides geometrically with the

center of negative charges (CQ→). When a mechanical load is applied, the resulting de-

formation shifts these charge centers relative to one another. As CQ+ and CQ→ no longer

coincide, a net dipole moment is established, which are characterized by the electric po-

larization (P ). The magnitude of this polarization increases with the geometric separation

between the charge centers. This mechanism is commonly referred to as displacement

polarization [114].

In the inverse piezoelectric e”ect, the process is reversed. An applied electric voltage
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Figure 2.8: Simplified relative positions of the center of positive charges (CQ+) and the center
of negative charges (CQ→) in a crystal under piezoelectric loading. Left: Original state of the
crystal without mechanical loading. Middle: Longitudinal mode. Right: transverse mode of the
direct piezoelectric e!ect under applied mechanical forces. Electric polarization is directed from
(CQ→) to (CQ+). Figure is adapted from [114]

induces charges on the electrodes, creating an internal electric field. To restore electrostatic

equilibrium, the material develops an internal dipole moment. This requires a relative shift

between CQ+ and CQ→, which in turn leads to a mechanical deformation of the material.

Piezoelectric properties are observed in materials that possess a crystal structure or

regions with crystal-like structural order. The occurrence of piezoelectricity depends on the

absence of a center of symmetry within the unit cell. Out of the 32 crystallographic point

groups, 21 are noncentrosymmetric, and among these, 20 exhibit piezoelectric behaviour.

These piezoelectric point groups are distributed across seven crystal systems: triclinic,

monoclinic, orthorhombic, tetragonal, rhombohedral, hexagonal, and cubic [115].
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2.3.1 Mathematical Formulation of Piezoelectric Materials’

Behaviour

The piezoelectric phenomenon can be described using the first law of thermodynamics,

which relates changes in internal energy to both external work and thermal energy [116].

In a closed system, this relationship is given by:

dU = dW + dQ = dWelectrical + dWmechanical + dQ, (2.6)

where dU denotes changes in internal energy, dW represents external work done on the

system, and dQ indicates changes in thermal energy. To analyze the piezoelectric system,

we define state variables such as Tij and Sij (mechanical stress 4 and strain 5), Em and Dm

(electric field intensity and electrical flux density), and ε and ↼ (temperature and entropy

per unit volume, respectively). The change in internal energy can be expressed as:

dU = EmdDm + TijdSij + εd↼, (2.7)

where dDm, dSij, and d↼ represent changes in the extensive state variables Dm, Sij, and ↼,

respectively. To explore the system under specified intensive variables (Em, Tij, ε), Gibbs

4Mechanical stress (T ) is the internal force experienced by a material per unit area due to an applied
external force: T = F/A where F is the applied force and A is the cross-sectional area over which the
force is applied.

5Mechanical strain ( S ) is the measure of deformation representing the displacement between particles
in the material body relative to a reference length: S = #L/L0 where #L is the change in length and L0

is the original length.
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free energy G is utilized, defined as:

G = U → EmDm → TijSij → ε↼. (2.8)

At thermodynamic equilibrium, the Gibbs free energy is minimized, and the derivative

dG is zero:

dG = →DmdEm → SijdTij → ↼dε = 0. (2.9)

The extensive state variables Dm, Sij, and ↼ can be determined by fixing intensive state

variables:

Dm = → ↽G

↽Em

∣∣∣
T,ϑ

, Sij = → ↽G

↽Tij

∣∣∣
E,ϑ

, ↼ = →↽G

↽ε

∣∣∣
T,E

. (2.10)

Assuming isothermal conditions (dε = 0) and using the Taylor series expansion, higher-

order terms are ignored due to their negligible influence, resulting in linearized changes of

extensive state variables:

dDm =
↽Dm

↽En

∣∣∣
T
dEn +

↽Dm

↽Tkl

∣∣∣
E
dTkl, (2.11)

dSij =
↽Sij

↽En

∣∣∣
T
dEn +

↽Sij

↽Tkl

∣∣∣
E
dTkl. (2.12)
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In equation 2.11, the first term on the right side represents the Dielectric Material Law

and the second term represents the Direct Piezoelectric E”ect. Equation 2.12 demonstrates

the Inverse Piezoelectric E”ect with the first term in the right-hand side, and Hooke’s law

with the second term [114].

By renaming the constants and assuming initial conditions of zero for the state variables,

the linearized constitutive equations under isothermal conditions are derived:

Dm = ⇀TmnEn + dmklTkl, (2.13)

Sij = dijnEn + sEijklTkl, (2.14)

where ⇀Tmn is the second-rank tensor for electric permittivity, dmkl and dijn are third-

rank tensors for piezoelectric coe!cients, and sEijkl is the fourth-rank tensor for elastic

compliance. These tensors quantify the interactions between electrical and mechanical

states in piezoelectric materials.

The tensor equations 2.13 and 2.14 can be simplified and represented in a matrix

form, considering the symmetry properties and the number of independent variables. This

approach gives the d-form Voigt notation for the constitutive equations of piezoelectric

materials, expressed as:

D =
[
ωT

]
E+ [d]T (2.15)
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Figure 2.9: (a) demonstration of Cartesian directions and shear directions in piezoelectric mate-
rial. (b) to (e) di!erent modes of piezoelectricity: Longitudinal (b), Transverse(c), Longitudinal
shear (d) and transverse shear (e). The gray arrows show the direction of mechanical strain, and
the orange arrows show the direction of electrical polarization. In diagram (d), the cross symbol
indicates a direction perpendicular to the page, pointing inward (into the page).

S = [d]T E+
[
sE

]
T (2.16)

Here, the vector D = [D1, D2, D3]T represents the electric flux density, measured in

units of Cm→2. The vector E = [E1, E2, E3]T stands for the electric field intensity, with

units of V m→1. Both vectors have three components, commonly aligned with the x, y,

and z directions of a three-dimensional Cartesian coordinate system (Figure 2.9 a). The

mechanical stress vector T = [T1, T2, T3, T4, T5, T6]T, with units Nm→2, and the mechanical

strain vector S = [S1, S2, S3, S4, S5, S6]T, are characterized by six components. The first

three elements of these vectors typically correspond to stress or strain along the x, y, and z

axes, while the last three elements represent shear e”ects in planes perpendicular to these

axes.

The matrix
[
ωT

]
is a 3 ≃ 3 matrix that defines the material’s electric permittivity in
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Table 2.1: Piezoelectric tensors for various crystal systems and point groups. Adapted from
[117].

Crystal system Point groups Piezoelectric tensor

Cubic 23





0 0 0 d14 0 0

0 0 0 0 d14 0

0 0 0 0 0 d14





Cubic 43m





0 0 0 d14 0 0

0 0 0 0 d14 0

0 0 0 0 0 d14





Tetragonal 42m





0 0 0 d14 0 0

0 0 0 0 d14 0

0 0 0 0 0 d36





Tetragonal 4





0 0 0 d14 d15 0

0 0 0 →d15 d14 0

d31 →d31 0 0 0 d36





Hexagonal 6m2





0 0 0 0 0 →d22

→d22 d22 0 0 0 0

0 0 0 0 0 0





Hexagonal 6





d11 →d11 0 0 0 →d22

→d22 d22 0 0 0 →d11

0 0 0 0 0 0




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di”erent directions. The element ⇀ij within this matrix describes how electric permittivity

in direction i responds when an electric field is applied in direction j. The superscript T

indicates measurements taken under constant mechanical stress conditions. The piezoelec-

tric constant matrix [d] is 3≃ 6 in size and measured in units of mV →1 or CN→1. In this

matrix, element dij links the electric flux density generated in direction i to the mechan-

ical stress applied in direction j. This matrix can describe di”erent piezoelectric e”ects:

longitudinal (Figure 2.9 b), where stress and electric flux are parallel; transverse, where

they are perpendicular (Figure 2.9 c); and shear modes, which deal with the response to

shear stresses (Figure 2.9 d-e).

The elastic compliance matrix
[
sE

]
, seen in equation 2.10, is a 6≃ 6 matrix with units

of m2N→1. The superscript E signifies that the compliance values are calculated under

a constant electric field. This matrix’s structure depends on the material’s molecular

properties.

These matrices often have specific zero elements and symmetries based on the crystal

structure of the material. These symmetries are a key topic in crystallography [115]. for

instance, Table 2.1 shows the format of piezoelectric matrix for some crystal systems 6.

6A crystal system is a classification scheme in crystallography that categorizes crystalline materials
based on the symmetry and dimensions of their unit cells (the smallest repeating units that make up the
crystal lattice).
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2.4 Light, Matter, and Their Interactions

Understanding the nature of light and how it interacts with biological matter is fundamen-

tal to many biophotonics applications, including optogenetics. Biological tissues have opti-

cal properties that a”ect light as it travels through them. Phenomena such as absorption,

scattering, reflection, and refraction dictate how light is attenuated, redirected, or modified

within tissues. These interactions depend on the molecular and structural makeup of bio-

logical materials. Additionally, comprehending the interactions between light and matter

is necessary for explaining the physical principles behind biological processes involving the

emission of light, such as bioluminescence.

To provide the necessary foundation for this work, this section reviews the basic prin-

ciples of light and its interactions with biological materials. The discussion begins by

outlining the properties of light, including its dual wave-particle representation, and con-

tinues with the behaviour of light as it travels through di”erent media. It further explores

various mechanisms involved in light-tissue interactions.

2.4.1 Wave-Particle Duality of Light

The nature of light has long been the subject of scientific investigation, with ongoing

debates about whether it behaves as a wave or a particle. This apparent paradox has largely

been addressed by the concept of wave-particle duality, which proposes that light exhibits

both wave-like and particle-like characteristics, depending on how it is observed. This
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duality is a foundational principle in modern physics, providing a basis for understanding

the interactions between light and matter at both macroscopic and microscopic levels.

However, it is important to recognize that the descriptions of light as a wave or as a

particle are simplified conceptual models. As Björn points out in [118], “The wave and the

particle are both models, incomplete pictures or imaginations of the nature of light. The

limitations of our senses and our brain prevent us from getting closer to reality than this,

simply because it has not made sense during our evolution to get closer to reality. This

limitation does not prevent us from using our models very successfully as long as we use

them in a correct way”.

2.4.2 Wave Representation of Light

In the wave model, light is represented as an electromagnetic wave consisting of oscillat-

ing electric and magnetic fields that propagate through space. These fields are oriented

perpendicular to each other and to the direction of propagation, making light a transverse

wave. A plane electromagnetic wave traveling in the z-direction can be expressed as:

E(z, t) = E0 cos(⇁t→ kz) x̂, B(z, t) = B0 cos(⇁t→ kz) ŷ (2.17)

Here, E andB are the electric and magnetic field vectors, respectively; E0 andB0 denote

their amplitudes; ⇁ = 2ϱϑ is the angular frequency; k = 2ϱ/ω is the wave number; and

x̂, ŷ represent orthogonal polarization directions transverse to the propagation direction ẑ

[119].
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The wave propagates at a phase velocity v, which in a medium characterized by per-

mittivity ⇀ and permeability µ, is given by:

v =
1

⇐
⇀µ

(2.18)

In vacuum, this reduces to the speed of light:

c =
1

⇐
⇀0µ0

= 299,792,456m/s, (2.19)

where ⇀0 = 8.854 187 8128 ≃ 10→12 Fm→1 and µ0 = 4ϱ ≃ 10→7 NA→2 (SI units). The

relationship among the speed of light c, wavelength ω, and frequency ϑ in vacuum is

expressed as:

c = ωϑ ⇒ ω =
c

ϑ
, ϑ =

c

ω
(2.20)

When light enters a medium, its speed and wavelength decrease proportionally due to

the medium’s refractive index, while the frequency ϑ remains unchanged [118].

In physical optics, light is further understood as a succession of wavefronts which are

surfaces of constant phase. For a point source emitting spherical waves, the wavefronts

form concentric spheres centered on the source. Each wavefront corresponds to points of

identical phase, typically drawn through the maxima or minima of the sinusoidal electric

field. The spatial distance between two adjacent wavefronts defines the wavelength ω [120].
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At distances much larger than the wavelength and the source size, spherical wavefronts

can be approximated as planar. In such cases, the direction of propagation is represented

by rays perpendicular to these phase fronts. This abstraction is known as ray optic or geo-

metrical optics. While it neglects wave properties like phase and interference, it e”ectively

describes light paths at macroscopic scales and large-scale optical e”ects such as reflection

and refraction [120].

Theoretical treatments often begin by assuming light is monochromatic; composed of a

single frequency or wavelength. Mathematically, such a wave is described by an infinitely

long sinusoid in time. In practice, however, real light sources emit polychromatic radiation,

consisting of continuous or discrete distributions of wavelengths. In these cases, the electric

field can be expressed as a superposition of many monochromatic components [120].

2.4.3 Particle Representation of Light

While the wave model of light accounts for many propagation-related phenomena, it fails

to fully describe certain interactions between light and matter, particularly those involv-

ing absorption, emission, and scattering of energy. Describing these processes require a

complementary particle representation of light, where light is treated as being composed

of discrete quanta called photons [119].

In the quantum view, each photon carries a specific amount of energy that depends

only on its frequency ϑ. This relationship is described by Planck’s law:
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E = hϑ =
hc

ω
(2.21)

Here, h is Planck’s constant (h ⇑ 6.626≃ 10→34 J·s), ϑ is the frequency, ω is the wave-

length, and c is the speed of light in vacuum [120]. The energy of electromagnetic radiation

is therefore quantized, meaning it can only be absorbed or emitted in integer multiples of

hϑ. This implies that the smallest possible packet of light energy corresponds to the energy

of a single photon.

In practical terms, the total energy E of a light pulse containing N photons having

wavelength ω = 1/ϑ is given by:

E = Nhϑ, (2.22)

This quantization underpins all light absorption and emission processes in atoms and

molecules, where transitions occur between discrete energy levels. Crucially, these inter-

actions are binary: a photon must deliver exactly the energy hϑ needed to promote an

electron to a higher energy level. If the photon energy does not match the transition

energy, it is not absorbed [120].

Photons also posses momentum, despite having no rest mass. The momentum p of a

photon is derived from its wave properties and is given by:

p =
h

ω
=

hϑ

c
(2.23)

54



2.4. LIGHT, MATTER, AND THEIR INTERACTIONS

This momentum is significant in phenomena involving changes in light direction, such

as scattering or refraction, resulting in corresponding momentum changes [120].

Although a photon’s energy is directly tied to its frequency, it is fundamentally im-

possible to determine the exact frequency, wavelength, or energy of a single photon with

absolute precision. This indeterminacy reflects the probabilistic nature of quantum sys-

tems and places fundamental limits on the characterization of a single photon’s wave-like

attributes [118].

2.4.4 Introduction to the Nature of Matter

The modern understanding of matter is rooted in a set of revolutionary discoveries from

the early 20th century, which fundamentally altered classical conceptions of the atomic and

subatomic world. Matter, once believed to be indivisible at the atomic scale, is now rec-

ognized as a quantum mechanical system with both particle-like and wave-like properties.

These dual characteristics form the basis of quantum theory and are essential for describing

phenomena that cannot be accounted for by classical physics alone [119].

The particle nature of matter is described by classical Newtonian mechanics, where

particles exhibit properties such as mass, velocity, momentum, and kinetic energy. The

momentum is given by p = mv, and the kinetic energy is:

Ek =
1

2
mv2 (2.24)
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At the subatomic level, particles such as electrons exhibit wave-like behaviour, as de-

scribed by the de Broglie hypothesis [121]:

ω =
h

mu
(2.25)

Here, ω is the wavelength, h is Planck’s constant, and mu is the momentum of the

particle. The wave nature of matter introduces constraints that are absent in classical

mechanics. The internal energy of atoms is quantized and arises from the discrete energy

levels available to electrons bound by the electrostatic attraction to the nucleus. These

energy levels are solutions to the time-independent Schrödinger equation, which defines the

allowed states an electron can occupy around a nucleus. Each solution is associated with

a wave function, known as an orbital, representing the spatial distribution and probability

of finding an electron in a given region [119].

Each orbital is characterized by a set of quantum numbers: the principal quantum

number n, which denotes the energy level; the angular momentum quantum number l,

which determines the shape of the orbital; the magnetic quantum number ml, which de-

scribes the orientation of the orbital in space; and the spin quantum number ms, which

reflects the intrinsic spin state of the electron. Together, these quantum numbers define

the permissible electronic configurations of atoms [119].

For multi-electron atoms, the solutions become more complex due to electron-electron

repulsion. Orbital filling follows three fundamental principles: the Aufbau principle, where

electrons occupy orbitals starting from the lowest energy levels; the Pauli exclusion princi-
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ple, which allows a maximum of two electrons per orbital with opposite spins; and Hund’s

rule, which states that degenerate orbitals are singly occupied before any pairing occurs

[119].

In molecules, the situation becomes more complex due to the presence of multiple nuclei.

The total molecular wave function depends on both electronic and nuclear coordinates. The

Born–Oppenheimer approximation simplifies the problem by decoupling electronic and

nuclear motions, allowing the electronic Schrödinger equation to be solved at fixed nuclear

positions. This leads to quantized electronic states and associated Molecular Orbitals

(MOs) [119]. MOs arise from the Linear Combination of Atomic Orbitals (LCAO), yielding

bonding and antibonding orbitals depending on whether the overlap of wave functions is

constructive or destructive. These orbitals are filled based on the same principles as atomic

orbitals, and their configuration determines the electronic properties of the molecule [119].

Beyond electronic transitions, molecules also exhibit vibrational degrees of freedom,

corresponding to the oscillatory motion of nuclei about their equilibrium positions. These

vibrations are quantized, with energy levels described by:

Ev =

(
v +

1

2

)
hϑ (2.26)

Here, v is the vibrational quantum number, h is Planck’s constant, and ϑ is the vibra-

tional frequency. The non-zero energy of the v = 0 state reflects the quantum mechanical

nature of molecular vibrations. Unlike the classical oscillator, a quantum harmonic oscil-

lator cannot possess zero energy, because confinement of the nuclei near the equilibrium
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geometry necessarily implies a finite uncertainty in momentum. Consequently, the ground

vibrational state has a minimum energy of 1
2hϑ, referred to as the zero-point energy. The

vibrational frequency is inversely proportional to the reduced mass of the nuclei and di-

rectly proportional to the square root of the bond’s force constant (bond strength) [119].

In polyatomic molecules, the number of possible vibrational modes depends on molecu-

lar geometry and is given by 3N→5 for linear molecules and 3N→6 for nonlinear molecules,

where N is the number of atoms [119].

Moreover, molecules can undergo rotational transitions, which result from quantized

changes in their angular momentum as they rotate about their center of mass. In diatomic

molecules, only one axis of rotation contributes, while in polyatomic molecules, up to three

mutually perpendicular axes may be active. These rotational levels are also quantized and

depend on the moment of inertia and the symmetry properties of the molecule.

In addition to vibrational and rotational states, molecules, especially biomolecules, can

adopt various conformational states, such as folded, twisted, or extended geometries. These

conformers possess distinct potential energies and can dynamically interconvert.

2.4.5 Interaction of Light and Biological Matter

The interaction between light and matter is governed by fundamental quantum mechanical

and electromagnetic principles. As previously discussed, both light and matter exhibit dual

wave–particle properties; thus, their interaction inherently involves exchanges of energy and

momentum mediated by electromagnetic fields.
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As previously described, light propagates as electromagnetic waves consisting of os-

cillating electric and magnetic fields, and is quantized into discrete energy packets called

photons. Each photon carries energy proportional to its frequency. Biological molecules

such as proteins, nucleic acids, and chromophores exhibit quantized energy states derived

from electronic, vibrational, rotational, and conformational transitions.

Figure 2.10: Changes of the polarizability ε with frequency. Figure is adapted from [122].

The interaction between electromagnetic radiation and biological matter primarily oc-

curs through electric dipole interactions. A permanent dipole arises from an intrinsic charge

separation within a molecule, with dipole moment µ = qr, where q is the magnitude of the

charge and r is the separation vector.

In the presence of an external electric field, the molecular electron cloud can be dis-
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torted, producing an additional induced dipole moment µind; thus the total dipole moment

can be written as µtot = µ0 + µind. For su!ciently weak fields (linear response),

µind = ε · E, (2.27)

where ε is the polarizability tensor and E is the incident electric field.

The frequency-dependent polarizability of molecules determines their response to elec-

tromagnetic radiation across various spectral regions (Figure 2.10). Orientation polariza-

tion (dipole reorientation) dominates at microwave frequencies (around 1010 Hz), deforma-

tion polarization at infrared frequencies (around 1013 Hz), and electronic polarization at

ultraviolet and higher frequencies (above 1015 Hz).7

The nature of interactions between photons and biological molecules depends on photon

energy relative to the quantized energy states of the target molecules. These interactions

induce photophysical and photochemical processes, each with specific energy transitions

and characteristic timescales (Figure 2.11). The principal outcomes include:

• Absorption: Photons with energies matching molecular energy gaps are absorbed,

exciting molecules to higher electronic, vibrational, or rotational states. This process

typically occurs on femtosecond (10→15 s) timescales.

7Here, orientation polarization refers to the partial alignment (reorientation) of permanent molecular
dipoles with an applied field; deformation (or ionic/vibrational) polarization refers to field-driven relative
displacement of bound charges/nuclei within molecules, often associated with vibrational modes; and
electronic polarization refers to distortion of the electron cloud relative to the nuclei.
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Excited state

Ground state

Vibrational
energy levels

Excited
triplet state

Absorption

Internal conversion

Nonradiative
relaxation Fluorescence

Intersystem crossing

Phosphorescence

Figure 2.11: Jablonski energy diagram showing excitation and various possible relaxation mech-
anisms. Each hϑ denotes the photon energy, where subscripts A, F , P , and R denote absorption,
fluorescence, phosphorescence, and Raman scattering, respectively.
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• Spontaneous Emission: Excited molecules emit photons as they return to lower

energy states.

– Fluorescence: Occurs on nanosecond (10→9 s) timescales.

– Phosphorescence: Involves intersystem crossing to a triplet state and may occur

over milliseconds or longer.

• Stimulated Emission: In stimulated emission, an incident photon that is resonant

with an allowed molecular transition, induces an excited molecule to emit a second

photon into the same optical mode. The emitted photon has energy

E = hϑ = %E, (2.28)

where %E is the energy gap between the upper and lower molecular states.

• Scattering:

– Elastic (Mie and Rayleigh) Scattering: Photon direction changes without energy

loss; occurs nearly instantaneously.

– Inelastic (Raman) Scattering: Photons exchange energy with molecular vibra-

tional states, resulting in shifted frequencies. Raman scattering occurs on fem-

tosecond timescales.

• Energy Transfer: Non-radiative transfer of excitation energy to nearby molecules.

– FRET: Distance- and orientation-dependent transfer within nanoseconds.
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– Dexter Energy Transfer: Involves electron exchange; relevant over very short

distances.

• Photochemical Reactions: Photon-induced chemical transformations, such as

bond cleavage, isomerization, or redox reactions, relevant to biological processes like

photosynthesis and DNA photodamage. These reactions can span femtoseconds to

milliseconds depending on the mechanism.

The following sections will examine some of the aforementioned processes in greater

detail, with particular emphasis on their origin in biological matter.

2.4.6 Physical Basis of Absorption

At the molecular level, absorption is mediated by the interaction between the electric field of

the incident light and the molecule’s electric dipole moment. Upon photon absorption, the

electronic distribution within the molecule shifts, often resulting in a relative displacement

of negative charge. This redistribution leads to a change in the dipole moment between the

ground and excited electronic states, which is described by the transition dipole moment

M. The transition dipole moment is defined as the vector di”erence between the dipole

moments of the excited (DE) and ground (DG) states [118]:

M = DE →DG. (2.29)

63



2.4. LIGHT, MATTER, AND THEIR INTERACTIONS

The magnitude of M can be inferred from experimental absorption spectra. The os-

cillator strength, which is the square of the transition dipole moment, can be estimated

by integrating the molar absorption coe!cient ⇀(ϑ) over the frequency ϑ of the absorption

band. This is expressed as [118]:

|M|2⇑ 1.0222≃ 10→62 n

∫
[⇀(ϑ)/ϑ] dϑ C2m2, (2.30)

where n is the refractive index of the surrounding medium.

The probability of photon absorption is proportional to the square of the magnitude of

the transition dipole moment and the cosine squared of the angle ς between M and the

electric field vector E:

Probability of absorption ⇓ |M|2cos2 ς (2.31)

This angular dependence forms the basis of linear dichroism, a phenomenon in which

the orientation of biomolecules relative to the polarization direction of incident light sig-

nificantly influences absorption. This e”ect is particularly pronounced in anisotropic envi-

ronments such as living cells [118].

In bulk biological materials, absorption is quantified by the absorption coe!cient µa,

which defines the probability per unit path length that a photon will be absorbed. In

tissues, µa ⇑ 0.1 cm→1 is a typical value but varies with tissue composition [120]. The

reciprocal of µϖ is referred to as the mean absorption length, representing the average
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distance light travels in the medium before being absorbed

The Beer–Lambert law describes how irradiance from a collimated, monochromatic

light decays exponentially as light penetrates an absorbing (non-scattering) medium:

dI(x)

dx
= →µaI(x) ⇒ I(x) = I0e

→µax, (2.32)

where x is an axis parallel to the direction of the light propagation, I(x) is irradiance, and

I0 is the irradiance at x = 0. The transmittance is defined as:

T (x) =
I(x)

I0
= e→µax, (2.33)

representing the probability that a photon travels distance x without being absorbed.

In biological tissues, absorption primarily arises from specific chromophores, including

Hemoglobin, Melanin, Water, Flavins, porphyrins, and other pigments. Each chromophore

exhibits a unique, wavelength-dependent absorption spectrum.

2.4.7 Scattering of Light in Biological Matter

Scattering is the process by which the trajectory of light is redirected due to its interac-

tion with particles or inhomogeneities in a medium. In biological tissues, such interactions

occur when light encounters cellular and subcellular structures, including membranes, or-

ganelles, and macromolecular assemblies. The physics of scattering is governed by the
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relative size of scattering centers compared to the incident wavelength, and by the refrac-

tive index mismatch between the scatterers and the surrounding medium [118]. Three

principal theoretical frameworks can be used to describe light scattering:

• Mie theory: Mie theory describes the scattering of a plane monochromatic wave

by a spherical particle of arbitrary size. It is derived from Maxwell’s equations and

assumes that the particle is composed of a homogeneous and isotropic material. In

biomedical optics, Mie theory is widely used to model light scattering in tissues.

Typically, treating the incident light as a plane wave is a valid approximation when

the wavefront is much broader than both the wavelength and particle diameter. The

theory enables calculation of scattering e!ciency Qs (see Equation 2.35) and the

anisotropy factor g (see Equation 2.39). A distinguishing characteristic of Mie scat-

tering is its lack of strong wavelength dependence. Although di”erent wavelengths

are scattered and refracted di”erently, the e”ects tend to cancel out, leading to

wavelength-independent behaviour. Mie theory applies to all particle sizes and re-

duces to Rayleigh theory in the limit where the particle is much smaller than the

wavelength [118], [123].

• Rayleigh scattering: A limiting case of Mie theory for particles much smaller than

the wavelength (r ⇔ ω), with scattering intensity scaling as ω→4 [122]. Rayleigh

scattering results from interactions of light with small particles such as molecules or

atoms. There are no interfaces where traditional reflection or refraction occur, but

the oscillating electric field of the light can induce dipole moments in the scatterers.
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Most substances exhibit strong Rayleigh scattering in the ultraviolet region because

their absorption bands often lie in that range. This results in strong wavelength

dependence, with scattering intensity increasing sharply for shorter wavelengths. For

instance, blue light is scattered more than red light, explaining the color of the sky.

Unlike Mie scattering, Rayleigh scattering does not change the direction of the electric

field of the incident light [118].

• Raman scattering: Unlike Mie and Rayleigh scattering, which conserve photon

energy (elastic light scattering), Raman scattering involves an energy exchange be-

tween the photon and the scattering particle (inelastic light scattering). In Raman

scattering, either the photon gives up part of its energy (Stokes scattering) or gains

energy from the molecule (anti-Stokes scattering), corresponding to vibrational tran-

sitions in the molecular structure. The resulting frequency shift in the scattered

photon encodes molecular vibrational information, making Raman scattering a pow-

erful technique for biochemical analysis. Although generally weak and not significant

for most photobiological phenomena, Raman scattering is extremely useful in spec-

troscopic studies [118].

In biological media, light typically undergoes multiple scattering events. The spatial

arrangement of scatterers determines the applicable regime [120]:

• Multiple scattering: Occurs in densely packed tissues where scatterers are closely

spaced. Scattering events are coupled, meaning that one event a”ects the subsequent
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ones, and more complex radiative transport models are required. In this case, single-

scattering theory does not apply.

• Single scattering: Applies when scatterers are sparsely distributed, such that the

mean distance between them is much greater than both their physical size and the

wavelength of light. Scattering events can then be considered independent, and

single-scattering theory is valid.

It is important to distinguish between a single coupled-scattering event involving multi-

ple particles and successive independent-scattering events, each involving only one particle

[120]. For loosely packed scattering media, the scattering coe!cient µs is defined as the

probability per unit length that a photon is scattered in a medium. In biological tissue,

it has a representative value of µs ⇑ 100 cm→1 [120]. The reciprocal of this corresponds to

a mean free path of approximately 0.01 cm (or 100µm), which is the average distance a

photon travels before being scattered.

For a medium containing many scatterers distributed randomly in space, the scattering

coe!cient is given by:

µs = Nsσs, (2.34)

where Ns is the number density of scatterers and σs is the scattering cross section [123].

The scattering cross section is related to the geometric cross-sectional area σg by
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σs = Qsσg, (2.35)

where Qs is the scattering e!ciency [123]. The probability that a photon does not scatter

after traveling a distance x, also known as the ballistic transmittance T (x), is described

by the Beer–Lambert law [123]:

T (x) = e→µsx. (2.36)

The combined e”ects of scattering and absorption in tissue are described by the extinc-

tion (or total interaction) coe!cient µt:

µt = µa + µs, (2.37)

and the reciprocal of µt represents the mean free path between any two interaction events,

regardless of whether the event is absorption or scattering [123]:

lt =
1

µt
. (2.38)

Moreover, biological tissues tend to scatter light in a strongly forward-directed manner.

Each scattering event typically causes only a small deflection from the photon’s original

path. To account for this behaviour, the reduced (or transport) scattering coe!cient, µ↑
s,

is introduced and defined as [124]:
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µ↑
s = µs(1→ g), (2.39)

where g = ↑cos ε↓ is the anisotropy factor, representing the average cosine of the scattering

angle ε. In soft biological tissues, g is often close to 0.9 [124], indicating strong forward

scattering. The reduced scattering coe!cient adjusts for this anisotropy and gives a more

useful measure of how much the scattering actually changes the direction of photon travel.

When absorption is included alongside reduced scattering, the reduced (or transport)

interaction coe!cient µ↑
t is used:

µ↑
t = µa + µ↑

s, (2.40)

where µa is the absorption coe!cient. This quantity represents the overall attenuation of

directional light due to both absorption and the cumulative angular redistribution from

scattering. Reduced (or transport) mean free path l↑t is defined as reciprocal of reduced

interaction coe!cient:

l↑t =
1

µ↑
t

. (2.41)

These reduced coe!cients are especially useful when working with di”usion-based mod-

els (see subsection 2.4.11 ) or in cases where the goal is to describe the spatial spread of

energy fluence, rather than the directional radiance (see subsection 2.4.9 for the defini-

tions).
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2.4.8 Quantification of Light

A common but misleading simplification in both scientific communication and experimental

practice is the treatment of light intensity as a scalar quantity. As discussed in subsec-

tion 2.4.4, the quantification of light is inherently multidimensional, involving a range of

parameters that collectively represent its complex physical nature. This complexity is par-

ticularly significant in fields such as biophotonics, where light interacts with anisotropic,

heterogeneous, and dynamic systems. In such contexts, careful consideration of these mul-

tidimensional aspects is essential for accurate light quantification.

The first misconception arises from the colloquial use of the term intensity. In precise

radiometric terms, intensity may refer to distinct quantities such as irradiance, radiant

intensity, or radiance, each defined under specific geometric and contextual conditions

[122]. Accordingly, no single scalar value can adequately represent the characteristics of a

light field.

To capture the complexity of light measurement, five fundamental dimensions must be

considered:

• Temporal Considerations It is essential to distinguish between instantaneous and

time-integrated quantities, for example, between power and energy, or fluence rate

and fluence. This distinction is especially important when comparing pulsed and

continuous light sources, as well as in interpreting biological responses such as pho-

tosynthesis or phototropism [119].
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• Spectral Composition Light, often mistakenly treated as a uniform continuum, is

actually composed of di”erent wavelengths, each of which interacts di”erently with

biological materials. Accurate quantification therefore requires measuring energy or

photon flux across the relevant spectral range.

• Directionality Light is not evenly distributed in space; its angular distribution,

whether collimated (e.g., from a laser), di”use, or isotropic, a”ects both how it

interacts with materials and how it can be measured.

• Polarization Polarization refers to the orientation of the light wave’s electric field

vector and, although often neglected in radiometric contexts, can influence optical

interactions in anisotropic or birefringent media. Light can be polarized linearly,

circularly, or elliptically [125].

• Coherence Coherence refers to the degree of phase correlation between light waves in

time and space. Coherent sources, such as lasers, support interference and di”raction-

based techniques, while incoherent sources—like sunlight or LEDs—exhibit random

phase relationships [120]

Although polarization and coherence are relevant in certain areas of biophotonics and

optical engineering, they fall outside the scope of this thesis and are mentioned here for

completeness only.
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2.4.9 Radiometric Quantities

This section defines and contextualizes the primary radiometric quantities, including those

used in this work, following International Union of Pure and Applied Chemistry (IUPAC)’s

recommendations in the Glossary of Terms Used in Photochemistry [126]:

Radiant Energy

Radiant energy, denoted Qe, is the total electromagnetic energy (including all wavelenghts)

emitted, transferred, or received in a defined period of time. It represents the integral of

power over time:

Qe =

∫
Pe(t) dt, (2.42)

where Pe(t) is the instantaneous Radiant Power (Radiant Energy Flux, Radiant Flux) at

time t with units of watts (W). The SI8 unit of radiant energy is the joule (J).

Fluence, Radiant (Energy) Fluence, Radiant Exposure

Fluence (Ho or Fo) quantifies the total radiant energy incident on a small sphere divided

by the cross-sectional area of the sphere, from all directions over a time period:

Ho =
dQe

dS
, (2.43)

where S is the area of cross-section. The SI unit is J·m→2. This measure is especially

8International System of Units.
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relevant in pulsed systems or time-integrated dose calculations in photobiology and pho-

tochemistry.

Fluence Rate, Radiant (Energy) Fluence Rate, Spherical Irradiance

The fluence rate, Eo, is the time derivative of fluence:

Eo =
dHo

dt
=

dPe

dS
, (2.44)

and is expressed in W·m→2. Here Ho denotes the fluence, Pe is the radiant power and S

is the cross-sectional area of a small spherical volume over which the radiant energy is

incident. In this work, the fluence rate is denoted by the Greek letter $.

Irradiance (Radiant Flux Density)

Irradiance Ee with SI units of W·m→2 is defined as the radiant power incident on a flat

surface, from all upward directions, per unit area:

Ee =
dPe

dA
, (2.45)

with A representing the area of the flat surface.

Radiance

Radiance Le,” describes the radiant power per unit of projected area per unit of solid

angle. Consider a di”erential surface element dA with outward normal vector n̂. Radiation

74



2.4. LIGHT, MATTER, AND THEIR INTERACTIONS

Figure 2.12: Geometry of the definition of radiance.

traveling within a narrow cone of directions subtending solid angle d# about direction ”̂

makes an angle ε with the surface normal n̂ (see Figure 2.12). In this context, the radiance

Le,” is defined as the power per unit area per unit solid angle, given by:

Le,” =
d2Pe

dA cos ε d#
. (2.46)

and it quantifies the distribution of radiant power emerging from or passing through a

surface element in a specified direction. The factor cos ε accounts for the projected area

perpendicular to the direction of propagation. The SI unit of radiance is watts per square

meter per steradian (W·m→2·sr→1).

In this reference, integrating the radiance L over the entire sphere of solid angle 4ϱ

steradians yields the fluence rate (or spherical irradiance):

Eo =

∫

4ω

L(#)d# =

∫ 2ω

0

∫ ω

0

L(ε,ϖ) sin ε dεdϖ. (2.47)
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In Equation 2.47, the rightmost expression represents the integral in spherical coordi-

nates, where ε is the polar angle and ϖ is the azimuthal angle (see Figure 2.12).

For collimated light, the expression simplifies and the radiance is defined as the radiant

power that passes through a small surface element in a specific direction, divided by the

area of that surface projected perpendicular to the direction of the beam:

L =
dPe

dA cos ε
, (2.48)

where ε is the angle between the direction of the radiation and the normal to the surface.

Radiance may be connected to electromagnetic energy transport through the time-

averaged Poynting vector ↑S↓. For a surface element dA with unit normal n̂, the di”erential

radiant power associated with directions within d# about ”̂ is

dPe = L(”̂) (”̂·n̂) dAd#. (2.49)

Defining the radiative flux vector by

F =

∫

4ω

L(”̂) ”̂ d#, (2.50)

the net power crossing the surface is dPe = F · n̂ dA. Thus, under the assumptions of

radiative transfer or geometrical optics, F is the radiometric analogue of the cycle-averaged

Poynting vector.
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Spectral Quantities

Radiometric quantities may be defined spectrally, i.e., per unit wavelength or frequency.

For instance, the spectral radiant energy Qe,ϱ is defined as:

Qe,ϱ =
dQe

dω
, (2.51)

with SI units of J nm→1, representing the radiant energy per unit wavelength interval. Also,

the spectral radiant power Pe,ϱ is given by:

Pe,ϱ =
dPe

dω
, (2.52)

with SI units of Wnm→1, describing the radiant power per unit wavelength interval. Sim-

ilarly, spectral fluence is denoted by Ho,ϱ with SI units of Jm→2 nm→1, and the spectral

radiance is represented by Le,ϱ,” with SI units of Wm→2 sr→1 nm→1. Also, the spectral

fluence rate is shown by Eo,ϱ and the spectral irradiance is denoted by Ee,ϱ, both with SI

units of W·m→2·nm→1.

2.4.10 Photonic Quantities

The radiometric quantities like radiant energy (Qe), radiant power (Pe), irradiance (Ee),

and radiance (Le,”) (which are expressed in SI units such as joules (J), watts (W), or de-

rived units like W ·m→2 and W ·m→2 · sr→1), correspond to photonic quantities like photon
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number (Np), photon flux (qp), photon irradiance (Ep), and photon radiance (Lp). These

photonic quantities are expressed in terms of the number of photons per unit time, area,

or solid angle. The fundamental relationship connecting these radiometric and photonic

measures is the energy of a single photon, defined by:

E = hϑ =
hc

ω
, (2.53)

where h is the Planck constant, ϑ is the frequency, c is the speed of light, and ω is the

wavelength of the radiation.

For monochromatic radiation at a specific frequency (ϑ) or wavelength (ω), the radiant

energy (Qe) is related to the total number of photons (Np) by:

Np =
Qe

hϑ
=

Qeω

hc
. (2.54)

For polychromatic radiation with a wavelength range from ω1 to ω2, a spectral ra-

diometric quantity at a given wavelength (Ge,ϱ), is related to the corresponding spectral

photonic quantity (Gp,ϱ) by:

Ge,ϱ = E(ω)Gp,ϱ =
hc

ω
Gp,ϱ. (2.55)

To calculate a total photonic quantity (Gp) from a spectral radiometric quantity (Ge,ϱ),

the following integral is used:
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Gp =

∫ ϱ2

ϱ1

Gp,ϱ(ω) dω =
1

hc

∫ ϱ2

ϱ1

Ge,ϱ(ω)ω dω. (2.56)

For example, the total photon flux (qp) (defined as the number of photons per time interval

with SI unit is s–1) can be calculated from the spectral radiant power (Pe,ϱ) as follows:

qp =
1

hc

∫ ϱ2

ϱ1

Pe,ϱ(ω)ω dω. (2.57)

Conversely, to calculate a total radiometric quantity (Ge) from a spectral photonic quantity

(Gp,ϱ), the relationship is:

Ge =

∫ ϱ2

ϱ1

Ge,ϱ(ω) dω = hc

∫ ϱ2

ϱ1

Gp,ϱ(ω)
1

ω
dω. (2.58)

For instance, the total irradiance (Ee) can be calculated from the spectral photon irradiance

(Ep,ϱ) as:

Ee = hc

∫ ϱ2

ϱ1

Ep,ϱ(ω)
1

ω
dω. (2.59)

2.4.11 Mathematical Models for Light Propagation in Bio-

logical Tissues

Biological tissues are optically heterogeneous, consisting of components with varying refrac-

tive indices and structural scales. These components include chromophores, intracellular
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organelles, cells, and elements of the extracellular matrix (Figure 2.13). This complexity

influences how light is absorbed, scattered, and propagated. As a result, models of light

transport must be carefully selected and tailored to the specific spatial, temporal, and

application-specific requirements.

Cells

Nuclei
Mitocondria

Lysosomes, vesicles

Striations in collagen fibrils
Macromolecular aggregates

Membranes

Figure 2.13: Biological structures of various sizes. Figure is adapted from [123].

Depending on the spectral properties of the light and the scale of observation, light

propagation in biological tissues can be described by one of three primary theoretical

frameworks. At the most fundamental level, Maxwell’s equations provide a full electro-

magnetic wave-based description, capturing all wave phenomena including interference and

polarization. At the mesoscopic scale, the Radiative Transport Equation (RTE) o”ers a

statistical approach that accounts for absorption and scattering but neglects wave e”ects.
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In highly scattering media, the di”usion approximation, a simplified form of the RTE, can

be used due to its computational e!ciency and practical applicability.

Maxwell’s Equations

At the most fundamental level, propagation of light, as an electromagnetic wave is

governed by Maxwell’s equations. A set of coupled partial di”erential equations that

describe the time-dependent behaviour of electric and magnetic fields in a medium is

provided below [127]:

↔ · E =
ρ

⇀
, ↔ ·B = 0, ↔≃ E = →↽B

↽t
, ↔≃B = µJ+ µ⇀

↽E

↽t
. (2.60)

Here, E is the electric field (V/m), B is the magnetic flux density (T), ρ is the electric

charge density (C/m3), J is the electric current density (A/m2), ⇀ is the permittivity of

the medium (F/m), and µ is the permeability of the medium (H/m).

These equations provide a comprehensive physical model of electromagnetic wave phe-

nomena, capturing e”ects such as interference, di”raction, birefringence, and polarization.

Maxwell’s framework is particularly useful in modelling light interactions at or below the

wavelength scale, where wave-based e”ects dominate.

Maxwell’s equations can be used to model light propagation in biological tissues with

high precision. In practice, however, solving Maxwell’s equations for biological light trans-

port presents several challenges. First, the computational cost is significant and accu-

rate solutions require extremely fine spatial and temporal discretization, which in large
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or heterogeneous biological domains can become prohibitively expensive. Second, mate-

rial parameters such as the spatial distribution of electric permittivity (⇀) and magnetic

permeability (µ) are often poorly characterized in biological tissues, particularly at the

microscopic scale.

Despite the computational and practical challenges, Maxwell-based models remain es-

sential in specific scenarios where wave-level accuracy is required. These include sub-

wavelength or near-field structures, where phenomena such as near-field e”ects, di”rac-

tion, and strong scattering dominate; polarization- and coherence-sensitive phenomena.

Full-wave modelling is also appropriate when modelling structures on the order of the

wavelength (e.g., vesicles, microtubules, or nanoparticles), or in domains limited in size,

such as subcellular regions.

Radiative Transport Equation (RTE)

At mesoscopic scales, where scattering and absorption events remain significant but

wave phenomena such as interference and polarization can be neglected, the RTE provides

a physically robust framework for modelling light propagation. Unlike Maxwell’s equations,

the RTE ignores phase information, which is appropriate in biological tissues after light

has experienced several scattering events and coherence is e”ectively lost.

The RTE models radiance L(r, ”̂, t) at location r, in direction ”̂, and at time t. The

equation is expressed as [123], [128]:
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1

v

↽L(r, ”̂, t)

↽t
= →”̂·↔L(r, ”̂, t)→µtL(r, ”̂, t)+µs

∫

4ω

p(r, ”̂↑ ↘ ”̂)L(r, ”̂↑, t) d#↑+S(r, ”̂, t)

(2.61)

where v = c/n is the speed of light in the medium, with c the speed of light in vacuum

and n the refractive index. ”̂ ·↔L(r, ”̂, t) is the divergence term, describing how radiance

changes spatially along direction ”̂, and µt = µa + µs is the total extinction coe!cient

[mm→1], accounting for both absorption µa and scattering µs losses. Also, p(r, ”̂↑ ↘ ”̂) is

the phase function representing the probability density that light traveling in direction ”̂↑

is scattered into direction ”̂, and is typically dependent only on the angle between them.
∫
4ω · · · d#

↑ is an integral over all incoming directions on the unit sphere, representing the

total in-scattered contribution from all directions. S(r, ”̂, t) is the source term representing

any volumetric emission or injection of radiance [W·mm→3·sr→1] into the medium.

RTE does not assume either scattering-dominant conditions or isotropy in the medium.

This generality makes it especially well-suited for modelling light transport in tissues with

moderate to high scattering, in contexts where angular or directional information is im-

portant and in situations where the assumptions underlying di”usion theory (as discussed

below) fail, particularly near boundaries or in low-scattering regions.

While analytical solutions to the RTE are available only for highly simplified geometries,

numerous numerical methods have been developed to solve it, including Discrete Ordinates

Methods (DOM) [129], and Monte Carlo simulations [123]. Among these, Monte Carlo

methods are widely used in biophotonics due to their flexibility, scalability, and ability to
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accurately model complex tissue geometries and spatially varying optical properties [123].

Di!usion Approximation

After multiple scattering events in a highly scattering medium, not only is the phase co-

herence of light lost, but also its directionality becomes randomized. This results in an

approximately isotropic radiance distribution. Under such conditions, the RTE can be sim-

plified to a di”usion approximation. The key assumption is that scattering dominates over

absorption, i.e., µ↑
s ↖ µa, where µ↑

s is the reduced scattering coe!cient (see Equation 2.39)

[123].

By neglecting higher-order terms in the spherical harmonics expansion of the radiance

(the P1 approximation) and assuming an isotropic source, radiance can be described only

in term of fluence rate $(r, t), through time-dependent di”usion equation [123]:

1

v

↽$(r, t)

↽t
+ µa$(r, t)→↔ · [D↔$(r, t)] = S(r, t), (2.62)

where v is the speed of light in the medium, S(r, t) is the source term, and D = 1
3(µa+µ→

s)
is

the di”usion coe!cient.

Di”usion approximation holds under two primary conditions [123]:

1. Radiance must be nearly isotropic, which requires that photons undergo many scat-

tering events.

2. Relative variation in the fluence rate over one reduced mean free path lt is minimal.

In other words, the change in fluence rate across a single transport mean free path
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is much less than one.

These conditions are typically met in media where scattering strongly dominates over

absorption, satisfying µ↑
s ↖ µa. The di”usion approximation also is more accurate when

the observation point is su!ciently far from both sources and boundaries, so that the

assumption of isotropic radiance is valid at the location. However, appropriate boundary

conditions can be applied to improve accuracy near interfaces and source regions [123].

It is important to note that the di”usion equation does not depend on the scattering

coe!cient µs and anisotropy factor g independently, but rather on their combination µ↑
s.
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Piezoelectric Nanogenerators

Piezoelectric Nanogenerators (PENGs) are nanoscale devices that convert mechanical en-

ergy into electrical energy through the piezoelectric e”ect. As previously discussed, piezo-

electricity enables energy conversion under mechanical stress, and PENGs apply this prin-

ciple at the micro- and nanoscale. Their capacity to harvest energy from mechanical

stimuli such as ultrasonic waves—has extended the role of piezoelectric materials beyond

conventional sensors and actuators into wireless biomedical systems.
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The increasing demand for wirelessly powered biomedical implants has brought atten-

tion to PENGs as a viable energy harvesting solution. Compared to electromagnetic trans-

ducers, piezoelectric converters typically o”er higher e!ciency and simpler manufacturing

[130]. Moreover, ultrasonic waves provide an e”ective energy transmission method in bio-

logical tissues due to their low attenuation, particularly within the 0.1–10 MHz range [67].

These characteristics make PENGs well-suited for powering implantable devices such as

the system proposed in this work.

Two main features underscore the suitability of PENGs for this application:

• Wireless Triggering: Piezoelectric materials have long been employed in elec-

tromechanical transduction, and the concept of using PENGs to convert ultrasonic

energy into electricity is well established. The first nanogenerator was based on this

principle and demonstrated successful energy harvesting from ultrasonic waves [131].

• Nanoscale Advantages: PENGs constructed from piezoelectric nanowires bene-

fit from their high aspect ratio1 and mechanical sensitivity. These structures are

capable of producing substantial electrical output (reaching open-circuit voltages of

1.2V to 2V and currents of 100 nA in optimized arrays) in response to very small

mechanical forces (ranging from 80 nN down to the picoNewton level) [130]. This

sensitivity enables e”ective energy harvesting from ultrasound, which is critical for

driving miniature wireless electronic systems.

1In the context of nanowires, aspect ratio is defined as the ratio of length to diameter (L/D). A high
aspect ratio indicates a long, thin structure.
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Despite their high performance, traditional piezoelectric materials such as lead zir-

conate titanate (PZT) or barium titanate (BaTiO3) su”er from several drawbacks that

limit their use in biomedical implants. Their rigidity, lack of biocompatibility, and, in

some cases, toxic composition raise concerns for long-term implantation. While synthetic

polymers like Polyvinylidene Fluoride (PVDF) o”er greater flexibility, they are typically

non-biodegradable and may release harmful by-products during synthesis or degradation

[130].

To address these limitations, increasing attention has turned to natural piezoelectric

biomaterials. Derived from biological sources. Their compatibility with soft tissue en-

vironments makes them highly promising for applications requiring safe and sustainable

integration within the human body.

In this context, the wireless device proposed in this thesis aims to incorporate a piezo-

electric biomaterial as its energy harvesting component. The next section will examine

these biomaterials in greater detail.

3.1 Piezoelectric Biomaterials

Piezoelectric biomaterials can be broadly categorized into five major classes: amino acids,

peptides, proteins, viruses, and polysaccharides. These materials are of particular interest

for bio-integrated devices due to their inherent biocompatibility, biodegradability, and

mechanical compatibility with soft tissues. This section evaluates representative materials
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from each category with a focus on their longitudinal piezoelectric response, which is critical

for e!cient energy harvesting under external ultrasonic stimulation.

Amino acids, the fundamental units of proteins, possess intrinsic piezoelectricity arising

from dipole moments between their amino (NH2) and carboxyl (COOH) groups [132],

[133]. Glycine is the most studied amino acid for piezoelectric applications and exists in

three polymorphs: ς, ▷, and ◁ [134]. Of these, ▷-glycine shows a high shear piezoelectric

coe!cient (d16 = 178±11 pmV→1) [135]. However, it is thermodynamically unstable under

ambient conditions and its response is primarily shear-based, which limits its utility in

compressive or tensile applications [136]. ◁-glycine, while more stable, presents longitudinal

activity (d33 ⇑ 10.4 pmV→1), but forming single crystals under neutral aqueous conditions

is di!cult and achieving domain alignment in flexible films remains a significant challenge

[137].

Some peptides, which are short amino acid chains, also display piezoelectricity [138].

For instance, Diphenylalanine (FF) is a peptide that can self-assemble into nanostructures

like microrods and nanotubes, and exhibit strong shear responses (d15 ⇑ 80± 15 pmV→1)

[139]. Aligned FF microrods have achieved a longitudinal coe!cient of d33 = 17.9 pmV→1

[139], but precise control over alignment typically requires electric poling or tailored self-

assembly, adding complexity to fabrication for longitudinal-mode devices.

Larger biomolecules such as proteins and polysaccharides also exhibit piezoelectricity,

although their performance varies significantly depending on molecular structure and align-

ment [140]. Between the proteins, Collagen is the most abundant structural in the body
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which shows piezoelectric behaviour primarily from aligned peptide chains [141], [142].

However, this response is generally weak and dominated by shear, with reported d14 val-

ues up to →12 pmV→1 and e”ective constants often near 2 pmV→1. Silk fibroin, when

electrically poled, has demonstrated improved longitudinal performance with d33 values

reaching 38 pmV→1. In contrast, elastin typically exhibits low e”ective coe!cients around

1 pmV→1. The inherent complexity and molecular disorder in these proteins often limits

dipole alignment and thus their practical use in axial-mode energy harvesting.

Polysaccharides such as cellulose and chitosan, are widely available and exhibit piezo-

electricity due to their non-centrosymmetric crystalline domains [143]. Cellulose Nanocrys-

tals (CNC) films have shown particularly promising results, with shear coe!cients (d25 =

210 ± 5 pmV→1) [144] and longitudinal d33 values up to 19.3 ± 2.9 pmV→1 in vertically

aligned films, which is comparable to synthetic polymers like PVDF. Chitosan films have

similarly demonstrated d33,e! values of up to 18.4 pmV→1 in neutralized films. Although

scalable fabrication is well established for polysaccharide films, their intrinsic piezoelectric

response remains limited by molecular structure and alignment e!ciency.

Among piezoelectric materials, the M13 bacteriophage o”ers an advantageous combi-

nation of structural and functional properties, making it particularly well-suited for inte-

gration into our proposed system as a PENG. The M13 virus is a filamentous phage with

a length of approximately 880 nm and a diameter of 6.6 nm [145]. It is composed of a

circular single-stranded DNA (ssDNA) that is 6407 nucleotides in length, encapsulated

within a protein shell made up of capsid, replication, and assembly proteins [146]. The

virus is synthesized using the bacterium Escherichia coli (E. coli), relying on the bacterial
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pilus for its formation [145]. Its surface is composed of thousands of identical pVIII coat

proteins arranged helically along its length. Each pVIII protein adopts an ς-helical con-

formation, resulting in a dipole moment oriented from the amino to the carboxy-terminal

end. This ordered nanoscale architecture e”ectively functions as a natural piezoelectric

nanowire [146].

One of the key advantages of the M13 phage lies in its genetic tunability. The N-

terminus of the pVIII protein can be altered using recombinant DNA technology by adding

variable amounts of negatively charged glutamate (E) amino acids [147], [148]. The wild-

type M13 has a single negative charge at the insertion site, and introducing additional neg-

ative charges enhances the virus’s piezoelectric attributes [149]. For example, engineered

variants such as the 4E-phage 2 and 6H-phage 3 have been developed to optimize per-

formance. When assembled into vertically aligned nanopillar arrays via template-assisted

self-assembly, engineered M13 phages have achieved out-of-plane e”ective coe!cients up

to d33,e! = 13.2 pmV→1 [147]. This is significantly higher than what has been reported for

non-aligned collagen films. Furthermore, the ability to fabricate aligned phage-based films

at the nanoscale o”ers scalability and integration potential with various system designs.

These features make M13 PENGs capable of transducing mechanical energy from ultra-

sonic stimulation into usable electrical power. For the biocompatible, wirelessly powered

nanogenerator proposed in this work, the M13 phage o”ers a promising material platform.

24E-phage is genetically engineered M13 phage, in which four glutamate amino-acids (E) are added to
the coat protein PVIII.

36H-phage is a genetically engineered M13 phage, in which six histidine amino acids (H) are added to
the coat protein PVIII.
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Figure 3.1: Direction presentation of M13 phage. (a) Axes numbering: dimensions 1, 2, and
3 correspond to the z , x , and y directions in the Cartesian coordinate system (b) Schematic
illustration of electrode connections. The green electrodes correspond to d21 and the red electrodes
correspond to d31 piezoelectric mode.

3.2 Piezoelectric properties of M13 PENGs

Several experimental studies have investigated the piezoelectric properties of M13 bacte-

riophages at macro scale dimensions [146]. Here, we use these experimental findings to

approximate the parameters that characterize the mechanical and piezoelectric behaviour

of M13 bacteriophages at the nanoscale. This, enables us to simulate the piezoelectric

responses of M13 nanogenerators. We determine the compliance matrix [ sE] , piezoelectric

coe!cients [d ] , and dielectric constant matrix [ ωT ] as introduced in Equation 2.15 and

Equation 2.16. In this study, the z-axis will be considered aligned with the length of the

M13 bacteriophage and the coordinate dimensions 1, 2, and 3 corresponds to the z, x, and

y directions of the Cartesian coordinate system, respectively (Figure 3.1).
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The M13 bacteriophage exhibits a highly ordered filamentous structure, in which thou-

sands of copies of the major coat protein (pVIII) are arranged helically around the viral

DNA. This arrangement gives rise to a quasi-crystalline organization with repeating struc-

tural units along the longitudinal axis, which underlies the e”ective hexagonal symmetry

and supports its classification within the C6 symmetry group 4, and is part of the type

VII Transversely Isotropic (TI) 5 materials class [149], [150]. This classification allows us

to model the mechanical behaviour of the phage using the compliance matrix format as

follows [151]:

[
sT
]
=





1
Ep

→ ςp
Ep

→ςzp
Ez

0 0 0

→ ςp
Ep

1
Ep

→ςzp
Ez

0 0 0

→ςpz
Ep

→ςpz
Ep

1
Ez

0 0 0

0 0 0 1
2Gzp

0 0

0 0 0 0 1
2Gzp

0

0 0 0 0 0 1+ςp
Ep





. (3.1)

In this matrix, Ep and Ez refer to Young’s modulus 6 in the plane of symmetry 7 and

4The C6 symmetry group refers to a hexagonal symmetry characterized by a sixfold rotational axis.
This means the structure repeats itself every 60 degrees when rotated around this central axis.

5Transversely isotropic materials are a subset of anisotropic materials that exhibit isotropic properties
in all directions within a plane (the transverse plane or plane of symmetry) but have di!erent properties
along an axis perpendicular to this plane (the longitudinal axis).

6Young’s Modulus (E) is a measure of a material’s sti!ness, defined as the ratio of longitudinal stress
to longitudinal strain within the elastic limit: E = ϖ/ϱ where ϖ is the stress (force per unit area) and ϱ is
the strain (deformation per unit length).

7Plane of symmetry is a plane within the material where mechanical properties are identical in all
directions
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normal to it, respectively. ϑp is the Poisson’s ratio 8 within the plane of symmetry. ϑpz

represents the transverse strain in the z-direction due to longitudinal stress in the plane

of symmetry. ϑzp represents the transverse strain in the plane due to longitudinal stress in

the z -direction. Gzp denotes the shear modulus 9.

It is worth mentioning that specific symmetries exist in the compliance matrix of certain

types of materials. For example, in TI materials the equation ςpz
Ep

= ςzp
Ez

holds true. This

equality arises because, in TI materials, the mechanical properties are isotropic within the

plane but di”er along the perpendicular axis. When stress is applied in one direction,

it induces strains not only in that direction but also in perpendicular directions due to

Poisson’s e”ect. The symmetry of the material causes that the ratios of the Poisson’s

ratios to their corresponding Young’s moduli are equal in reciprocal directions.

In the design of microscale systems, it is common to approximate their properties

based on bulk characteristics as bulk properties are often more readily available and better

understood [152]. As systems decrease in size from macro to micro, they generally become

less sti” due to the increased freedom of movement of individual components, which are no

longer constrained by surrounding components. Consequently, the micro-scale mechanical

properties of M13 phages can be approximated from the macro-scale systems, particularly

in the absence of direct experimental data. On this basis, we refer to the experimentally

8Poisson’s Ratio (ϑ) describes the ratio of transverse strain to longitudinal strain when a material is
stretched or compressed: ϑ = →ϱtransverse/ϱlongitudinal. Transverse strain ( ϱtransverse ) is the deformation
perpendicular to the applied stress and longitudinal strain ( ϱlongitudinal ) is the deformation in the direction
of the applied stress.

9Shear Modulus ( G ) measures a material’s response to shear stress, defined as G = ω/ς, where ω

is the shear stress (force applied parallel to the surface per unit area) and ς is the shear strain (angular
deformation).
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measured mechanical properties of the M13 phage as reported in [153]. The Young’s

modulus for a horizontally structured 4E-M13 phage film has been reported as 4.1 ± 0.6

GPa, while the vertically aligned structure yields a modulus of 1.6 ± 1 GPa [149]. These

values provide the basis for Ep and Ez, respectively. Since experimental values for Poisson’s

ratio and shear modulus are not readily available, we follow the approximation used in [154],

which draws on lysozyme protein crystal parameters, and we set ϑp = ϑzp = 0.38 [155].

Using the relation between elastic moduli E and shear modulus G as:

E = 2G(1 + ϑ), (3.2)

we can compute Gzp as 0.59 GPa for vertical loading.

Once these parameters are defined, we can construct the compliance matrix for the

4E-M13 phage given as follows:

[ sT ] =





0.2439 →0.0927 →0.2533 0 0 0

→0.0927 0.2439 →0.2533 0 0 0

→0.0927 →0.0927 0.6667 0 0 0

0 0 0 0.6494 0 0

0 0 0 0 0.6494 0

0 0 0 0 0 0.3366





≃ 10→9 (3.3)

We also calculate the matrix of piezoelectric coe!cients based on the results published
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from experimental studies. Piezoelectric Force Microscopy (PFM) is the primary method

for measuring piezoelectric coe!cients in materials. Depending on both the direction of the

applied force and the axis along which the deformation is measured, the resulting values

correspond to di”erent elements of the [d] matrix. A study by Yan et al. [148] measured

the piezoelectric response in three directions for 4E-M13 phage particles, where the phages

were horizontally arranged in a thin film. From their results, the reported values were:

d11 = 6.5 ± 0.5 pmV→1, d21 = 7.6 ± 1.0 pmV→1, and d31 = 12.1 ± 1.0 pmV→1. Given

the structural symmetry of the phage, we assume d22 = d11, d12 = d21, and d31 = d32.

Furthermore, the piezoelectric coe!cient for vertically aligned M13 phages was reported

as 13.2 pmV→1 by Lee et al. [147], and this value is assigned to d33.

With these values, the piezoelectric coe!cient matrix for an M13 phage film with a

thickness of 80 nm can be expressed as:

[d] =





6.5 7.8 0 0 0 0

7.8 6.5 0 0 0 0

12.1 12.1 13.2 0 0 0




≃ 10→12 V→1.

To determine the electric permittivity matrix, we refer to the reported relative permit-

tivity values for M13 phage, which range from ⇀r = 2.1 in [148] to ⇀r = 3 in [149]. In

our model, we take the average value ⇀r = 2.55, thus the absolute permittivity can be

calculated as:
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⇀ = ⇀r⇀0 = 22.577≃ 10→12 Fm→1. (3.4)

Next, the density of the virus is also required. The M13 bacteriophage is a rod-shaped

molecule with a diameter of 6.6 nm and an approximate length of 880 nm [146]. The total

weight of the capsid proteins is reported to be 11 MDa [156], while the genome of the M13

phage, composed of 6400 base pairs, has a total weight of 4.16 MDa [157]. Therefore, the

total mass of the M13 bacteriophage is mtotal = 15.16MDa.

Given this value for the mass, we can calculate the density of the phage, assuming a

cylindrical volume:

ρ =
m

v
=

15.16MDa

ϱ ≃ (3.3 nm)2 ≃ 880 nm
= 833.88

kg

m3
. (3.5)

To assess the accuracy of the computed parameters, a three-dimensional finite-element

model of a vertically aligned 6H-M13 10 layer was implemented in COMSOL Multiphysics

[158] using the Piezoelectric multiphysics interface, which couples Solid Mechanics and

Electrostatics. The active layer was modeled as a homogenized transversely isotropic piezo-

electric continuum with in-plane dimensions of 0.5 cm≃ 0.5 cm and a thickness of 880 nm.

The constitutive matrices [sE], [d], and [ωT ] derived above were assigned to this layer, with

the 3-direction aligned with the longitudinal axis of the vertically oriented phages. The

10The M13-6H phage has been engineered to include a 6-histidine tag on its minor coat proteins, specif-
ically on the pIII or pVI proteins. This modification is designed to enhance the vertical alignment of
the phage particles, particularly on surfaces or within materials that rely on controlled orientation. The
6-histidine tag has a strong a”nity for metal ions, such as nickel or cobalt. [147]
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Figure 3.2: Simulation results of vertically aligned 6H-M13 phage upon vertical loading.

M13 layer was deposited on a mechanically rigid support represented by a fixed bottom

boundary. Electrical contacts were applied to top and bottom surfaces, corresponding to

the experimental d33-type measurement geometry. Mechanically, the bottom surface was

fixed, the lateral surfaces were traction-free, and a compressive load of 17 N was applied

as a uniform pressure over the full top surface. Electrically, the bottom electrode was

set to ground and the top electrode was defined as a Floating Potential to compute the

open-circuit voltage. The short-circuit current was obtained using the corresponding ter-

minal or circuit condition used in COMSOL. A mesh-convergence study was carried out

by progressively refining the mesh, particularly through the film thickness. The simulated

output was then compared with Supplementary Figure 11 of Lee et al. [147].

Additionally, peak voltage and current values were calculated for various applied load
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Figure 3.3: Variations in the electrical output of the 6H-M13 phage at di!erent force values.
(a) the experimental and simulated voltage values and (b) experimental and simulated current
values.

levels. These simulated results were compared with the experimental data reported in [147],

and the comparison outcomes are shown in Figure 3.3. The simulated results fall within

the first standard deviation of the experimental data for vertical loads ranging from 1N

to 20N. This demonstrates a strong correlation between the simulation and experimental

outcomes across the specified load range.

Lastly, a 1 cm ≃ 1 cm aligned phage film with a thickness of 300 nm was simulated to

evaluate its electrical characteristics and the results were compared with the experimental

data reported in [149]. Under a 34N force, the experimentally measured open-circuit

voltage ranged from 0.25V to 0.4V, while the short-circuit current peaked at 4 nA. In our

simulations, the peak values were 0.16V for the voltage and 3.8 nA for the current, as shown

in Figure 3.4. The slight discrepancy in voltage peaks could be attributed to additional
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Figure 3.4: (a) Simulation results and (b) experimental measurements of nematically aligned
4E-M13 phage upon 34N loading.

factors that influence the piezoelectric response of the M13 phage, which are not captured

by the linear piezoelectric model used in this study [149]. Specifically, non-linear e”ects

such as strain-dependent piezoelectric coe!cients and electro-mechanical coupling may

play a role. Under higher mechanical stresses, the piezoelectric constants of materials can

change, resulting in a non-linear relationship between the applied force and the generated

electric field [159], [160]. This suggests that more complex factors, such as non-linear

e”ects or variations in material properties, may need to be considered for a more precise

simulation.

To investigate the piezoelectric response of the M13 phage at the nanoscale, we modeled
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a single 900 nm-long, 6.6 nm-wide phage as a cylinder aligned along the z-axis (Figure 3.1a).

Two distinct mechanical configurations were considered: cantilevered and fixed-ended.

These configurations were chosen because they are representative of real-world conditions

that the phage may encounter in practical applications. By modelling these two scenarios,

we aim to understand how di”erent boundary conditions a”ect the phage’s piezoelectric

properties. In the cantilevered configuration, one end of the virus (at z = 0) is mechanically

fixed, while the other end (at z = 900) is free to move in any direction. In this setup, we

assumed that electrical electrodes are connected to both ends of the phage along the z-axis,

allowing the measurement of the electrical response. This configuration simulates a scenario

where the virus can experience deflection due to external forces. This setup is analogous

to situations in biosensors and nanomechanical devices where phages are immobilized on

surfaces to detect mechanical or electrical changes [161]. In such applications, the free

end of the phage can interact with target molecules, causing mechanical movements that

generate electrical signals due to the piezoelectric e”ect.

In the fixed-ended configuration, both ends of the virus (at z = 0 and z = 900 nm)

are mechanically fixed, allowing the virus to resonate in its middle sections. This scenario

is particularly relevant in the fabrication of phage-based nanofibers or thin films used in

energy harvesting and tissue engineering applications [149]. In both configurations, an

acoustic pressure is applied parallel to the x-axis to induce mechanical deformation.

The first important response used to study the nanogenerator is its resonance fre-

quencies. We performed an Eigen Frequency Study to find the resonance frequencies.

The first two resonance frequencies of the cantilevered configuration virus are obtained as
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Figure 3.5: Frequency response of the amplitude of the open circuit voltage generated by the
phage for cantilevered and fixed-ended condition.

frc1 = 1.2985MHz and frc2 = 1.9981MHz. For the fixed-ended configurations, the first

two resonances occur at frf1 = 7.2432MHz and frf2 = 15.367MHz. On the other hand, we

obtained the frequency response for the magnitude of the open-circuit voltage of each con-

figuration in response to an acoustic pressure with an intensity of 10mWcm→2 applied to

the phage. As expected, the peak amplitudes of the voltages are observed at the resonance

frequencies (Figure 3.5).

The power transferred to the load is influenced by the impedance of the load, which

depends on the di”erence between the internal impedance of the generator and that of the

load. Figure 3.6 illustrates the voltage, current, and power transferred to a resistive load

across various load values. These values correspond to an acoustic pressure intensity of

10mWcm→2, applied at frc2 for the cantilevered configuration and at frf2 for the fixed-
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Figure 3.6: Amplitude of the voltage, current and power that is transferred to the resistive load
as a function of the load value (plotted in logarithmic scale) for both mechanical configurations.
The applied acoustic pressure is tuned at the second resonance frequency.

ended configuration. As expected, increasing the load value leads to an increase in the

generated voltage, while the current flowing through the resistive load decreases. The

maximum impedance match occurs at R = 5.01≃ 109 # for the cantilevered configuration,

and at R = 3.16≃ 1012 # for the fixed-ended configuration.

The electrical properties of the nanogenerator are also linked to the acoustic pressure

that is applied to it. We obtained the magnitude of the generated voltage when connected
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Figure 3.7: The amplitude of the generated voltage as function of the acoustic intensity when
connected to a resistive load R=5.2≃ 109$.

to a 5.2≃ 109 # resistive load. In this part of the simulation, the acoustic wave applied to

each configuration is tuned to its first resonance frequency. As expected, Figure 3.7 shows

that the electrical voltage increases as the power of the acoustic stimulation increases. For

the specific resistive load of 5.2≃ 109 #, the fixed-ended configuration saturates at smaller

acoustic intensities, and therefore the cantilevered configuration can generate considerably

higher voltages.

These simulations confirm the reliability of the extracted mechanical and piezoelectric

parameters, illustrating how the electrical power generated by a single M13 virus nano-

generator varies with both the frequency and intensity of the applied acoustic stimulation.

Furthermore, the power transferred to the load is influenced by the load’s impedance.
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The presented method serves as a valuable tool for selecting the optimal configuration

based on the desired electrical output, allowing for precise tuning of the frequency and

amplitude of the acoustic input to meet the energy demands of specific loads. By opti-

mizing these parameters, the performance of the nanogenerator can be tailored for various

applications, enhancing its e!ciency in energy harvesting and power generation.
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4

Design and Modelling

This chapter presents the system design of a wireless bioluminescent mote and develops a

modelling framework to characterize the resulting bioluminescence output. We begin with

a system-level overview, followed by detailed descriptions and modelling of each design

subunit. These modules are then integrated into an equivalent-circuit model to enable

end-to-end performance analysis.
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4.1 System Overview

Our design builds on the WiOptND concept [68], which uses piezoelectric structures (specif-

ically, zinc oxide) to harvest ultrasound energy for driving µLEDs. However, our design

addresses the challenges in biocompatibility and miniaturization by replacing inorganic

elements with a bioluminescent pathway. In this context, a central design challenge is

the need to trigger the bioluminescent reaction wirelessly. To achieve this, and building

upon the discussion in section 3.2, we propose the integration of M13 bacteriophage–based

PENGs with an aequorin-based bioluminescent system. This configuration creates a wire-

less, bio-inspired light-emitting device. The system converts ultrasonic stimulation into

blue photon emission via a sequence of bio-electro-chemical processes.

During each illumination cycle, a low-MHz ultrasound stimulation mechanically de-

forms the engineered M13 nanogenerators. Through the piezoelectric e”ect, this deforma-

tion generates a localized electric field near the SR. The resulting field initiates release of

Ca2+ ions and produces a transient Ca2+ pulse via the CICR process. The released Ca2+

bind to aequorin Photoproteins and emit blue photons (peak wavelength ↗ 470 nm). Fi-

nally, SERCA pumps reuptake calcium back into the SR, completing the cycle and resetting

the system for subsequent ultrasound stimulation (see Figure 4.1).
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Figure 4.1: Schematic representation of the proposed bio-inspired wireless nanosystem and the
biological processes in one illumination cycle. On the left: Optogenetics is depicted as a potential
application of our proposed design, where the generated light from several bioluminescence units
can be used to wirelessly activate opsins. On the right: 1—The resting condition is shown,
with a high concentration of calcium ions inside the SR and a low concentration of calcium in
the medium. 2—In response to ultrasonic stimulation, the change in the structure of the M13
piezoelectric nanogenerator is illustrated, which creates an electric field. The Voltage Gated
Calcium Channels (VGCCs) are activated in response, initiating a flux of calcium ions into the
medium. 3—Following the initial increase in calcium concentration in the medium, the Calcium-
Induced Calcium Release (CICR) is triggered by the activation of Ryanodine Receptors 2 (RYR2)
channels. With the increase in calcium concentration in the medium, the likelihood of calcium ions
binding to the aequorin molecules increases, generating omnidirectional photon illumination with
a peak wavelength of 470 nm. The rise in calcium concentration in the medium consequently
activates the Sarcoplasmic/Endoplasmic Reticulum Ca2+-ATPase (SERCA) ion pumps, which
reabsorb the calcium ions into the SR, returning to step 1.
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4.2 Design of the Wireless Bioluminescence Mote

Conceptually, the mote comprises three coupled subunits: (1) a power unit based on M13

bacteriophage PENGs that harvests ultrasound energy and generates electric fields; (2)

a calcium-handling module based on the SR, incorporating VGCCs, RYR2, and SERCA

pumps; and (3) a bioluminescence module based on aequorin photoproteins, which converts

calcium transients into photon emission. The emitted light then propagates through the

surrounding tissue. The following sections describe each subunit in detail, beginning with

the M13-based PENGs.

4.2.1 Power Unit

Building on the discussion in section 3.1, we propose using M13-based PENGs as the power

unit. This module acts as a transduction interface that converts incident ultrasound energy

into a localized electric field. Energy harvesting occurs via cantilevered M13 structures

placed on the SR membrane, where the resulting electric field influences nearby VGCCs.

The vibrational modes are determined by the geometry and material properties of the

cantilevered M13 PENG. We therefore choose the incident ultrasound frequency to match

the eigenfrequency of the desired mode and thereby excite it. Eigenfrequency analysis using

Finite Element Analysis (FEA) (see section 3.2) identifies the main resonance frequency of

the cantilevered M13 PENG at fr = 1.2985MHz. Accordingly, we tune the ultrasonic stim-

ulation to fr to maximize energy transfer. Quantitative parameters appear in section 3.2,
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and the underlying piezoelectric harvesting mechanism is detailed in section 2.3.

To achieve the required spatial arrangement, we propose immobilizing M13 phages on

the surface of the SR, particularly targeting VGCCs 1. We specifically suggest using the

extracellular domain of the VGCCs for binding. Subsequently, M13 phages are genetically

engineered to display proteins on their coat, particularly at the pVII and pIX terminals,

which are engineered to bind strongly and specifically to these target sites. By choos-

ing VGCCs as the binding sites, the electrical field generated by the oscillation of the

M13 phages can interact with the voltage sensor domains of these channels, inducing a

conformational change in the VGCCs.

SR is the main component of the calcium-handling unit. In the proposed design, SR

functions similarly to its role in muscle cells, serving as a storage and release site for

calcium ions [163]. Inside the SR, proteins like calsequestrin and calreticulin facilitate

calcium storage by binding the ions with low a!nity but high capacity [164]. Despite the

majority of calcium being bound to these proteins, the free calcium concentration inside the

SR can reach up to 1mM, maintained by the function of SERCA pumps. SERCA pumps

transport calcium ions from the extra-SR space into the SR using energy derived from

ATP hydrolysis [165]. During this process, the pump bind calcium ions from the extra-

SR space, hydrolyzes ATP, and undergoes a conformational change that releases the ions

inside, thereby maintaining a higher calcium concentration within the SR compared to the

extra-SR medium. The rate of calcium transport is modulated by calcium concentrations

1This can be achieved using a targeted binding technique [162], which enables a highly selective inter-
action between the M13 phages and specific proteins on the SR membrane. In this approach, proteins on
the SR membrane are first identified as potential target sites.
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Figure 4.2: Block diagram describing the flow of executed processes in our design.

on both sides of the SR membrane; higher extra-SR calcium levels stimulate the pump’s

activity, while elevated calcium concentrations within the SR trigger feedback inhibition

to regulate the process [166].

In the proposed system, the release of calcium ions from the SR is initiated by the ac-

tivation of VGCCss on the SR membrane, triggered by the electric field generated by the

power unit. While some studies suggest the natural presence of VGCCs on the SR mem-

brane [167], we propose increasing their expression via genetic engineering [168] to ensure

the initiation of the calcium ions release process. The VGCCs possess voltage sensor do-

mains that react to the electric fields generated by M13 PENGs, triggering conformational

changes in the channel that open the pores and allows calcium ion release.
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Figure 4.3: The ion channels on the SR membrane that contribute to the CICR.

Following the release of calcium ions from the SR through VGCCs and the subsequent

increase in calcium concentration outside the SR, a process known as CICR is triggered,

leading to the release of substantial amount of calcium ions into the surrounding environ-

ment2. In our design, we propose using SR isolated from cardiac muscle cells3, where RYR2

channels are responsible for regulating CICR (Figure 4.3). These RYR2 channels possess

two types of calcium-binding sites on the extra-SR side: high-a!nity sites, which trigger

calcium release, and low-a!nity sites, which inhibit it. This results in a feedback mecha-

nism where low external calcium concentrations activate release, while high concentrations

2The exact mechanisms governing CICR vary depending on tissue type, as di!erent cells utilize specific
ion channels and intracellular processes for this function. In non-excitable cells, CICR is primarily mediated
by IP3 receptors, while in excitable cells such as neurons and muscle tissues, RYR2 play the dominant
role [169].

3The isolation of the SR from skeletal muscle is an established process supported by optimized protocols
using di!erential centrifugation and sucrose density gradients. There is also evidence suggesting that
isolated organelles can be sustained under suitable conditions [170], [171].
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suppress it, creating a bell-shaped curve for calcium regulation [169].

The next stage involves the bioluminescence module. The released calcium ions dif-

fuse through the medium and bind to aequorin photoproteins. This binding triggers the

opening of the imidazolone ring in the CLZ peroxy anion, resulting in the formation of

an intermediate. As this intermediate returns to its ground state, light is emitted with a

peak wavelength of 469 nm. The increase in calcium concentration resulting from CICR

will also stimulate the activation of SERCA pumps, ultimately leading to the reuptake of

calcium ions into the SR.

For aequorin to emit light again, it must be recharged with CLZ [172]. CLZ can be

supplied either through genetically modified bacteria that continuously produce it or by

chemical supplementation. However, this study does not focus on the delivery method,

assuming its constant presence throughout the experiments. A practical consideration of

this scheme is the number of achievable stimulation cycles and the associated limiting

factors, particularly in relation to the consumption of bioluminescent components. This

aspect is discussed in detail in the Conclusion section.

To maintain biocompatibility and system stability, we suggest encapsulating the compo-

nents within porous Polydimethylsiloxane (PDMS) nanobubbles [173]. The porous struc-

ture allows exchange with the surrounding medium, including di”usion of gaseous byprod-

ucts such as CO2 out of the nanobubble, while still protecting the encapsulated components.

Encapsulation in PDMS provides a controlled microenvironment that protects the com-

ponents from external biological degradation while maintaining their functional integrity.
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Literature suggests that such encapsulation can enhance the longevity and stability of

biological agents [174].

Figure 4.2 is a block diagram illustrating the sequence of processes in our design. It

represents the flow of operations, from ultrasonic energy harvesting to CICR, followed by

light emission and calcium reuptake into the SR.

4.3 Modelling the Wireless Bioluminescence Mote

To analyze the behaviour of our proposed design, we will model its components. In this

section, we will use equivalent electrical circuits to model the processes and assess their

behaviour as well as the functionality of the entire system. Each component is modeled

using an electrical circuit analog (see Figure 4.4). The M13 nanogenerator is represented by

the equivalent circuit of piezoelectric nanogenerators. Furthermore, we propose a circuit

to represent the dynamics of the SR calcium ion release and re absorption. Lastly, the

bioluminescent reaction of aequorin, which is driven by Ca2+, is modeled as a diode. A

detailed explanation of the system’s modelling approach is discussed in the subsequent

sections.

4.3.1 Modelling of M13 Nanogenerators

We adopt the modelling scheme proposed in [175] to simulate the first vibrational mode of

the M13 PENGs (Figure 4.4). In this scheme, each vibrational mode is represented by an
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Figure 4.4: Block diagram describing the connectivity of the units forming the system and the
equivalent electric circuit emulating it.

RLC equivalent circuit. Specifically, we model the primary vibrational mode, which occurs

at the resonance frequency fr = 1.2985MHz, as obtained from FEA (see section 4.2). In

this model, the inductor (Lr), capacitor (Cr), and resistor (Rr) correspond to the mass,

sti”ness, and damping of the nanogenerator, respectively. The capacitor CS represents the

static clamped capacitance, which reflects the capacitance under constant strain conditions.

An ideal transformer (T1) models the electromechanical coupling between the mechanical

and electrical domains

To simulate the PENG’s performance, the values of the circuit components must first

be determined. This is achieved by analyzing the admittance Y (j⇁) of the nanogenerator,

which defines the relationship between the applied voltage and the resulting current. FEA

of the M13 nanogenerator, based on the parameters derived in section 3.2, enables calcu-

lation of the impedance at any given frequency. Furthermore, as shown in Figure 4.4, the

equivalent admittance of the nanogenerator can be expressed as:
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Y (j⇁) = j⇁

(
CS +

Cmr

1→ LmrCmr⇁2 + jRmrCmr⇁

)
, (4.1)

where, Cmr, Lmr, and Rmr represent the capacitance, inductance, and resistance, respec-

tively, transferred to the secondary side of the transformer T1 with a voltage transformation

ratio of NT1 . These transferred values are related to the original components Cr, Lr, and

Rr by the following relationships:

Lmr =
Lr

N2
T1

, Rmr =
Rr

N2
T1

, Cmr =
Cr

N2
T1

. (4.2)

In Equation 4.1, for very small and very large values of ⇁, we have:

Y (j⇁) =






j⇁

CS + Cmr


= j⇁


CT


⇁ ↘ 0

j⇁CS ⇁ ↘ ↙,

(4.3)

The capacitance CT represents the static capacitance measured in the absence of ex-

ternal mechanical forces acting on the energy harvester. Using FEA and analyzing the

nanogenerator’s admittance at both low and high frequencies, we can determine the values

of CS, Cmr, and CT . Furthermore, as the angular frequency ⇁ approaches the resonance

frequency ⇁r, Equation 4.1 can be rewritten as

Y (j⇁) = Yd + Ymot, (4.4)
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where

Yd = j⇁CS, (4.5)

and

Ymot =
j⇁Cmr

1→ LmrCmr⇁2 + jRmrCmr⇁
. (4.6)

In these equations, Yd and Ymot refer to the damped admittance and motional admit-

tance, respectively [175]. We apply FEA to determine the nanogenerator’s admittance as ⇁

approaches ⇁r. The motional admittance values obtained from this analysis are then used

to calculate the remaining components of the equivalent circuit, following the approach

proposed in [175].






Rmr =
1

max[Re(Ymot)]

Lmr =
Rmr

⇁[min[Im(Ymot)]→max[Im(Ymot)]]

NT1 =


1

Lmr

(4.7)

The calculated values for the equivalent circuit of the nanogenerator in our system,

found using the above-mentioned procedure, are reported in Table 4.1.
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Table 4.1: Parameter values for the equivalent circuit of a single virus fixed-ended M-13 nano-
generator

Rr Cr Lr NT1 CS

1.8M# 3.3≃ 10→18F 3.6≃ 103H 0.01 2.1≃ 10→17F

4.3.2 Modelling the Calcium Dynamics

The light emission in our proposed bioluminescence system is driven by the calcium-

dependent luminescence of aequorin. Therefore, a key objective of our model is to replicate

the dynamics of calcium concentration within the nanobubble, denoted as [Ca2+]int(t). As

discussed in section 4.2, the fluctuations in calcium concentration are triggered by the re-

lease and reuptake of calcium ions from the SR within the nanobubble. The mechanisms

governing calcium release and uptake by SR have been well-documented in previous studies

[176], [177].

To model these dynamics, we reference the calcium concentration behaviour observed

in human atrial cells. This approach is chosen based on the similarities between the

intracellular environment, the confined space of the nanobubble and the analogous role

of SR in both systems in regulating calcium dynamics. This allows us to approximate

the calcium ion concentration variations within the nanobubble by applying established

models from cell biology.

Figure 4.5(a) presents experimental data on average intracellular calcium levels in hu-

man atrial myocytes following a stimulation, denoted as [Ca2+]ref(t) in this study. Accord-

ing to [177], once the SR is successfully activated, the time profile of [Ca2+]ref(t) remains
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consistent, regardless of the stimulation’s duration or amplitude, as long as the stimulation

lasts more than 5ms and exceeds 50mV. This observation indicates that once the thresh-

old for activation has been passed, the primary processes of CICR and calcium uptake via

the SERCA pumps follow a predictable trajectory, regardless of the specific characteristics

of the stimulation pulse.

Figure 4.5: (a) Experimentally measured intracellular Ca
2+ concentration in human atrial my-

ocytes.(b) The transient of calcium concentration in the nanobubble measured from the voltage
of the capacitor C in the circuit.

In our model, a monostable multivibrator emulates the activation of CICR. Based on

experimental data from [177], the pulse duration is set at 200 ms. Additionally, a capacitor

labeled Ci is used to represent the calcium ion concentration within the nanobubble. This

is because a capacitor’s charge and discharge behaviour mimics calcium ion release and
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uptake. The circuit is designed with separate charging and discharging pathways to capture

the distinct kinetics of calcium release and uptake. Diode D1 allows the capacitor Ci to

charges through resistor Rrelease. This process with a time constant φrelease = Rrelease ≃ Ci

models the SR calcium release. Conversely, the discharge occurs via resistor Ruptake, with

a time constant φuptake = Ruptake ≃ Ci, which mimics the calcium uptake by the SR. The

component values, specifically Rrelease = 1.8M#, Ruptake = 5M#, and Ci = 50 nF, were

chosen to align the charging and discharging dynamics with experimental data shown in

Figure 4.5a. Figure 4.5b demonstrates how the voltage across Ci, denoted as VCi(t), tracks

the measured intracellular calcium concentration in the reference myocyte cell, [Ca2+]ref(t).

In addition to using [Ca2+]ref(t) as a reference, the model must also account for the

e”ect of size di”erences between the engineered and natural SRs on the resulting calcium

concentrations. A larger engineered SR can store more calcium ions than its natural coun-

terpart, leading to a higher peak calcium concentration upon stimulation, as more ions are

released. Conversely, a smaller engineered SR possesses a reduced calcium storage capac-

ity, resulting in lower peak calcium concentrations over the same time frame. Because the

number of ion channels scales with the SR size, we assume that the calcium release and

uptake mechanisms adjust proportionally to support this increased ion exchange, thereby

maintaining consistent kinetics. We define the calcium concentration within the nanobub-

ble as [Ca2+]int(t), and denote the ratio of the engineered to natural SR volumes as n1.

Accordingly, we assume that [Ca2+]int(t) scales linearly with n1
4.

4Here, the e!ective SR volume refers to the total volume of all SR structures within the nanobubble.
Thus, whether calcium is released from a single SR or multiple SRs, the resulting concentration depends
on the aggregate SR volume, and the model implicitly accounts for this through the scaling parameter n1.
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Furthermore, because we use myocyte cells as a reference, the volume of the nanobub-

ble compared to the volume of a myocyte also a”ects the calcium ion concentration in our

system. If the nanobubble is smaller, the same quantity of calcium ions is released into

a more confined space, which increases the peak concentration, and vice versa for larger

nanobubbles. Significant deviations between the ratio of the nanobubble size and its en-

gineered SR, and the ratio of the reference myocyte cell size and its SR, would introduce

nonlinearities due to di”erences in di”usion properties and changes in the kinetics of ion

release. However, we assume that for small deviations, these e”ects are minimal. Thus,

we simplify the model by assuming that [Ca2+]int(t) is inversely proportional to the ratio

of the nanobubble volume to the cell volume, denoted as n2.

To incorporate these size-dependent e”ects into our electrical model, we adjust the volt-

age across the capacitor Ci, denoted as VCi(t), to reflect the scaled calcium concentration

inside the nanobubble, [Ca2+]int(t). Specifically, VCi(t) is scaled by the physical size ratios

to represent changes in calcium concentration arising from variations in the engineered and

natural structures. To model this relationship, we introduce a Voltage-Controlled Voltage

Source (VCVS) into the equivalent circuit. The gain of the VCVS is defined as:

G =
n1

n2
, (4.8)

where n1 and n2 represent the relative size ratios of the engineered SR and the nanobubble,

respectively, compared to their counterparts in a reference myocyte cell.

When G = 1, the dimensions of both the engineered SR and the volume of the nanobub-
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ble match those of the reference myocyte cell. A scenario with G > 1 indicates either an

increase in the SR size or a decrease in the nanobubble size, leading to a higher peak

calcium concentration due to greater storage capacity or a more confined release environ-

ment. Conversely, G < 1 corresponds to a reduction in the SR size or an increase in the

nanobubble size, resulting in lower calcium storage capacity or a less confined release.

The output voltage of the VCVS, which represents the calcium concentration inside the

nanobubble, [Ca2+]int(t), is expressed as:

VVCVS(t) = G≃ VCi(t). (4.9)

4.3.3 Modelling the aequorin’s Calcium-Dependent Biolumi-

nescence

With VVCVS(t) representing the calcium concentration inside the nanobubble, [Ca2+]int(t),

the next objective is to model the calcium-dependent bioluminescent response of aequorin.

This response is represented in the equivalent circuit by a behavioral light-emission element,

drawn using the LED symbol as a convenient analog component. Here, the symbol is not

used to imply the intrinsic rectifying current–voltage behavior of a semiconductor diode.

Instead, it serves as a compact circuit representation of a transduction element, whose input

is intracellular calcium concentration and its output is photon emission rate. Accordingly,

the voltage across the element corresponds to calcium concentration, while the resulting

current is defined to represent the rate of photon emission.
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To capture the nonlinear calcium response of aequorin, the current–voltage relation

assigned to this element is not the standard diode equation, but a redefined empirical

constitutive law derived from reported calcium-dependent bioluminescence data [93]. The

current ID(t) through the element is therefore described by the following equation:

ID(t) = ω · Imax

(
1 +KR · VD(t)

1 +KTR +KR · VD(t)

)nH

. (4.10)

Here, VD(t) = VVCVS(t), reflects the time-varying calcium concentration in the system.

The constants KR, KTR, and nH characterize the calcium-binding behaviour of the specific

aequorin variant being modeled. Imax denotes the maximum photon output under saturat-

ing calcium conditions, and ω is a scaling factor representing the photon emission rate at

full activation, typically set to 1 s→1 [93].

This modelling approach is parametrically flexible, allowing it to represent the calcium-

dependent bioluminescence of various aequorin variants. Each variant is defined by a unique

set of parameters, which determine its luminescent response to calcium. By substituting

the appropriate parameter set, the same circuit can model a broad range of photoprotein

behaviours.

Typically, for each variant, normalized bioluminescence measurements are experimen-

tally obtained across a range of calcium concentrations and reported as paired values of

calcium concentration and relative bioluminescence. To enable the model to represent

di”erent aequorin mutants, the response function (Equation 4.10) must be fitted to the

experimental bioluminescence data to determine the parameter set P = {KR, KTR, nH}
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that best characterizes the observed luminescence profile.

To achieve this, two nonlinear fitting strategies were used and compared. Each method

aims to identify the parameter vector P = {KR, KTR, nH} that minimizes the discrepancy

between the model’s response and experimentally measured normalized bioluminescence

across a range of calcium concentrations. Alternative parameter-estimation approaches

could be considered, including standard unweighted Least Squares (LS) minimization, ro-

bust regression schemes to reduce sensitivity to outliers, or Bayesian estimators [178]. In

the present work, the available response data are typically reported as normalized lumi-

nescence values extracted from the literature, for which a detailed and consistent noise

model is generally not available. Moreover, because the response spans several orders of

magnitude, a suitable fitting method must mitigate the dominance of high-luminescence

points while preserving sensitivity in the low-calcium regime without requiring extensive

assumptions about the error distribution. For these reasons, two widely used strategies

were selected for comparison: a relative error-based LS formulation implemented through

weighted residuals, and a log-transformed regression approach that reduces dynamic range

during parameter estimation. Although both approaches share the same underlying model

function, they di”er in how the fitting error is defined and minimized.

Least Squares with Relative Error (LSRE)

The first method is based on LS fitting. The experimental data are given as a set of

points {([Ca2+]i, yi)}, where [Ca2+]i denotes the calcium concentration and yi denotes the

corresponding normalized bioluminescence response reported in the literature. Since the
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available data are normalized optical measurements rather than absolute current values,

the fitting is performed using the normalized form of Equation 4.10. Under the assumption

that photon emission rate is proportional to the current ID of the behavioral light-emission

element, the multiplicative constants in Equation 4.10 are absorbed into the normalization.

The resulting dimensionless model function is therefore written as

f([Ca2+]i;P ) =

(
1 +KR · [Ca2+]i

1 +KTR +KR · [Ca2+]i

)nH

, (4.11)

where P = (KR, KTR, nH) denotes the vector of model parameters. In this formulation,

f([Ca2+]i;P ) represents the predicted normalized bioluminescence response at calcium con-

centration [Ca2+]i. Thus, the fitting is carried out against normalized luminescence data,

while ID remains the circuit-level analog of photon emission rate used in the equivalent-

circuit model.

The standard LS objective minimizes the sum of squared residuals between the model

prediction and the experimental data. However, this formulation weights all absolute

residuals equally. Because the aequorin response spans several orders of magnitude as

calcium concentration increases, data points at high luminescence levels tend to dominate

the objective function. As a result, the fitted model may achieve good agreement in the

high-calcium regime while showing poor accuracy in the low-calcium region. This behavior

is illustrated in Figure 4.6(a), where the optimizer disproportionately prioritizes the upper

portion of the response curve.

To address this issue, a modified objective function was adopted that minimizes the
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Figure 4.6: Comparison of fitting methods applied to wild type aequorin’s calcium-dependent
normalized bioluminescence. Experimental data are extracted from [179]. (a) Experimental data
(black circles) are fitted using standard Least Squares (LS) (blue solid line) and Nonlinear Regres-
sion (NR) (orange dashed line). Both methods minimize absolute error, leading to poor fitting
at low calcium concentrations. (b) Enhanced fitting methods: Least Squares with Relative Er-
ror (LSRE) (blue solid line) and Log-Transformed Nonlinear Regression (LTNR) (orange dashed
line). These approaches improve fitting across the full range, especially in low-calcium regions,
by reducing the dominance of high-luminescence points in the objective function.

relative error at each point rather than the absolute error. In this approach, the residual

at each calcium concentration is scaled relative to the corresponding measured value yi.

The resulting weighted LS objective function is defined as:

Erel(P ) =
N

i=1

(
f([Ca2+]i;P )→ yi

yi

)2

. (4.12)
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This formulation results in proportional accuracy across the full range of calcium con-

centrations, rather than allowing high calcium concentration data points to dominate.

The relative error-based fitting denoted by LSRE was implemented using MATLAB’s

lsqnonlin function, with the residuals defined as in Equation 4.12. As shown in Fig-

ure 4.6(b), this approach significantly improved fitting in the low-calcium region.

Log-Transformed Nonlinear Regression (LTNR)

The second method approaches the fitting problem from a statistical regression per-

spective. In this formulation, the experimentally measured normalized bioluminescence yi

at each calcium concentration [Ca2+]i is modeled as the sum of a deterministic component

and an additive random error term:

yi = f([Ca2+]i;P ) + ⇀i, ⇀i ↗ N (0, σ2), (4.13)

where f([Ca2+]i;P ) is defined by Equation 4.11, and ⇀i represents independent and identi-

cally distributed (i.i.d.) Gaussian noise with zero mean and identical variance across data

points. The parameter set P = {KR, KTR, nH} is estimated by minimizing the sum of

squared residuals between measured and predicted values, as in standard LS fitting:

EREG(P ) =
N

i=1


yi → f([Ca2+]i;P )

2
. (4.14)

This method assumes that the measurement errors have constant absolute variance (i.e.

additive noise) across all calcium concentrations. However, this assumption does not hold
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for calcium-dependent bioluminescence data, where signal intensity spans several orders of

magnitude and the absolute measurement variability increases with the signal level. As a

result, in its original form (similar to the LS approach) high-luminescence data points tend

to dominate the error function (see Figure 4.6(a)). Unlike lsqnonlin, which allows direct

customization of the residual vector, MATLAB’s nlinfit function, used here to implement

the Nonlinear Regression (NR) approach, does not support user-defined weighting schemes.

To address this limitation, we defined a new regression model in log space, corresponding

to multiplicative noise on the original scale:

log10(yi) = log10(f([Ca
2+]i;P )) + ⇀↑i. (4.15)

This formulation corresponds to assuming a multiplicative noise model on the origi-

nal scale, i.e., yi = f([Ca2+]i;P ) · 10φ→i . This assumption is appropriate here because the

measured bioluminescence spans several orders of magnitude, and the experimental uncer-

tainty increases approximately in proportion to the signal level. In such data, expressing

the model in logarithmic space prevents high-intensity points from dominating the op-

timization. Therefore, the logarithmic transformation reduces the dynamic range of the

data, decreases the influence of high-calcium points, and improves the fitting algorithm’s

sensitivity to low-calcium regions. A representative fit using the LTNR approach is shown

in Figure 4.6(b), illustrating the improved agreement at the lower end of the response

curve.

Fitting Evaluation Metrics
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To enable a quantitative evaluation of the fitting strategies, two relative error metrics

were used. These metrics focus on the proportional di”erence between the fitted model

and measured values. The first metric is the Mean Absolute Percentage Error (MAPE),

defined as:

MAPE =
100

N

N

i=1

∣∣∣∣
yi → ŷi
yi

∣∣∣∣ , (4.16)

where yi is the measured bioluminescence value, ŷi = f([Ca2+]i;P ) is the model prediction,

and N is the number of data points. MAPE expresses the average error as a percentage of

the signal magnitude and helps assess how well the model captures the overall proportional

trend in the data.

The second metric is the Root Mean Squared Relative Error (RMSRE), defined as:

RMSRE =

 1

N

N

i=1

(
yi → ŷi
yi

)2

. (4.17)

RMSRE serves a similar purpose but places greater emphasis on larger relative error

due to the squaring operation. This makes it more sensitive to outliers. In the context of

calcium-dependent bioluminescence, RMSRE helps identify poor performance in specific

regions of the concentration range.

Parameter estimation of aequorin mutants

With both fitting strategies and comparison metrics defined, we next apply them to
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estimate the parameter sets P = {KR, KTR, nH} for several aequorin mutants. Each

mutant exhibits a unique calcium-dependent bioluminescence profile and requires a distinct

set of parameter values to reproduce its behavior. The goal is to calibrate the model to

each variant’s response curve, using the available experimental data.

To validate the adaptability of the model, five specific aequorin mutants were selected

for detailed analysis. While engineered mutations exhibit either increased or decreased

calcium sensitivity relative to the Wild Type (WT), the selection for this study spans the

range from the WT baseline to the variants with the highest reported sensitivities. This

ensures that the fitting procedure is evaluated across the dynamic ranges most relevant to

the target optogenetics applications, where maximizing photon emission is advantageous.

It should be noted that these specific examples serve only as a representative subset. The

proposed modelling framework is applicable to any aequorin mutant with experimentally

characterized response data. The modular nature of the model enables adaptation to new

variants by simply substituting the corresponding parameter set (KR, KTR and nH ).

To identify the most suitable parameters for each mutant, both modified fitting methods

were applied to each example. Fitting quality for each mutant was evaluated using the

relative error metrics introduced earlier. These metrics help determine which method

provides the most reliable parameter estimates. It should be noted, however, that no

single algorithm consistently outperforms the other across all mutants. Di”erences in the

measurement errors and dynamic range of the experimentally measured bioluminescence

responses a”ect how each fitting method responds to specific data sets.
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Table 4.2: Fitting performance and estimated parameters for five aequorin mutants using both
Least Squares with Relative Error (LSRE) and Log-Transformed Nonlinear Regression (LTNR)
methods. For each mutant, the method with the lower fitting error, based on Mean Absolute
Percentage Error (MAPE) and Root Mean Squared Relative Error (RMSRE), is highlighted in
bold to indicate better fit quality.

Mutant
LSRE LTNR

MAPE RMSRE Estimated Parameters MAPE RMSRE Estimated Parameters

KR KTR nH KR KTR nH

WT [179] 10.87 0.130 7.77e6 130 3.00 9.52 0.122 6.22 → 106 91 3.19
WT [94] 14.33 0.156 8.35 → 106 47 3.00 14.56 0.159 7.57e6 38 3.15
Q159D 16.36 0.197 3.39e8 130 1.91 16.33 0.192 3.13 → 108 111 1.95
Q159T 32.18 0.350 4.14 → 107 170 2.24 33.46 0.411 6.02e7 230 2.16
QD+AT 11.34 0.149 9.99 → 107 383 1.50 12.95 0.154 3.75e8 1554 1.49

The results of the fitting procedures for the five representative aequorin mutants are

summarized in Table 4.2. For each mutant, both fitting methods were applied, and their re-

spective fitting errors and estimated parameter sets are reported. In each case, the method

with the lower fitting error is highlighted to indicate the better-performing approach. For

example, the LTNR method produced a more accurate fit for the wild-type mutant de-

scribed in [179], while the LSRE method achieved lower fitting errors for variants such as

Q159T and QD+AT.

The agreement between experimental measurements and model outputs confirms that

the circuit-based approach, when appropriately parameterized, can reproduce the lumi-

nescence profiles of di”erent aequorin mutants. The same circuit element (the modi-

fied diode) can thus be reused across variants through adjustments to the parameter set

P = {KR, KTR, nH}.

Updating the model with the estimated parameters
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Figure 4.7: Comparison of experimental measurements and model predictions for five aequorin
variants. Experimental domain (biology): Markers represent normalized calcium-dependent lu-
minescence (L/Lmax) as a function of calcium concentration [Ca2+] (bottom x-axis, left y-axis).
Data were extracted from previously published studies [94], [179]. Model domain (equivalent
circuit): Solid curves show predictions from the modified diode model, expressed as normalized
diode current (ID/ID,max) versus diode voltage (VD) (top x-axis, right y-axis). Here, ID is the
current through the equivalent diode, Imax,D its maximum value, and VD the corresponding diode
voltage. For each variant, the curve shown corresponds to the fitting method (LSRE or LTNR)
that produced the better agreement, based on MAPE and RMSRE (see Table 4.2).
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Once the parameter sets are identified, they can be directly substituted into Equa-

tion 4.10 to define the current–voltage relationship of the diode component for each mutant.

This allows the circuit model to dynamically adjust and reproduce the calcium-dependent

bioluminescence behavior of the selected aequorin mutant.

For instance, Figure 4.7 shows the model’s output for the five aequorin mutants. In each

plot, experimental data (represented by the markers) are overlaid with the corresponding

model (illustrated with the curves), computed using the optimized parameter sets within

the circuit framework.

4.4 Modelling Light Propagation

To evaluate the proposed system, the next step is to analyze how the bioluminescent light

propagates through the surrounding biological tissue. As discussed in Section 2.4.11, sev-

eral theoretical frameworks can be used to model light propagation in biological media.

These include Maxwell’s equations, the RTE, and the di”usion approximation. The selec-

tion of an appropriate model depends on the optical properties of the tissue, the dominant

scattering and absorption mechanisms, and the spatial and temporal scales of interest.

In our case, several factors guide the selection of an appropriate modelling framework.

Aequorin exhibits a spectral emission peak at 470 nm, and the surrounding medium is

biological tissue, specifically brain tissue, with a spatial domain of interest on the order

of tens of micrometers, comparable to the dimensions of several neuronal cells. Modelling

133



4.4. MODELLING LIGHT PROPAGATION

light propagation at this scale using Maxwell’s equations would require detailed knowledge

of the local electric permittivity and magnetic permeability at subcellular resolution. Such

data are not available for a heterogeneous environment like brain tissue [180]. Additionally,

this domain is too large for full-wave electromagnetic modelling, which is computationally

expensive and ultimately unnecessary due to the loss of phase coherence after a few scat-

tering events (see Section 2.4.11). The di”usion approximation is similarly unsuitable as it

assumes that the light is nearly isotropic. However, brain tissues exhibit strong scattering

anisotropy (g ⇑ 0.9) [124], resulting in highly forward scattering (See subsection 2.4.7).

Taken together, these considerations led us to model bioluminescent light propagation

through brain tissue using the time-dependent RTE (Equation 2.61) which accounts for

anisotropic scattering and absorption at the mesoscopic scale, without requiring subcellular

detail or assuming isotropy. This makes the RTE particularly well suited for modelling

light propagation in strongly forward-scattering brain tissue over tens of micrometers. As

such, interference and polarization e”ects are not considered, consistent with the multiple-

scattering regime described in Section 2.4.11.

4.4.1 Computational Modelling of the RTE

Building on the considerations above, we next describe the numerical solution employed to

model bioluminescent light propagation. Because general closed-form solutions of the RTE

are not available for the geometries and optical conditions considered here, a numerical

approach is required. We solved the equation using the Radiation in Absorbing–Scattering
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Media (RASM)5 interface in COMSOL Multiphysics, which discretizes the angular variable

through the DOM6 and converts the integro–di”erential equation into a coupled system of

directional balance equations7 [181].

The computational domain consists of a brain-tissue volume containing Ns biolumines-

cent sources and Nn spherical neuronal targets (Figure 4.8 illustrates a representative case

with Ns = Nn = 1). Each bioluminescent nanobubble i ∝ {1, . . . , Ns} is modeled as a

spherical source (emitter) volume

Vi =

r ∝ R3 : ′r→ rs,i′∞ rb,i


, (4.18)

where rs,i is the source center and rb,i is the source (nanobubble) radius. Emitters are

incorporated into Equation 2.61 through the volumetric source term S(r, ”̂, t), where ”̂

denotes a unit propagation direction. The total source term is obtained as a superposition

5In COMSOL Multiphysics, the Radiative Transfer in Participating Media interface (often abbreviated
as RTE/RASM in COMSOL documentation) provides a numerical implementation of radiative transfer in
scattering/absorbing media and supports multiple angular discretizations, including the discrete ordinates
method. See the COMSOL documentation for the interface description and governing equation conventions
[181].

6The discrete ordinates method (DOM) discretizes propagation directions into a finite set of angular
quadrature directions; the RTE is then solved for each direction, producing a coupled set of direction-
dependent transport equations. COMSOL adopts this DOM viewpoint in its RTE interface documentation
[181].

7In COMSOL’s DOM formulation, the angular integral term is replaced by a weighted sum over dis-
crete directions, yielding one balance equation per direction coupled through the scattering source term;
COMSOL refers to these as “directional” (or direction-resolved) balance/transport equations [181].
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of individual contributions,

S(r, ”̂, t) =
Ns

i=1

Qi(r, ”̂, t). (4.19)

Each emitter is treated as an isotropic volumetric source: for source i, the volumetric

emission rate density qi(t) is taken to be spatially uniform within Vi and zero elsewhere,

yielding

Qi(r, ”̂, t) =
qi(r, t)

4ϱ
, qi(r, t) =






qi(t), r ∝ Vi,

0, r /∝ Vi.

(4.20)

The source parameters {rb,i, qi(t)} (design parameters and the resulting emission profile)

are assigned individually from the bioluminescence modelling results. This formulation

supports single- or multi-source configurations with distinct emission characteristics. Each

unique configuration therefore requires a dedicated simulation setup to account for corre-

sponding emission properties.

Each target neuron was modeled as a sphere representing the soma, positioned at spec-

ified distances from the sources. Soma radii were selected to reflect biologically relevant

dimensions. For light transport, the soma was assigned the same optical properties as

the surrounding brain tissue and was not treated as an optically distinct inclusion. This

choice is justified by the modelling scale of the RTE. The coe!cients µa, µs, and the phase

function used in the RTE are e”ective-medium optical properties that already represent

scattering from cellular and subcellular refractive-index heterogeneity [182], [183]. Intro-

ducing micron-scale somatic domains with separate optical coe!cients would therefore
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Figure 4.8: Representative geometry used in the radiative transfer simulations. The domain is
modeled as a cubic volume of brain tissue with side length L = 150 µm. In this representative
case, a single bioluminescent mote is placed at the center of the domain and modeled as a
spherical volumetric isotropic source with radius rb = 10 µm. The neuronal target is represented
as a spherical soma with radius rtgt = 15 µm, positioned along the x-axis with center at x =
→50 µm. The medium (outside the source) is assumed homogeneous and is characterized by the
emission-weighted optical properties of the brain region being modeled. While this figure shows
a representative configuration, the simulation framework allows multiple bioluminescent motes
with varying radii and emission profiles, as well as neuronal targets placed at arbitrary locations
within the domain.
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require compartment-specific µa, µs, and phase-function parameters that are not inde-

pendently parameterized in conventional bulk brain optical property measurements [182],

[183]. Moreover, reported refractive-index contrasts between intracellular compartments

are typically small, implying that the soma does not constitute a strongly distinct inclu-

sion at the spatial resolution of an RTE model [184], [185]. Consequently, spherical soma

are introduced to define biologically meaningful sampling surfaces (specifically the somatic

membrane where opsins are expressed) at which the fluence rate $(r, t) is evaluated, while

leaving light transport governed by the brain tissue optical properties.

Dendritic and axonal structures were not explicitly modeled. Although it is possible to

incorporate these features to capture finer spatial detail, this would substantially increase

both the computational cost and the complexity of the model. Moreover, studies have

shown that dendritic illumination requires nearly twice the ChR2 density or irradiance

compared to somatic illumination in order to achieve a similar activation threshold [113].

This suggests that somatic stimulation is inherently more e!cient. Therefore, the somatic

illumination representation o”ers a biologically meaningful and computationally tractable

approximation within our modelling framework.

In terms of boundary conditions, the “Continuity on Interior Boundary”8 condition

was applied at internal interfaces within the COMSOL RASM module. This includes the

boundaries between the bioluminescent source and the surrounding medium, as well as the

8“Continuity on Interior Boundary” is a COMSOL boundary-condition setting for the RTE interface
that enforces continuity of the dependent radiative-transfer variables across an internal boundary when
the participating-medium description is intended to be the same on both sides (i.e., no additional interface
model such as Fresnel reflection/refraction is introduced). See the COMSOL RTE interface boundary-
condition description [181].
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boundaries between the target soma and the medium. This ensures conservation of radia-

tive flux across internal boundaries9. At the outer surfaces of the cubic domain, “Opaque

Surface”10 boundary conditions were applied. These boundaries absorb all outgoing radi-

ation, thereby preventing unphysical back-reflections and e”ectively simulating an open,

non-reflective tissue environment surrounding the modeled volume11.

Although aequorin emits across a spectral band, we adopt a monochromatic treatment

in our modelling primarily to reduce the computational cost associated with solving the

RTE. This simplification is justified because, as shown in Figure 4.9, the empirical optical

properties of human brain tissue (which is our target medium) exhibit only modest variation

within the 440 nm to 520 nm interval. This interval corresponds to the Full Width at Half

Maximum (FWHM) 12 of aequorin’s emission spectrum [95].

To account for remaining spectral variation within the emission half-width range, we

computed emission-weighted (band-averaged) optical parameters by:

9With identical participating-medium properties on both sides of an internal boundary and continuity
enforced, the numerical solution does not introduce spurious sources/sinks at that interface; equivalently,
transport across the interface is treated as continuous in the participating-medium sense used by the RTE
solver [181].

10“Opaque Surface” is a COMSOL boundary-condition setting for the RTE interface that treats the
boundary as non-transmitting; outgoing radiation is removed (absorbed) rather than reflected back into the
domain. It is commonly used as an absorbing (non-reflecting) outer boundary in RTE/DOM simulations to
avoid artificial re-entry of radiation from the domain boundary; see COMSOL’s RTE boundary-condition
definitions [181].

11Because the computational domain is finite, an absorbing outer boundary is used so that radiation
leaving the modeled volume does not re-enter due to numerical reflection at the truncation boundary;
the “Opaque Surface” option implements this absorbing-truncation behavior in COMSOL’s RTE interface
[181].

12FWHM refers to the spectral interval over which the emission intensity of aequorin remains at or above
one-half of its maximum value.
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Figure 4.9: Optical properties of four human brain tissues. Average of seven samples for each
tissue. Squares: absorption coe”cient, circles: scattering coe”cient, triangles: anisotropy factors,
and bars: standard errors. Native (non-coagulated) samples are shown for (a) grey matter, (b)
cerebellum, (c) pons, and (d) thalamus. Overlapping grey rectangles indicate the wavelength
range around 470 nm where the aequorin illumination spectrum falls to half of its maximum. The
main figure is adapted from [186], and the aequorin wavelength reference is taken from [95].
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Table 4.3: Emission-weighted (band-averaged) optical parameters over 440 nm to 520 nm used
in the monochromatic simulations at 470 nm. Parameters are computed over the aequorin half-
maximum band (440–520 nm) using Equation 4.21 with emission weights extracted from [95].

Tissue ↑µa↓S [mm→1] ↑µs↓S [mm→1] ↑g↓S
Grey matter 0.07 10.97 0.88
Cerebellum 0.16 28.02 0.84
Pons 0.11 12.46 0.91
Thalamus 0.18 19.28 0.85

↑X↓S =

N
k=1X(ωk)SkN

k=1 Sk

, X ∝ {µa, µs, g}, ωk ∝ 440 nm to 520 nm. (4.21)

Here, X(ωk) denotes the corresponding optical parameter of brain tissue at wavelength

ωk, and Sk is the normalized spectral emission intensity of aequorin at that wavelength.

The summation extends over the set of discrete wavelengths {ωk} for which experimental

optical data are available (see Figure 4.9).

We denote these emission-weighted optical parameters as ↑µa↓S, ↑µs↓S, and ↑g↓S and

use them in the monochromatic RTE. These band-averaged optical parameters provide a

compact yet spectrally informed representation of the tissue’s optical response to aequorin’s

emission, while retaining the computational e!ciency of a monochromatic treatment.

For this study, we considered four native human brain tissues, namely grey matter,

cerebellum, pons, and thalamus. These regions were selected because they are among

commonly targeted areas in optogenetics research, and experimentally measured opti-

141



4.4. MODELLING LIGHT PROPAGATION

cal properties are available for them in the relevant spectral range [186]. The resulting

emission-weighted parameters are summarized in Table 4.3.

We assigned a refractive index to each brain tissue type considered in the simulations.

Experimental optical coherence tomography studies of acute rat brain slices report refrac-

tive indices in the range n = 1.361–1.369 for grey matter, while white matter exhibits

slightly higher values, around n = 1.41 [187]. These results indicate that regional dif-

ferences across grey-matter–dominated structures (such as cortex, cerebellum, pons, and

thalamus) fall within a narrow interval and remain close to the lower end of the measured

range. Accordingly, we assigned a uniform refractive index of n = 1.37 to all four tissue

types.

The use of a spatially uniform refractive index constitutes a simplifying assumption

that is consistent with the e”ective-medium nature of the RTE. In this formulation, the

optical coe!cients µs and the phase function already account for scattering arising from

unresolved refractive-index heterogeneity at cellular and subcellular scales [182], [183].

Introducing spatial variations in refractive index at the micron scale (e.g., between intra-

cellular and extracellular regions or between soma and surrounding tissue) would therefore

require additional interface models and compartment-specific optical parameters that are

not independently parameterized in conventional bulk optical property measurements.

Moreover, reported refractive indices of brain tissue and intracellular components fall

within a relatively narrow range (n ⇑ 1.35–1.38) [182], [184], [185], implying weak refractive-

index contrast. At this level of contrast, Fresnel reflection and refraction e”ects are small

142



4.4. MODELLING LIGHT PROPAGATION

compared to volumetric scattering and absorption, which dominate light transport in tis-

sue. Consequently, representing the medium with a uniform refractive index provides a

physically consistent and computationally e!cient approximation for the present RTE-

based modelling framework.

For the source domain, we assigned optical properties representative of intracellular

cytoplasm. This reflects the fact that photons originate within an aqueous, protein-rich

environment (specifically, inside the nanobubble that contains SR, water, and ions) be-

fore entering the surrounding tissue. In the blue–green spectral region near ω = 470 nm,

molecular absorption by cytosolic constituents is negligible [188]. Accordingly, we set

µa ⇑ 0mm→1. Scattering at these wavelengths is governed primarily by refractive-index

discontinuities introduced by subcellular organelles and membranes, whereas the homoge-

neous cytosolic background contributes very little. To reflect this behaviour, we assigned

a low scattering coe!cient of µs = 0.1mm→1 and an anisotropy factor of g = 0.9 [188],

[189] for the medium inside the nanobubble. Also, refractometric measurements across

mammalian cell types report values in the range n ⇑ 1.35–1.38, from which we adopted

n = 1.37 [189] for the source domain in our modelling.

In the RTE-based modelling, our primary output of interest is the fluence rate, $(r, t),

expressed in units of Wmm→2. As discussed in subsection 2.4.9, the fluence rate represents

the radiant power per unit area incident from all directions at a given point within the
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medium. It is computed as the angular integral of the radiance:

$(r, t) =

∫

4ω

L(r, ”̂, t) d#,

where L(r, ”̂, t) denotes the radiance in direction ”̂. This quantity provides a suitable

and physically meaningful metric for our application, because opsin activation depends on

the total incident photon flux and is independent of its direction of arrival. Accordingly,

we compute $(r, t) at selected positions within the tissue, with particular attention to the

surfaces of neuronal membrane where opsins are expressed. These values are used to assess

the light availability for optogenetic activation.

4.4.2 Analytical Benchmark

To evaluate the COMSOL implementation of the RTE, we introduce a reference case for

which an analytical expression for the uncollided 13 (ballistic) term can be obtained. The

configuration consists of a single spherical bioluminescent source of radius a, centered at

the origin (Figure 4.10). The position vector is denoted by r, with r = |r|.

Throughout this section we use the optical parameters introduced in chapter 2, where

absorption µa, scattering µs, total extinction µt = µa + µs, anisotropy g, and refractive

index n were defined. When multiple regions with di”erent optical properties appear later

in the analysis, we will distinguish them using descriptive subscripts (for example, “in” for

13The uncollided, or ballistic, component denotes radiance associated with photons that have not un-
dergone any scattering event.
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Figure 4.10: Geometry and notation for the spherical source benchmark. A backward ray traced
from an observation point at radius r ∈ a intersects the source only when the impact parameter
satisfies b ∞ a. In such cases, the ray traverses an external segment of length dout followed by
an internal chord of length φ. The set of all such directions defines the visible solid angle that
contributes to the uncollided radiance integral. The polar angle ↼ defines the direction of each
ray relative to the radial vector r.

parameters inside the emitting region and “out” for those in the surrounding tissue).

The medium is divided into two regions. Inside the source (r < a), the absorption and

scattering coe!cients are (µa,in, µs,in), and the corresponding total extinction coe!cient is

µt,in = µa,in+µs,in. Outside the source (r ∈ a), the surrounding tissue is homogeneous with

coe!cients (µa,out, µs,out) and µt,out = µa,out + µs,out.

The source emits uniformly throughout its volume with isotropic power density q

[W/mm3], giving a total emitted power P0 =
4ω
3 a

3q. In the analysis that follows, the radi-

ance field is evaluated only in the external region r ∈ a, where the medium is homogeneous

and the uncollided solution of the RTE can be obtained in closed form.

Because the characteristic dimensions of the source and surrounding tissue are on the
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micrometer scale, the photon transit time (femtoseconds) is negligible compared to the

millisecond timescale of bioluminescent emission. The problem can therefore be treated as

quasi-stationary. We thus consider the steady-state form of the RTE. From Equation 2.61,

recall the time-dependent formulation:

1

v

↽L(r, ”̂, t)

↽t
= → ”̂·↔L(r, ”̂, t)→µt(r)L(r, ”̂, t)+µs(r)

∫

4ω

p(r; ”̂↑↘”̂)L(r, ”̂↑, t) d#↑+S(r, ”̂, t).

(4.22)

In steady state, the radiance does not vary in time, so the time derivative vanishes.

The transport equation then reduces to:

”̂ ·↔L(r, ”̂) + µt(r)L(r, ”̂) = µs(r)

∫

4ω

p(r; ”̂↑↘”̂)L(r, ”̂↑) d#↑ + S(r, ”̂). (4.23)

The term ”̂ · ↔L(r, ”̂) represents directional streaming of radiance along ”̂. The

quantity µt(r)L(r, ”̂) accounts for losses due to absorption and scattering out of direction

”̂. The integral term gives the in-scattered 14 contribution from all incoming directions,

weighted by the phase function p. The term S(r, ”̂) denotes any volumetric radiance

emitted or injected into direction ”̂.

The radiance field described by the steady-state RTE contains contributions from pho-

tons that reach r without scattering and from photons that have undergone one or more

scattering events. Owing to the linearity of the transport equation, these contributions

14Here, in-scattering term represents photons that are redirected by scattering events from other direc-
tions !̂→ into the observation direction !̂ at position r, thereby increasing the radiance along !̂.
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may be separated by superposition. We therefore write

L(r, ”̂) = L(0)(r, ”̂) + L(c)(r, ”̂), (4.24)

where L(0)(r, ”̂) denotes the uncollided (ballistic) radiance and L(c)(r, ”̂) the radiance due

to all photons that have scattered at least once.

Substituting this decomposition into Equation 4.23 gives:

[”̂ ·↔L(0)(r, ”̂) + µt(r)L
(0)(r, ”̂)] + [”̂ ·↔L(c)(r, ”̂) + µt(r)L

(c)(r, ”̂)]

= µs(r)

∫

4ω

p(r; ”̂↑↘”̂) [L(0)(r, ”̂↑) + L(c)(r, ”̂↑)] d#↑ + S(r, ”̂)
(4.25)

where the two parenthetical terms on the left describe streaming and attenuation of the

uncollided and collided components, respectively. On the right-hand side, the first inte-

gral gives the contribution obtained when the uncollided radiance field is redirected into

direction ”̂ by scattering at r. The second integral gives the corresponding contribution

from the collided radiance field, whose photons have previously scattered elsewhere in the

medium and undergo an additional scattering event at r into direction ”̂.

By construction, L(0) represents radiance corresponding to photons that have not under-

gone any scattering event. Consequently, it cannot receive contributions from either of the

in-scattering integrals in Equation 4.25 and must satisfy a transport equation containing

only streaming, attenuation, and the source term:
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”̂ ·↔L(0)(r, ”̂) + µt(r)L
(0)(r, ”̂) = S(r, ”̂). (4.26)

The collided component L(c) then satisfies the complementary equation

”̂ ·↔L(c)(r, ”̂) + µt(r)L
(c)(r, ”̂)

= µs(r)

∫

4ω

p(r; ”̂↑↘”̂)L(0)(r, ”̂↑) d#↑ + µs(r)

∫

4ω

p(r; ”̂↑↘”̂)L(c)(r, ”̂↑) d#↑,
(4.27)

where the first integral gives the contribution due to the uncollided radiance being redi-

rected into direction ”̂ by scattering at r, and the second integral gives the corresponding

contribution generated from the collided radiance field.

For the near-source benchmark considered in this section, we focus exclusively on the

uncollided component L(0) of the radiance described by Equation 4.26. This choice is

motivated by two main considerations. First, the governing Equation 4.26 has a closed-form

solution, which enables an analytical expression suitable for comparison with numerical

results. Second, in the immediate vicinity of the source, the uncollided term is expected

to dominate the radiance field, as photons that have undergone one or more scattering

events represent only a small fraction of the total energy at such short distances. As a

result, the analytical solution provides a reliable lower bound on the full radiance, while

the complete numerical solution of the RTE in COMSOL serves as the reference for the

total response. In this sense, the analytical expression of the uncollided fluence rate serves

as a controlled benchmark in a regime where a closed-form solution is both available and

physically meaningful.
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The uncollided component obeys Equation 4.26. Its solution is obtained by integrating

this equation along the backward ray originating from r in direction →”̂. Let 0 ∈ 0 denote

the path length measured along this ray, and let σ be a dummy running variable over the

same path. The formal solution may be written as:

L(0)(r, ”̂) =

∫ ↓

0

S(r→ 0”̂, ”̂) exp


→
∫ ↼

0

µt(r→ σ”̂) dσ


d0, (4.28)

where the inner integral represents the optical depth accumulated along the segment of the

ray between the observation point and the point r → 0”̂. Full derivations of this formal

solution are provided in standard radiative transfer texts, e.g. [190], [191].

Equation 4.28 shows that the uncollided radiance at r collects contributions from all

source points on the backward ray, each attenuated according to the optical depth between

its emission location and r. Only locations where the source term S(r → 0”̂, ”̂) ∋= 0

contribute to the integral.

We now evaluate Equation 4.28 for the spherical source geometry shown in Figure 4.10.

The source is centered at the origin with radius a. The observation point lies in the exterior

region, with r = ′r′∈ a. A backward ray in direction →”̂ forms a polar angle ε with the

outward radial direction r̂ = r/r.

It is convenient to introduce the impact parameter

b △ r sin ε, (4.29)
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which is the minimum distance between the ray and the origin. The backward ray intersects

the spherical source if and only if b ∞ a. Only such rays contribute to L(0)(r, ”̂), because

the source term vanishes outside the sphere.

For directions with 0 ∞ b ∞ a, the backward ray consists of two contiguous segments.

The first is an exterior segment from the observation point to the sphere boundary, with

length:

dout(r, b) =
⇐
r2 → b2 →

⇐
a2 → b2. (4.30)

Along this segment, the source term vanishes, i.e., S(r → 0”̂, ”̂) = 0, and the extinction

coe!cient is constant: µt = µt,out.

The second is an interior segment that is the chord inside the spherical source, with

length

1(b) = 2
⇐
a2 → b2. (4.31)

On this segment, the source term is isotropic and uniform, given by S(r→ 0”̂, ”̂) = q/(4ϱ)

[W·mm→3·sr→1], and the extinction coe!cient is given by µt = µt,in.

For a source point on the interior segment of the ray, the path length from the obser-

vation point can be written as 0 = dout + 0in, where dout is the distance traveled in the

exterior medium and 0in is the distance traveled inside the sphere. Because µt is piecewise
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constant along the ray, the optical-depth integral splits:

∫ ↼

0

µt(r→ σ”̂) dσ =

∫ dout

0

µt,out dσ +

∫ dout+↼in

dout

µt,in dσ

= µt,out dout + µt,in 0in.

(4.32)

Thus the total attenuation factor separates into an exterior part and an interior part:

exp


→
∫ ↼

0

µt(r→ σ”̂) dσ


= exp[→µt,out dout] exp[→µt,in 0in]. (4.33)

Furthermore, the source term S(r → 0”̂, ”̂) is nonzero only on the interior segment

of the ray. Therefore the outer integral in (4.28) reduces to integration over the interior

chord only. Introducing a local interior coordinate u, measured from the entry point on

the sphere boundary along the ray, we can write any point on the chord as r→ (dout + u)”̂

with 0 ∞ u ∞ 1(b). Along this segment one has 0 = dout + u and d0 = du, so that

L(0)(r, ε) =
q

4ϱ
exp[→µt,out dout(r, b)]

∫ ↽(b)

0

e→µt,in u du. (4.34)

Evaluating the remaining exponential integral gives the closed-form expression

L(0)(r, ε) =
q

4ϱ µt,in
exp[→ µt,out(

⇐
r2 → b2 →

⇐
a2 → b2)] [1→ e→2µt,in

↔
a2→b2 ]. (4.35)
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The uncollided fluence rate is obtained by integrating the radiance over all directions,

$(0)(r) =

∫

4ω

L(0)(r, ”̂) d#. (4.36)

Because the geometry and source are spherically symmetric, the radiance depends only

on the polar angle ε measured from the radial direction. The azimuthal angle 2 (defined

in the usual spherical-coordinate sense around r̂) does not appear in the geometry and the

integrand is independent of it. The integration over 2 therefore contributes a factor of 2ϱ,

and the solid-angle element reduces to

d# = 2ϱ sin ε dε. (4.37)

Using the relation b = r sin ε, the change of variables ε ▽↘ b gives

d# =
2ϱ b db

r
⇐
r2 → b2

. (4.38)

A backward ray with impact parameter b > a does not intersect the source and con-

tributes no uncollided radiance, i.e. L(0)(r, ε) = 0 for b > a. Thus the angular integral is

restricted to 0 ∞ b ∞ a, and the fluence rate in the exterior region becomes

$(0)(r) =
q

2µt,in

∫ a

0

b

r
⇐
r2 → b2

exp
[
→µt,out(

⇐
r2 → b2→

⇐
a2 → b2)

]
[1→e→2µt,in

↔
a2→b2 ] db, r ∈ a.

(4.39)

This expression provides the radial dependence of the steady-state ballistic fluence rate
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outside the source for a uniformly emitting sphere with constant volumetric power density

q. For a time-dependent illumination, the source emission is modulated by a temporal

envelope E(t). Under this assumption and given the negligible propagation time in the

medium, the instantaneous ballistic fluence rate can be obtained by multiplying the spatial

profile in Equation 4.39 by E(t),

$(0)(r, t) = E(t)$(0)(r), r ∈ a. (4.40)

This time-dependent ballistic fluence rate serves as the analytical benchmark for the bal-

listic (uncollided) fluence rate outside the source.
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Simulation Results

5.1 Analysis of the Mote’s Behaviour

This section investigates the illumination response of the proposed wireless bioluminescent

system and evaluates how variations in design parameters influence the system’s behaviour.

The analysis focuses on three adjustable design parameters: the aequorin concentration
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[Aq], the nanobubble radius rB, and the relative SR volume fraction ϖSR.

5.1.1 General Simulation Setup and Parameter Definitions

Simulations were conducted in MATLAB Simulink (Version 2024a), and the results are

reported in terms of three primary observables: the calcium ion concentration within the

nanobubble, the instantaneous illumination rate, and the total photon emission over a

single stimulation cycle.

The calcium concentration, denoted as [Ca2+], is obtained from the voltage across

capacitor Ci in the equivalent circuit (see Figure 4.4). The illumination rate is determined

from the current through diode D, which follows the nonlinear emission model described

in subsection 4.3.3, expressed by:

ID(t) = ω · Imax

(
1 +KR · VD(t)

1 +KTR +KR · VD(t)

)nH

. (5.1)

Here, ω is a normalization factor (typically set to 1 s→1 [93]), ID and VD denote the

current through and the voltage across the diode, respectively. KR, KTR, and nH are

variant-specific coe!cients. The term Imax represents the maximum photon output under

saturating calcium conditions and is defined as:

Imax = NAq $, (5.2)

with quantum yield of aequorin’s bioluminescence reaction ϖSR = 0.3 [172] and NAq repre-
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senting the total number of aequorin molecules:

NAq = [Aq]≃NA ≃ Vbubble = [Aq]≃NA ≃ 4

3
ϱr3B ≃ 103, (5.3)

where [Aq](mol/L) is the aequorin concentration, NA(mol→1) is Avogadro’s number, and

rB(m) is the nanobubble radius.

The total number of emitted photons is obtained by integrating the illumination rate

over the entire simulation duration, providing a cumulative measure of photon emission

from the system.

To quantify the volume of the engineered SR, we introduce the parameter ϖSR, defined

as the fraction of nanobubble volume allocated to the SR compartment:

VSR,eng = ϖSR · Vbubble. (5.4)

Substituting this relationship into Equation 4.8 yields a geometric scaling term that

depends on ϖSR:

G(ϖSR) = ϖSR · Vmyocyte,ref

VSR,ref
. (5.5)

This formulation defines the SR volume as a fraction of the nanobubble volume, which

permits controlling ϖSR to examine the e”ect of SR volume on calcium dynamics and

illumination output. Defining the SR in relative rather than absolute terms also prevents
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unrealistic configurations that would occur if the SR volume were specified independently.

This constraint avoids cases in which the SR occupies an unphysically small or excessively

large portion of the nanobubble.

The concentration of aequorin [Aq] is determined from its solubility characteristics.

Based on commercially available purified aequorin products1, the maximum molar concen-

tration can be estimated as:

[Aq]max =
Solubility (g/L)

Molecular Weight (g/mol)
=

10

21,700
= 0.000461mol/L = 461µM. (5.6)

We introduce a dimensionless coe!cient ς to represent the ratio of the working con-

centration to this maximum limit. This approach provides flexibility to scale aequorin

concentrations in di”erent test scenarios.

5.1.2 Overview of the Test Scenarios

Figure 5.1 presents the simulated time-domain responses for four representative conditions

based on the QD+AT aequorin mutant.2 Each case reflects a distinct combination of the

three design parameters, as listed in Table 5.1. Each scenario isolates the e”ect of one

1Purified aequorin products typically have a solubility of 10mgmL↑1 and a molecular weight of 21.7 kDa
[192].

2The QD+AT variant was selected for this analysis due to its higher photon yield compared to other
mutants. As discussed in subsection 4.3.3, the same circuit model can be adapted for alternative variants
by substituting the relevant diode parameters.
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Table 5.1: Description of the Four Test Scenarios.

[Aq] Nanobubble Radius ϖ(SR) Peak Illumination
(µM) (µm) (%) Rate(Photon/s)

Scenario #1 350 15 3 3.7≃ 108

Scenario #2 350 19.5 3 8.1≃ 108

Scenario #3 350 15 3.9 5.17≃ 108

Scenario #4 455 15 3 4.81≃ 108

design parameter by increasing it by 30% relative to scenario 1, while all other parameters

remain constant.

In all cases, the ultrasonic stimulation duration was set to 5ms, as shown in Fig-

ure 5.1(a). This duration initiates CICR in as described in Section 4.2. Pulses shorter

than this threshold do not trigger CICR and result in calcium concentrations near baseline

levels. Stimulation begins 50ms after the start of the simulation to establish a baseline

prior to activation.

5.1.3 Scenario-Specific Results

In the first scenario in Figure 5.1, the geometrical parameters of the engineered system

match those of the reference myocyte cell3.

3Reference myocyte cell data: cell volume 14 000 µm3, with the SR occupying approximately 3% of this
volume [176], as described in Table 5.1. This equates to a nanobubble with a radius of 15µm and an SR
volume of 420 µm3.
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Moreover, for this scenario we set [Aq] to 350µM corresponding to ς = 0.76:

[Aq] = ς≃ [Aq]max = 0.76≃ 461 = 350µM. (5.7)

This provides flexibility to increase aequorin concentrations in the subsequent test scenar-

ios.

The subplots (b), (c), and (d) in Figure 5.1, display the time evolution of calcium

concentration, illumination rate, and cumulative photon emission, respectively.

Upon ultrasonic stimulation at t = 50ms, we observe the onset of CICR in Figure 5.1(b).

For scenario 1 (black curve), the calcium concentration within the bubble reaches a peak

of approximately 516 nM. This transient increase in calcium concentration produces a

corresponding peak illumination rate of 3.7 ≃ 108 photons/s, as shown in Figure 5.1(c).

Over the course of one second, the cumulative photon emission reaches 1.44 ≃ 108, as

illustrated in Figure 5.1(d).

In scenario 2 (orange curves in Figure 5.1), the nanobubble radius was increased to

19.5 µm. As shown by the orange curve in subplot (b), the calcium concentration profile

remains unchanged compared to scenario 1. This occurs because the relative SR volume

fraction, ϖSR, was kept constant at 3%. Consequently, the absolute SR volume increases

proportionally with the larger bubble size, leading to a greater total number of released

calcium ions. However, since these ions are distributed within a proportionally larger

nanobubble, the resulting calcium concentration remains unchanged.

In contrast, the red curve in subplot (c) shows an increase in illumination rate, with
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Figure 5.1: The behaviour of the system under four test scenarios. (a) Duration of ultrasonic
stimulation, (b) dynamics of calcium concentration inside the bubble, (c) illumination rate and
(d) the total emitted photons.
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a peak of approximately 8.1 ≃ 108 photons/s. This increase results from the greater total

number of aequorin molecules present in the larger bubble. Although the aequorin concen-

tration remains constant, the expanded volume yields a higher absolute number of aequorin

molecules, which increases the likelihood of calcium binding and leads to an increased pho-

ton emission rate. As shown in subplot (d), the total number of photons emitted during

the 1 s cycle reaches 3.15≃ 108 in this case.

In scenario 3 (blue curves in Figure 5.1), we investigated the e”ect of increasing the

SR fractional volume from 3% to 3.9%. Compared to scenario 1, the nanobubble radius

remained fixed to isolate the influence of SR volume on system behaviour. As shown

in subplot (b), the increased SR volume leads to a higher peak calcium concentration,

reaching approximately 671 nM. This outcome is expected, since a larger SR stores more

calcium ions and upon stimulation, releases them into the same nanobubble volume.

The elevated calcium level results in a higher illumination rate, as seen in subplot (c),

where the peak reaches 5.17≃108 photons/s. As a consequence, the total number of photons

emitted during the 1 s cycle increases to 7.46≃ 107, as shown in subplot (d).

Finally, scenario 4 (illustrated by the dashed purple curves in Figure 5.1) explores the

e”ect of increasing the aequorin concentration in the system. In this case, the bubble

size and SR volume are kept constant, as in scenario 1, which results in an unchanged

calcium concentration. However, the higher concentration of aequorin molecules increases

the probability of calcium ions binding to them, leading to a peak illumination rate of 4.81≃

108 photons/s. This increase can be attributed to a higher Imax value in Equation 4.10,
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which reflects the greater likelihood of calcium-aequorin interactions. Thus, despite the

constant calcium concentration, the increased aequorin concentration leads to an enhanced

illumination rate.

5.1.4 Effect of Aequorin Variants on Bioluminescent Response

In this section, we examine how the choice of di”erent aequorin mutants a”ects the peak

illumination rate of the bioluminescent system. The aim is to evaluate how substitut-

ing one variant for another influences overall system performance under varying physical

configurations.

To conduct this analysis, we simulated the system response for each mutant across a

wide range of design conditions. The overall circuit topology remained unchanged in the

mutant-based simulations. We followed the same simulation procedure used in the previous

section, using mutant-specific parameter sets. For every aequorin variant, 500 independent

simulations were performed, each corresponding to a randomly generated parameter set.

These sets included unique combinations of the design parameters, aequorin concentration

[Aq], nanobubble radius rB, and SR volume fraction ϖSR, drawn from uniform distributions

within defined bounds. Specifically, the parameters were sampled uniformly from the

following ranges: [Aq] ∝ [300, 500]µM, rB ∝ [10, 20]µm, and ϖSR ∝ [3, 15]%. These

intervals were chosen to approximate operational conditions under which a device placed

in the extracellular space could generate su!cient illumination for optogenetic modulation

while staying within practical limits on aequorin concentration and device volume.
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For each simulation, the peak photon emission rate Ipeak was recorded as the primary

performance metric. This value provides a direct measure of light output e!ciency for

each mutant under a given configuration.

Figure 5.2 presents the distribution of Ipeak values across the five aequorin variants used

in this study. These are the same variants for which model parameters were extracted

in Section 4.3.3. Each boxplot represents 500 simulation results. The box spans the

interquartile range (25th–75th percentile), with the median shown as a horizontal line.

Whiskers extend to the most extreme values within 1.5 times the interquartile range (Tukey

definition), and points lying outside this range appear as individual blue circles.

The results show clear performance di”erences among the variants. The wild-type

aequorin produces relatively low light output, with median Ipeak values on the order of

106–107 photons/s. All three mutant forms demonstrate enhanced emission rates. The

Q159T and Q159D variants show median illumination values approximately one to two

orders of magnitude higher than those of the wild type. The double mutant QD+AT

yields the strongest response, with a median Ipeak exceeding 1 ≃ 109 photons/s and a

maximum output above 4.5≃ 109 photons/s in some configurations.

5.1.5 Sensitivity Analysis

The four test scenarios discussed earlier o”er useful insight into how individual design pa-

rameters influence the performance of the bioluminescent system. However, to obtain a

more comprehensive view of how these parameters a”ect the illumination rate (particu-
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Figure 5.2: Distribution of peak illumination rates for five aequorin variants, based on 500 simu-
lation runs per mutant. Each box summarizes the range, median, and interquartile spread of the
illumination rate Ipeak produced by the circuit model under randomized physical configurations.
Data points lying outside this range are plotted individually as blue circles.

larly given the nonlinear interactions between them) sensitivity analysis is helpful. This

approach quantifies the influence of each parameter on system behaviour and identifies

those that have the strongest e”ect on model outputs.

As a first step, we derive the local elasticities of the peak illumination rate with respect

to the three design parameters: the aequorin concentration [Aq], the bubble radius rB, and

the SR volume VSR. These analytical expressions serve as a reference for interpreting the

results of the numerical sensitivity analysis. We then conduct a simulation-based analysis

by evaluating a large number of distinct parameter sets to assess the sensitivity of the

system across a wide parameter space.

To derive the elasticities, let us express the peak photon emission rate, Ipeak, as the
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maximum value of ID(t) over time

Ipeak = maxt ID(t). (5.8)

Given the monotonicity of the characteristic equation (Equation 5.1), the peak emission

occurs at the maximum value of VD(t). This allows a closed-form expression:

Ipeak = Imax

(
1 +KR · V ↗

D

1 +KTR +KR · V ↗
D

)nH

, (5.9)

where V ↗
D = maxt VD(t) = G(ϖ) · Cpeak, with Cpeak denoting the peak of the calcium

waveform in the reference myocyte cell, and Imax is given by Equation 5.2.

For conciseness, let

x = V ↗
D = G(ϖSR) · Cpeak, (5.10)

denote the scaled peak diode voltage, and define the Hill-like function

F (x) =

(
1 +KRx

1 +KTR +KRx

)nH

. (5.11)

Then

Ipeak = ImaxF (x), (5.12)

and the partial derivatives are obtained via the product and chain rules. The derivative of
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F is

F ↑(x) = F (x) · nHKRKTR

(1 +KRx)(1 +KTR +KRx)
. (5.13)

The sensitivity to ϖSR reflects the nonlinear dependence of Ipeak on ϖSR:

↽Ipeak
↽ϖSR

= Imax F
↑(x) · ↽x

↽ϖSR

= Imax F
↑(x) ·

(
Vmyocyte,ref

VSR,ref
· Cpeak

)
,

(5.14)

which can equivalently be expressed as:

↽Ipeak
↽ϖSR

= Ipeak ·
nHKRKTR x

ϖSR (1 +KRx)(1 +KTR +KRx)
, (5.15)

since ↽x/↽ϖSR = x/ϖSR (see Equation 5.10).

The sensitivities to rB and [Aq] arise from their scaling of Imax through the dependence

expressed in Equation 5.3:

↽Ipeak
↽rB

=
↽Imax

↽rB
.F (x)

=
3 Ipeak
rB

.
(5.16)
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Also,

↽Ipeak
↽[Aq]

=
↽Imax

↽[Aq]
.F (x)

=
Ipeak
[Aq]

.
(5.17)

For dimensionless quantification, we compute the elasticities:

E⇀SR
=

ϖSR

Ipeak

↽Ipeak
↽ϖSR

=
nHKRKTR x

(1 +KRx)(1 +KTR +KRx)
(5.18)

ErB =
rB
Ipeak

↽Ipeak
↽rB

= 3 (5.19)

E[Aq] =
[Aq]

Ipeak

↽Ipeak
↽[Aq]

= 1 (5.20)

After deriving the analytical sensitivities, we proceed with a simulation-based sensitiv-

ity analysis. This analysis uses the same 500 randomly generated parameter sets described

earlier, where each set defines a unique combination of [Aq], rB, and ϖSR. Since the ob-

jective of this analysis is sensitivity characterization rather than formal optimization, a

random sampling approach is adopted to explore the design space. This enables broad

coverage of the feasible parameter domain and facilitates the identification of nonlinear
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Figure 5.3: Simulation–analytical comparison of peak photon emission rate across design pa-
rameters and aequorin variants. Each row corresponds to a di!erent mutant. Each column shows
Ipeak versus one design parameter: [Aq] (µM), rB (µm), or ↽SR (%). Dots: simulated Ipeak for
N = 500 design-parameter sets per variant. The same points appear in all three panels of a
row and are re-positioned by the panel’s x-variable. Curves: analytic predictions from (5.9) with
the two non-displayed parameters held at their empirical minimum (dashed), median (solid), or
maximum (dash–dot).
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interactions between parameters. While this approach does not seek an optimal configu-

ration, the resulting trends can inform future optimization studies.

Figure 5.3 presents the results. Each row corresponds to a specific aequorin variant, and

each column displays one of the design parameters along the horizontal axis. Within each

row, the same 500 simulation points appear across all three panels, arranged according to

the parameter plotted on the x-axis. Each panel provides a two-dimensional projection of

the full three-parameter space.

The vertical spread of data points at a fixed x-value reflects the variability in Ipeak

caused by changes in the two non-displayed parameters. A wide vertical distribution indi-

cates that the hidden parameters influence the output significantly. In contrast, a narrow

spread suggests that the displayed parameter explains most of the observed variation.

Each panel also includes three overlay curves derived, from the closed-form expression

for Ipeak (see Eq. (5.9)). These curves are computed by fixing the two non-displayed

parameters at their minimum, median, and maximum values. The overlays are based on

the analytical assumption introduced in the sensitivity formulation, where x = G(ϖ)Cpeak,

and G is a function of ϖSR alone (see Eq. (4.8)). Within this framework, the bubble radius

rB a”ects Ipeak only through its contribution to Imax.

In all tested aequorin variants, the peak illumination rate Ipeak increases monotonically

with the SR volume fraction ϖSR over the investigated range of 3–15%. The strength of this

dependence varies among variants: the WT shows the highest sensitivity to ϖSR, the single

mutants Q159D and Q159T exhibit intermediate, and the double mutant QD+AT shows
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the weakest overall dependence. In each case, the analytical curve corresponding to the

median values of the held parameters aligns closely with the densest region of the simulated

data. The curves associated with the minimum and maximum parameter values form outer

bounds around the simulation results. Moreover, at low SR fractions, the spread in Ipeak is

narrow, while at intermediate values, the dispersion becomes wider. This pattern indicates

that the system’s sensitivity to ϖSR varies across the operational range. The sensitivity

to ϖSR also varies across di”erent mutants. This di”erence is particularly evident when

comparing the overlay curves of the wild-type and the QD+AT mutant.

By comparison, the influence of the bubble radius rB on Ipeak is slightly weaker. The

point clouds are more dispersed, which reflects a lower correlation between rB and light

output. According to the framework presented in this section ( where x = G(ϖSR)Cpeak

and G does not depend on rB) the overlay curves in the rB column all follow the same

cubic trend across variants. Within each row, the three curves represent scaled versions of

an r3B relationship, with the scaling factor determined by the fixed values of [Aq], ϖSR, and

the variant-specific function F (x) in Equation 5.9.

The apparent increase in scatter at higher values of rB results from the cubic scaling,

which amplifies residual variations in [Aq] and ϖSR. Di”erences in the slopes of the scat-

ter plots (such as the nearly flat trend for the wild-type versus the mild positive slope in

Q159D) arise from vertical rescaling rather than any fundamental change in rB dependence.

This interpretation is consistent with the analytical elasticity result in Eq. (5.19), which

gives a constant ErB = 3 for all variants. The vertical spacing between overlay curves asso-

ciated with minimum, median, and maximum held parameter values varies across mutants,
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reflecting di”erences in the value of F (x) evaluated under those specific conditions.

In the [Aq] column, within the simulated concentration range of 300–500 µM, the peak

illumination rate Ipeak exhibits a modest but consistent increase across all aequorin variants.

The analytical overlay curves appear as straight lines passing through the origin because,

when rB and ϖSR are held constant, the model reduces to a linear form:

Ipeak = (constant≃ r3B ≃ F (ϖSR))≃ [Aq]. (5.21)

Consequently, the three overlay lines within each row di”er only in slope, determined by

the fixed values of rB and ϖSR. The steepest line corresponds to the maximum-hold case,

reflecting the combined e”ect of the cubic dependence on rB and the monotonic increase

of F (ϖSR) across the tested range.

The vertical dispersion of the simulated data points arises from variability in the two

non-displayed parameters, ϖSR and rB. These dependencies dominate the spread in this

projection, leading to broader clouds even though the direct sensitivity of Ipeak to [Aq]

remains relatively weak.

Moreover, to validate the analytical sensitivity expressions, we compared the elastici-

ties obtained from simulation with those calculated analytically. For each aequorin variant,

empirical elasticities were estimated through multivariate log–log regression of Ipeak against

the three design parameters using the 500 randomly sampled configurations. The corre-

sponding analytical elasticities were computed from Equations (5.18 and 5.20), using the

median operating point of each variant as a representative condition.
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Figure 5.4: Comparison between simulated and analytic elasticities. Each panel compares simu-
lated elasticities (y-axis), estimated from the 500 simulated triplets per mutant via a multivariate
log–log regression of Ipeak on [Aq], rB, and ↽SR, with the corresponding analytic elasticities (x-
axis) derived from the sensitivity expressions in Equations (5.18–5.20). Dots indicate individual
aequorin variants; the dashed line denotes the 45↘ identity.

Figure 5.4 compares the empirical and analytical elasticities. In all three panels, the

data points lie close to the 45° identity line, which indicates strong agreement between

simulation and theory. In the [Aq] panel, all variants align with the predicted elasticity of

E[Aq] = 1, consistent with a linear relationship between Ipeak and [Aq] over the simulated

range (300–500 µM). The rB panel shows a similar pattern, with all points clustered near

ErB = 3, confirming the expected cubic dependence from volume scaling. In the ϖSR panel,

the variant-specific trends are also captured accurately: the wild-type constructs display

the highest E⇀SR , the single mutants Q159D and Q159T fall in the intermediate range,

and the double mutant QD+AT shows the lowest sensitivity to SR volume fraction, which

matches the ordering observed in Figure 5.3.

The present analysis does not yield a single optimal design, as the notion of optimality
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depends on application-specific requirements (e.g., maximizing emission intensity versus

extending operational lifetime). Instead, the results provide insight into parameter sen-

sitivities and trade-o”s, which can inform subsequent optimization studies. A broader

discussion of application-dependent design considerations and optimization directions is

provided in Chapter 6.

5.2 Bioluminescent Light Transport Results and Val-

idation

This section presents the light transport results obtained from the numerical solution of

the RTE, based on the modelling framework described in Section 4.4 using COMSOL

(version 6.2). In addition, we use the analytically derived ballistic (uncollided) solutions as

a benchmark to validate the simulation setup. The primary objectives are: (i) to visualize

and quantify the spatial distribution of the bioluminescent field within brain tissue; (ii) to

validate the accuracy of the COMSOL-based RTE simulations through comparison with

the analytical ballistic solutions; and (iii) to assess how source geometry, quantity, and

tissue type influence the fluence rate at biologically relevant locations.

5.2.1 Notation and Conventions for Fluence Rate

All results in this section are reported in terms of the time-dependent fluence rate $(r, t).

Bold symbols such as r denote position vectors, and their magnitudes are written as r =
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′r′. In spherically symmetric geometries we therefore write $(r, t) as shorthand for $(r, t).

Depending on the context, the results are presented either (i) as spatial distributions

$(r, t0) at a fixed time t0, or (ii) as temporal profiles $(r0, t) at a fixed observation point

r0. When we report fluence rate at labeled observation points X ∝ {A,B,C, . . . }, the

position of such a point is denoted by rX , and we write $(rX , t) or, equivalently, $(X, t)

for its temporal profile. The 3D visualizations shown in this section correspond to spatial

snapshots at specific time points, i.e. fixed-t0 maps of $(r, t0).

Throughout this section, we distinguish between the di”erent components of the fluence

rate using superscript notation. The ballistic contribution is denoted by $(0)(r, t), the

collided or scattered component by $(c)(r, t), and the total fluence rate by $(r, t) without

superscript:

$(r, t) = $(0)(r, t) + $(c)(r, t). (5.22)

Moreover, the absorption coe!cient µa, the scattering coe!cient µs, the anisotropy fac-

tor g, and the reduced scattering coe!cientµ↑
sfollow the definitions provided in section 2.4.

When referring to tissue-specific quantities, we use subscripts to indicate the medium, e.g.

µa,Grey for the grey-matter absorption coe!cient or $Cereb(r, t) for the fluence rate in cere-

bellar tissue. Throughout this section, the parameter rB denotes the radius of the bubble

(i.e. the emitting spherical source).

Throughout the light transport results, the source illumination profiles are computed

from the equivalent circuit model described in Section 4.2, using the QD+AT4 aequorin

4As in the previous subsection, the QD+AT variant was selected for its higher photon yield compared
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mutant. Unless otherwise specified, we set the SR volume fraction to ϖSR = 0.15 and the

aequorin concentration to [Aq] = 455 µM to maximize illumination rate.

5.2.2 Single-source Configuration

To validate the simulation setup, we compare the numerical results to the analytically

derived ballistic solution (see subsection 4.4.2) in the near-source regime, where scattering

is limited and the ballistic term dominates the fluence rate. Small di”erences between the

two are expected and physically meaningful, as the full RTE solution includes in-scattered5

contributions that are absent from the purely ballistic analytical solution.

We first examined light transport from a single bioluminescent source embedded in

a homogeneous brain medium. In this part, the surrounding tissue is modeled as grey

matter, and the optical properties used in the simulation reflect this specific tissue type

(as represented in Table 4.3). While the medium is treated as homogeneous, we consider a

representative configuration in which the target neuron’s membrane is located at a surface-

to-surface separation of 2 µm from the source, noting that this choice is illustrative and that

the same measurement can be repeated for any arbitrary source–membrane separation.

Figure 5.5(a,b) illustrates the COMSOL-based results for a source with radius rB =

10 µm, while Figure 5.5(c,d) presents the results for rB = 15 µm. The left panels in this

to other mutants. However, the results presented here are reproducible for any other variant by following
the procedure outlined in subsection 4.3.3 and updating the source illumination profiles accordingly.

5As in the previous section, in-scattered term represents photons that are redirected by scattering events
from other directions !̂→ into the observation direction !̂ at position r, thereby increasing the radiance
along !̂.
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Figure 5.5: Validation of the RTE model against the analytical ballistic solution for a single
spherical bioluminescent source. (Caption continues on the next page.)
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Figure 5.5: (continued) (a,b) Results for a source radius rB = 10 µm; (c,d) results for source
radius rB = 15 µm. Left panels show spatial distributions of the instantaneous fluence rate
%(r, t0) in the x→y plane through the source centre (z = 0), evaluated at the time of peak
emission (t0 = 0.25 s)). Labeled points denote sampling locations used for temporal analysis: S
lies on the source surface, and A, B, and C are positioned on the membrane of the target soma
at increasing distances. Right panels depict the temporal evolution of the fluence rate at these
points. Solid lines indicate the full time-dependent RTE solution (COMSOL). Dashed lines show
the analytical ballistic solution.

figure illustrate the spatial distribution of the fluence rate $(r, t0), evaluated at the peak of

the source’s emission profile (with t0 = 0.25 s, corresponding to the peak on the right panel).

As expected, with a single source in the medium, the fluence rate decreases monotonically

with radial distance due to geometric spreading and attenuation from absorption and

scattering in the tissue.

To quantify the temporal dynamics, we evaluated the fluence rate $(r, t) at four repre-

sentative locations: point S (on the source surface), and points A, B, and C, located on the

neuronal membrane at increasing distances from the source. Figure 5.5(b,d) compares the

time-dependent COMSOL RTE solutions (solid lines) with the corresponding analytical

ballistic solutions (dashed lines). As expected, the absolute fluence values decrease sys-

tematically from point S to point C, consistent with increased distance from the emitter

and the combined e”ects of geometric spreading, absorption, and scattering losses.

In all cases, the temporal profile of the fluence rate closely follows the emission dynamics

of the bioluminescent source (see Figure 5.1). This behaviour arises because the spatial

scale of the domain (↗ 120 µm) yields photon propagation times on the order of tens to

hundreds of femtoseconds. This is several orders of magnitude shorter than the sub-second
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timescale of the source emission. As a result, light transport through the tissue appears

e”ectively instantaneous, and the observed temporal evolution of $(r, t) directly reflects

the variations in the source’s illumination rate.

The comparison between the COMSOL results and the analytical ballistic solution

demonstrates strong agreement in the near-source regime, particularly at points S and

A, where the ballistic component strongly dominates the photon population. At larger

distances (points B and C), the COMSOL results remain consistently higher than the

ballistic predictions. This small but consistent o”set is expected and arises from photons

that have undergone one or more scattering events. Contribution of these photons is absent

from the analytical ballistic model but is captured by the full RTE solution. The magnitude

of this di”erence provides a measure of the in-scattering contribution to the fluence rate.

When the source radius increases from 10 to 15 µm, the ballistic fluence within the

surrounding tissue increases proportionally to the source’s total radiant power. This trend

is consistent with the sensitivity analysis results presented earlier: if the volumetric fraction

of the luminescent component (ϖsr) is held constant, the total emitted power scales with the

source volume, P0 ⇓ r3b. At the same time, the radiant flux is distributed over the surface

of the spherical source, whose area scales as Ab = 4ϱr2b. Since the ballistic fluence rate at

the source’s surface is defined as the radiant power per unit area $(0)(rB, t) ↗ P0/Ab, it

follows that:

$(0)(rB, t) ⇓
r3b
r2b

= rb. (5.23)
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Thus, increasing the source radius by a factor of 1.5 (from 10 to 15 µm) is expected to

increase the ballistic fluence rate near the source surface by the same factor.

This proportional trend is also reproduced in the COMSOL numerical results: the larger

source generates higher fluence magnitudes while maintaining nearly identical spatial decay

characteristics. The temporal profiles remain unchanged across both cases, reflecting the

fact that our modelling framework (the linear RTE) scales the fluence rate directly with

the source strength. Such a linear treatment is appropriate for the present application, as

the bioluminescent intensities involved are far below thresholds for nonlinear absorption.

Within this regime, the assumption of linear superposition is well justified and yields

accurate predictions of the light field.

The results presented in Figure 5.5 confirm that the RTE implementation accurately

reproduces the expected near-source attenuation behaviour and yields fluence magnitudes

consistent with the analytical ballistic solution, with deviations remaining within a few

percent, depending on the distance from the source. These small discrepancies are physi-

cally interpretable as contributions from scattered light, which are absent in the ballistic

model but captured by the full RTE solution. This agreement validates both the numerical

setup and the use of the ballistic term as a reliable benchmark within the parameter regime

relevant to bioluminescent optogenetic stimulation.

To assess bioluminescent light transport across di”erent brain tissues and evaluate the

accuracy of the numerical RTE implementation, we simulated photon propagation in four

brain regions considered in this study (grey matter, cerebellum, pons, and thalamus) and
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validated the results against the analytical ballistic solution.

Figure 5.6 shows the fluence rate evaluated at the peak of the source’s emission profile

(t = 0.25 s), as a function of radial distance from the surface of the source. In all cases,

the geometry corresponds to the single-source configuration shown in Figure 5.5(a), with

a source radius of rb = 10 µm. The fluence rate was computed along the line segment

connecting the source centre (S) to point (C).

At the surface of the source (r = rB), the di”erence between the analytical ballistic and

COMSOL-based numerical fluence rate is minimal (below approximately 2%). Moreover,

the ballistic fluence rate at the sources boundary is identical across all tissues: $(rB, t =

0.25s) ⇑ 2.58 ≃ 10→6 Wmm→2. This result is physically expected since at the source’s

surface, the ballistic fluence depends only on the internal emission characteristics, (namely,

the volumetric power density q and the optical properties within the source (µa,in, µs,in))

which are held constant across all simulations. Since the refractive indices are also matched

(nin = nout = 1.37), the radiance is continuous across the boundary, and the immediate

outward fluence is una”ected by the external tissue properties.

Di”erences among tissue types emerge only beyond the boundary, as photons begin

propagating through the surrounding medium and are attenuated according to the tissue-

specific absorption and scattering coe!cients (µa, µs).

Across all tissues, the full-form RTE results obtained from COMSOL consistently ex-

ceed the analytical ballistic solution. This is physically expected, as the ballistic model

accounts only for ballistic photons and neglects all in-scattered contributions. In con-
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Figure 5.6: Comparison between the analytical ballistic solution and full RTE simulations for
four human brain tissues. Each panel shows the fluence rate %(r, t = 0.25 s), evaluated at
the peak of the source’s emission profile, as a function of radial distance from the surface of a
spherical bioluminescent source (rb = 10 µm) embedded in: (top-left) grey matter, (top-right)
cerebellum, (bottom-left) pons, and (bottom-right) thalamus. Solid blue curves represent the
analytical ballistic (ballistic) solution given by Equation 4.40, while dashed orange curves show
the corresponding fluence profiles obtained from full COMSOL RTE simulations.
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trast, the complete RTE solution includes both ballistic and scattered photons, resulting

in higher fluence rates at observation points. In this context, the analytical ballistic solu-

tion serves as a lower bound on the true fluence, while the full RTE simulation provides a

more accurate depiction of light transport in scattering media.

A similar trend is observed in Figure 5.7, which compares the fluence rate across all four

tissue types at two representative spatial locations: (i) the surface of the bioluminescent

source and (ii) a point located 5 µm radially outward from the source surface. At both

locations, fluence-rate values are evaluated at a fixed time t0 = 0.25 s. The fluence rate

obtained from the analytical ballistic solution, $(0)(r, t0) evaluated at the corresponding

radial positions, is shown alongside the COMSOL RTE simulations $(r, t0), highlighting

the consistent o”set due to in-scattered contributions in the latter.

As discussed earlier and expected from the analytical formulation, the ballistic fluence

rate at the surface of the source is identical for all tissue types, as reflected in the blue

bars (representing the analytical solution) in the left panel of Figure 5.7. When comparing

the COMSOL-based fluence at the source surface (orange-colored bars in the left panel

of Figure 5.7), small but systematic di”erences are observed across tissues, following the

order

$Cerebellum(rB, t0) > $Thalamus(rB, t0) > $Grey(rB, t0) > $Pons(rB, t0), t0 = 0.25 s.

This ordering is fully consistent with each tissue’s reduced scattering coe!cient µ↑
s =

µs(1 → g), which quantifies the strength of angular randomization per unit length. From
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Figure 5.7: Fluence rate at two radial positions at t = 0.25 s for four brain tissues. Bar plots
show the fluence rate on the surface of the bioluminescent source (left) and at a point 5 µm
away along the radial direction (right) for grey matter, cerebellum, pons, and thalamus. For
each tissue, the analytical ballistic fluence (blue bars) and the full COMSOL-based RTE fluence
(orange bars) are shown at the corresponding location.

Table 4.3 we know cerebellum exhibits the largest µ↑
s (⇑ 4.48 mm→1), followed by thalamus

(⇑ 2.89 mm→1), grey matter (⇑ 1.32 mm→1), and pons (⇑ 1.12 mm→1).

A higher µ↑
s increases the probability of very early scattering events that redirect pho-

tons while keeping them near the source, thereby slightly elevating the local fluence relative

to the ballistic value. Thus, the ordering observed in the COMSOL results at the surface is

physically reasonable and reflects the tissue-dependent strength of near-source scattering.

The right panel of Figure 5.7 illustrates the fluence rates measured 5 µm away from

the source surface (r = rB +5 µm). At this location, three additional trends are observed.

First, the ordering of the COMSOL fluence rates (orange-colored bars) remains unchanged:

$Cerebellum(rB+5 µm, t0) > $Thalamus(rB+5 µm, t0) > $Grey(rB+5 µm, t0) > $Pons(rB+5 µm, t0),
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for t0 = 0.25 s. This reflects the e”ect of scattered-photon contributions in tissues with

higher reduced scattering coe!cients.

Second, the ordering of the analytical ballistic fluence (blue-colored bars) is di”erent:

$(0)
Grey(rB+5 µm, t0) > $(0)

Pons(rB+5 µm, t0) > $(0)
Thalamus(rB+5 µm, t0) > $(0)

Cerebellum(rB+5 µm, t0),

for t = 0.25 s. This trend is exactly what one would expect based on the total attenuation

coe!cients. Because the ballistic solution includes only ballistic photons, its decay is

governed by the total attenuation coe!cient µt = µa + µs of each tissue. Using the

emission-weighted values from Table 4.3, the total attenuation coe!cients are:

µt,Grey = 0.07 + 10.97 = 11.04 mm→1, (5.24)

µt,Pons = 0.11 + 12.46 = 12.57 mm→1, (5.25)

µt,Thalamus = 0.18 + 19.28 = 19.46 mm→1, (5.26)

µt,Cerebellum = 0.16 + 28.02 = 28.18 mm→1. (5.27)

Tissues with larger µt (specifically cerebellum (28.18 mm→1) and thalamus (19.46 mm→1))

attenuate unscattered photons more strongly over a given propagation distance. Con-

versely, tissues with lower µt (grey matter (11.04 mm→1) and pons (12.57 mm→1)) preserve

a larger fraction of ballistic photons at short distances. Thus, the observed ballistic be-
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haviour is consistent with the relative magnitudes of each tissue’s attenuation coe!cient

and highlights the distinct physical regimes captured by the two solution approaches.

Finally, the relative di”erence between the COMSOL and ballistic fluence values at

r = rB + 5 µm is noticeably larger than at the source surface. This increase is expected.

At r = rB, photons have just exited the source and have had negligible probability of

scattering, so the total fluence satisfies $(rB, t0) ⇑ $(0)(rB, t0). By contrast, at r =

rB + 5 µm, photons have already traversed a fraction of a scattering mean free path,

increasing the contribution of the first-collision and multiple-scattering terms $(c)(r, t0).

As a result, the total fluence rate

$(r, t0) = $(0)(r, t0) + $(c)(r, t0), (5.28)

diverges from the ballistic estimate as the propagation distance increases.

Taken together, these observations reinforce that the di”erences between the ballistic

and full RTE predictions stem from well-understood physical mechanisms, specifically, the

scattering strength and attenuation characteristics of the tissue. Moreover, the consistency

of these trends across all four tissue types further validates the correctness and robustness

of the numerical RTE implementation.

185



5.2. BIOLUMINESCENT LIGHT TRANSPORT RESULTS

5.2.3 Multi-source Configuration

Our simulation framework also enables the study of configurations containing multiple bio-

luminescent sources within the same tissue volume. In COMSOL, each mote is represented

as a distinct volumetric emission domain, and the radiative transfer equation is solved with

all source terms present simultaneously in the computational domain. This approach allows

the resulting fluence field to reflect the combined illumination patterns produced by mul-

tiple emitters, including the e”ects of overlapping radiation fields and scattering-induced

redistribution in the surrounding tissue. Multi-source configurations therefore provide a

means to investigate how spatial arrangement and source density influence the energy

fluence distribution.

To illustrate these e”ects, we next consider a representative geometry consisting of nine

identical sources arranged in a 3≃3 array placed in grey-matter brain tissue (see Figure 5.8),

and evaluate the resulting fluence distribution at biologically relevant locations. Figure 5.9

summarizes the corresponding fluence patterns for this multi-mote configuration. The left

panel shows the spatial distribution of the fluence rate $(r, t0) in the x→y cross-section

passing through the centres of the motes and the target soma (i.e. z = 0), with t0 = 0.25 s.

The right panel displays the time-dependent fluence rate at four representative points (S,

A, B, C) located at increasing distances from the central source; the position of each point

is denoted by rX , and we write $(X, t) for its temporal profile. As in the single-source

case, each temporal curve follows the characteristic profile of the aequorin emission. This

reflects the fact that photon propagation over distances of tens of micrometres occurs

186



5.2. BIOLUMINESCENT LIGHT TRANSPORT RESULTS

Figure 5.8: Geometry used in the multi-source configuration. The computational domain is a
cubic volume of brain tissue with side length L = 120 µm. In this configuration, nine identical
bioluminescent motes (shown as blue spheres) are arranged in a 3 ≃ 3 array, each modeled as a
spherical volumetric emitter with radius rb = 10 µm. Adjacent motes are separated by a 2 µm
gap between their surfaces. A spherical neuronal soma (shown as a grey sphere) with radius
rtgt = 15 µm is positioned in front of the central mote, with a surface-to-surface separation of
2 µm. As in the single-source case, the medium outside the sources and target is assumed to be
homogeneous and is assigned the optical properties of the grey matter brain tissue.
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on sub-picosecond timescales, and therefore does not introduce any noticeable delay or

distortion in the temporal shape of the fluence rate.

Overall, the multi-source configuration produces a higher fluence throughout the do-

main, with the magnitude of the increase depending on the distances between each ob-

servation point and the surrounding motes, as well as the geometric arrangement of the

array. Because the radiative transfer equation is solved with all volumetric emitters present

simultaneously in the domain, the resulting fluence field reflects the superposition of con-

tributions from each source. As a result, while the temporal shape of $(r, t) remains

consistent with the single-source case (being determined by the emission profile), the am-

plitude increases in a spatially dependent manner governed by the relative proximity of

each source and the attenuation along its path to the observation point.

To interpret these trends, we compare the COMSOL results with the analytical ballistic

solution derived in subsection 4.4.2. In the single-source configuration (see Figure 5.5(a)),

the ballistic fluence rate at a radial distance r ∈ rB from the mote centre is given by the

spherical-source expression introduced in Equation 4.40. To explicitly distinguish between

source configurations, we write this quantity as $(0)
single(r, t) for the single-source case (and

analogously $(0)
multi(r, t) for the mote array).

For the multi-source configuration, we exploit the linearity of the ballistic transport

problem and approximate the ballistic field at a point r by a superposition of nine identical

single-source solutions. Each mote is treated as emitting into an otherwise homogeneous

grey-matter background. Let ri denote the centre of the i-th mote and ri = ′r → ri′ the
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Figure 5.9: Fluence rate distribution and temporal evolution for a multi-source configuration.
Nine bioluminescent motes (radius 10 µm) are arranged in a 3≃3 geometry, and a neuronal soma
(radius 15 µm) is placed 2 µm from the surface of the central mote. (a) Instantaneous fluence
rate %(r, t = 0.25 s) in the x→y plane intersecting the centres of the emitters and the target
soma (z = 0). Although nine motes are present in a 3≃3 arrangement, only three circular source
cross-sections are visible in this view because the remaining six motes lie outside the plane (at
di!erent z-positions). The full 3D arrangement is shown in Figure 5.8. The labeled points denote
positions used for temporal sampling: S on the source surface, A on the soma surface, and B
and C inside the soma at increasing depths. # shows the centre-to-centre spacing which is equal
between the each source and its neighbor sources. (b) Temporal evolution of the fluence rate
%(r, t) at these locations, computed from the full time-dependent RTE solution (COMSOL).
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distance from that mote to the observation point r. The multi-source ballistic field is then

written as

$(0)
multi(r, t) =

N=9

i=1

$(0)
single(ri, t), (5.29)

i.e. as the sum of nine single-source ballistic solutions evaluated at the corresponding

source–observer distances. Analytical predictions for the ballistic enhancement factor can

then be obtained as $(0)
multi(r, t)/$

(0)
single(r, t).

The behaviour at point S, located on the surface of the central mote, follows the expec-

tations from the analytical benchmark. In the single-source configuration (Figure 5.5(a)),

S lies at a distance r = rB from the centre of the source, so the ballistic fluence rate at this

point is given by the spherical-source expression $(0)(rB, t) introduced in Equation 4.40. In

the multi-source configuration (Figure 5.9(a)), S receives additional contributions from the

eight neighbouring motes, each of which lies at a larger centre–to–point distance than the

central mote. Evaluating $(0)(r, t) at these distances6 and summing the nine contributions

yields an analytical prediction for the ballistic enhancement factor at point S,

$(0)
multi(S)

$(0)
single(S)

⇑ 1.6. (5.30)

Since both the single-source and multi-source ballistic fields are proportional to the same

6In Figure 5.9, all nine motes are in the y→ z plane at x = 0, with centre-to-centre spacing # =
2rB + 2 µm = 22 µm. The central mote is at (x, y, z) = (0, 0, 0), and the others are located at (0,±#, 0),
(0, 0,±#), and (0,±#,±#). Point S is on the surface of the central mote facing the soma, at (x, y, z) =
(rB , 0, 0) = (10, 0, 0) µm. The centre of the central mote is therefore 10 µm from point S. Each of the
four nearest neighbouring motes (those sharing a row or column with the central mote) has its centre at
a distance

⇐
102 + 222 ⇑ 24.2 µm from S, and each of the four diagonal motes has its centre at a distance⇐

102 + 222 + 222 ⇑ 32.7 µm from S.
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Table 5.2: Comparison between the fluence rate resulting from single source configurations and
a 3≃3 array of sources based on COMSOL-based full RTE solutions and analytical ballistic
approximations.

Peak fluence rate from Peak fluence rate from Enhancement factors ($multi/$single)

single source (W/mm2) 3≃3 array (W/mm2) Analytical COMSOL

Point S 2.58≃ 10→6 4.50≃ 10→6 ⇑ 1.6 1.74
Point A 1.44≃ 10→6 3.23≃ 10→6 ⇑ 2.0 2.24
Point B 0.22≃ 10→6 1.22≃ 10→6 ⇑ 4.6 5.55
Point C 0.09≃ 10→6 0.60≃ 10→6 ⇑ 5.3 6.67

emission envelope E(t), this ratio is independent of time.

Thus, even though eight additional motes are present, the ballistic fluence at S increases

by only about 60%, because the central mote remains dominant and the more distant neigh-

bours are strongly attenuated by geometry and extinction. The full COMSOL solution in

Table 5.2 yields a slightly larger enhancement of 1.74, as expected once scattered photons

are included; nevertheless, the analytical prediction correctly captures both the order of

magnitude and the fact that S experiences the smallest relative increase among the four

sampling points.

The behaviour at point A, located on the surface of the target soma facing the array (see

Figure 5.9(a)), can be interpreted in the same way. In the single-source configuration, A

lies at a distance of 12 µm from the centre of the central mote, and the ballistic fluence rate

at this point is given by the spherical-source expression $(0)(r = 12 µm, t). In the multi-

source configuration, point A receives additional contributions from the eight neighbouring
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motes at di”erent distances7. The corresponding analytical superposition gives

$(0)
multi(A)

$(0)
single(A)

⇑ 2.0, (5.31)

so that the ballistic fluence rate at the soma surface roughly doubles when going from

one to nine motes. This enhancement is larger than at S (⇑ 1.6), because at point A

the direct contribution from the central mote is reduced while the relative weight of the

neighbouring motes increases. The full COMSOL RTE solution gives an enhancement of

2.24 (see Table 5.2), again slightly larger than the purely ballistic estimate but consistent

with the same physical picture.

Point B lies on the upper surface of the soma. In the single-source configuration (see

Figure 5.5(a)), the ballistic fluence rate at B is given by $(0)(r = 30.9 µm, t), where

r ⇑ 30.9 µm is the distance from B to the central mote. Because B is located above the

central line, in the multi-source configuration (Figure 5.9(a)) it is relatively far from the

central mote but lies at comparable distances from several motes in the vertical column of

the array. In the multi-source configuration, none of the emitters dominates as strongly as

at S or A, and the contributions from several motes add more nearly on an equal footing.

7In Figure 5.9(a) point A lies on the soma surface facing the mote array so its coordinates are
(x, y, z) = (12, 0, 0) µm. The centre of the central mote is therefore 12 µm from point A. Each of the
four nearest neighbouring motes (those sharing a row or column with the central mote) has its centre at
a distance

⇐
122 + 222 ⇑ 25.1 µm from A, and each of the four diagonal motes has its centre at a distance⇐

122 + 222 + 222 ⇑ 33.4 µm from A.
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The analytical superposition considering all di”erent distances8 yields

$(0)
multi(B)

$(0)
single(B)

⇑ 4.6, (5.32)

indicating that the ballistic fluence rate at B is enhanced by more than a factor of four when

the 3≃ 3 array is present. The full COMSOL solution gives an even larger enhancement of

5.55 (Table 5.2), reflecting the additional contribution of multiply scattered photons, but

the analytical result correctly predicts that B experiences a much stronger relative increase

than S or A.

Finally, point C is located on the far side of the soma (see Figure 5.9(a)). In the

single-source configuration, the distance between C and the central mote is r ⇑ 42 µm,

thus the ballistic fluence rate at this point is given by $(0)(r = 42 µm, t). At this distance,

the ballistic contribution from the central mote alone is strongly attenuated. In the multi-

source configuration, C receives eight additional terms of comparable magnitude from the

rest of the array9. The resulting analytical superposition gives

$(0)
multi(C)

$(0)
single(C)

⇑ 5.3, (5.33)

8In Figure 5.9(a), the soma centre is at (x, y, z) = (27, 0, 0) µm. Point B is at the top of the soma, at
(27, 15, 0) µm. The central mote located at (0, 0, 0), has therefore

⇐
272 + 152 ⇑ 30.9 µm distance from

point B, while the upper neighbouring mote located at (0, 22, 0) is slightly closer, at
⇐
272 + 72 ⇑ 27.9 µm.

The distances from point B to the remaining seven motes lie between ⇑ 36 and ⇑ 51 µm.
9In Figure 5.9(a), the soma centre is at (27, 0, 0) µm. Point C is on the far surface of the soma,

at (42, 0, 0) µm. The central mote at (0, 0, 0) is therefore 42 µm from point C. Each of the four near-
est neighbouring motes (those sharing a row or column with the central mote) has its centre at a dis-
tance

⇐
422 + 222 ⇑ 47.4 µm from C, and each of the four diagonal motes has its centre at a distance⇐

422 + 222 + 222 ⇑ 52.3 µm from C.
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so that, even when only the ballistic component is considered, the fluence on the far side

of the soma is enhanced by more than a factor of five. The full COMSOL RTE solution

yields an enhancement of 6.67 (Table 5.2), which is larger in magnitude but consistent

with C, displaying the strongest relative increase among all points. Taken together, these

comparisons demonstrate that the analytical ballistic benchmark, combined with simple

superposition, provides a physically transparent framework for understanding how the

spatial arrangement of bioluminescent motes shapes the local illumination landscape, while

the full numerical RTE solution quantifies the additional amplification due to scattered

light.
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6

Conclusion and Future Work

This chapter concludes the thesis by revisiting its central aim: the design and evaluation

of a wireless, ultrasound-powered, aequorin-based bioluminescent illumination mote for

deep-tissue optogenetic and bio-optical applications. Building on the modelling framework

developed in chapter 4, we first summarize the main contributions of this work. We then

discuss the implications of these findings for optogenetics and bio-optical communication,

outline the key limitations of the present study, and propose directions for future research.
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6.1 Summary of Main Contributions

The work presented in this thesis makes several contributions to the design and analysis

of wireless bioluminescent illumination systems for applications in optogenetics and bio-

optical interfaces.

• Wireless stimulation and system-level modelling

This work builds on the concept of CMOS-based neural dust [193] and addresses two

of its major limitations: constraints on miniaturization and limited biocompatibility.

Drawing inspiration from a previously proposed wired bioluminescent transceiver

[69], it introduces a wireless and biologically compatible stimulation strategy using

M13 bacteriophage–based piezoelectric nanogenerators to harvest ultrasonic energy

in vivo. Unlike earlier studies, the present thesis develops and evaluates a system-

level model of the bioluminescent mote, capturing the dynamic behaviour of the

entire illumination process for the first time.

To model the full process, an equivalent-circuit framework was developed that in-

tegrates piezoelectric energy conversion, calcium-induced calcium release (CICR)

dynamics, and aequorin-based bioluminescence within a microscale emitting com-

partment. This framework establishes a quantitative input–output relationship and

serves as the foundation for subsequent design optimization and parameter sensi-

tivity analysis. It should be noted that the equivalent-circuit representation of the
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piezoelectric nanogenerator is adapted from the literature, while the remaining com-

ponents of the model are developed in this thesis.

• Characterization of the bioluminescent mote behaviour

The equivalent circuit framework was used to characterise the illumination behaviour

of the bioluminescent mote under ultrasonic stimulation. The analysis focused on how

three design parameters (the aequorin concentration [Aq], the nanobubble radius rB,

and the engineered SR volume fraction ϖSR) shape calcium dynamics and photon

emission. The model was also applied to several aequorin variants in order to compare

their performance under identical geometric and loading conditions.

These studies clarified how geometric parameters and biochemical properties influ-

ence peak illumination. Mutant constructs with high calcium sensitivity produce

substantially higher light output than the wild type, whereas the wild type shows

stronger modulation by geometric changes. Together, these results outline how bio-

chemical choice and device geometry jointly determine the behaviour of the mote

and provide guidance for selecting suitable variants for either tunability or maximal

brightness.

In practice, the modelling workflow combines multi-physics simulation and system-

level analysis. The relevant parameters are first obtained by fitting to results reported

in the literature. These parameters are then used in the equivalent-circuit model

implemented in MATLAB, where the time-dependent behaviour of calcium dynamics

and bioluminescent emission is computed.
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• Sensitivity analysis and design guidelines

Analytical expressions were derived to quantify the sensitivity of peak photon emis-

sion to changes in [Aq], rB, and ϖSR. The results show a linear dependence on

aequorin concentration, a cubic scaling with nanobubble radius through its volume,

and a nonlinear, variant-dependent response to sarcoplasmic-reticulum volume frac-

tion. These expressions were validated through numerical sensitivity analysis using

data from 500 simulated configurations per variant, showing excellent agreement.

Together, these results establish clear design guidelines: nanobubble size provides

the strongest control over emission strength, while concentration and SR volume

o”er additional, biologically tunable parameters for controlling the output.

• Light transport modelling and multi-source illumination

A time-dependent radiative transfer model was implemented in COMSOL to study

bioluminescent light propagation through brain tissue. The numerical solutions were

validated against an analytically derived ballistic (uncollided) solution for a spherical

source geometry across four representative brain tissues. The comparison confirmed

that the RTE implementation reproduces near-source behaviour and captures tissue-

specific attenuation and scattering e”ects.

The framework was then applied to both single- and multi-mote configurations in the

vicinity of a neuronal soma. The results quantify how tissue type and source number

influence the fluence rate at biologically relevant locations. In particular, multi-mote

arrays were shown to enhance the fluence stronger at the distal side of the soma. This
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demonstrates the potential of distributed emitter designs for achieving more uniform

and e”ective neuronal illumination.

6.2 Discussion of Key Findings

This section discusses the main findings of the thesis in relation to the original research

objectives. The results are organised around three themes: (i) the wireless stimulation,

calcium dynamics and resulting bioluminescence of the mote, (ii) the influence of design

parameters and aequorin variants on the illumination response, and (iii) the propagation

of emitted light through brain tissue in both single- and multi-source configurations.

6.2.1 Wireless Stimulation and Mote Operation

The first key finding is that, short ultrasonic pulses delivered to M13-based piezoelectric

nanogenerators are su!cient to drive bioluminescent emission from the mote. In particular,

the results in Figure 3.7 and Figure 5.1 show that a 5ms stimulation pulse at an acoustic

intensity of 2.5mWcm→2 at the location of the M13 phage nanogenerators is su!cient to

initiate CICR in the engineered SR. This leads to a transient elevation in the nanobubble

calcium concentration, rising to peak values in the sub-micromolar range (on the order

of hundreds of nM, depending on configuration). Stimulation pulses shorter than this

threshold fail to trigger CICR. This identifies a minimum e”ective stimulation duration

and intensity required for reliable activation of the mote under the chosen parameterisation.
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The resulting bioluminescent response follows the calcium transient. For representative

parameter values, specifically, a nanobubble radius rB = 15 µm, a sarcoplasmic reticulum

volume fraction ϖSR = 3% (geometric dimensions matching a reference myocyte cell), and a

wild-type aequorin concentration of [Aq] = 455 µM, the system produces a transient photon

emission, with peak illumination rates in the range of 108–109 photons/s and total photon

outputs on the order of 108 photons over a one-second stimulation cycle (Figure 5.1(c),(d)).

An additional practical question is how many stimulation illumination cycles can sus-

tain before the available bioluminescent output degrades significantly. In the absence of

aequorin recombination/regeneration, the achievable number of cycles is primarily deter-

mined by the initial number of aequorin molecules contained in the nanobubble and their

consumption rate per cycle. The initial number scales with the aequorin concentration

and the nanobubble volume, whereas the consumption rate depends on the illumination

level produced during each stimulation event. Consequently, for low-emission regimes such

as the wild type, only a relatively small fraction of the available aequorin pool is con-

sumed per cycle, so the mote could in principle operate over a comparatively large number

of cycles before depletion becomes limiting factor. In contrast, for higher-output mu-

tants such as QD+AT, the stronger photon emission is expected to consume the available

aequorin pool more rapidly, thereby reducing the number of sustainable cycles. If recombi-

nation/regeneration is taken into account, however, the e”ective operational lifetime could

be extended substantially, potentially enabling much longer repeated-use operation. Under

this interpretation, the limiting factor is not the triggering mechanism itself, but rather

the balance between the available aequorin reservoir, its cycle-by-cycle consumption, and
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the rate at which active aequorin can be restored.

These results provide, for the first time, a quantitative estimate of the expected optical

output of an aequorin-based mote, both in terms of intensity and time course.

6.2.2 Dependence on Design Parameters and aequorin Vari-

ants

A central objective of this work was to understand how the geometric and biochemical

parameters of the mote influence its illumination behaviour. The time-domain simulations

in Figure 5.1 illustrate the distinct roles played by the nanobubble radius rB, the engineered

SR volume fraction ϖSR, and the aequorin concentration [Aq].

Increasing the nanobubble radius rB while holding ϖSR constant preserves the calcium

transient waveform, since the relative volume available for calcium release remains un-

changed. However, the larger nanobubble volume contains a greater number of aequorin

molecules, thereby increasing the total emission capacity Imax. This results in a higher

peak illumination rate, as seen when comparing Scenario 1 and Scenario 2 in Table 5.1.

The analytical sensitivity analysis reveals an elasticity ErB = 3, indicating that the peak

emission scales cubically, consistent with geometric volume scaling.

In contrast, increasing ϖSR at fixed bubble size directly impacts the calcium dynamics.

A larger engineered SR stores more calcium and releases a higher absolute amount into the

nanobubble upon stimulation, raising the peak intracellular calcium concentration. This

leads to increased photon emission rates, as observed in Scenario 3 of Figure 5.1. The
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dependence of the peak emission on ϖSR is captured by a Hill-like function in the diode

model. As such, the corresponding elasticity E⇀SR depends on both, the operating point

and the choice of aequorin variant.

Finally, variations in [Aq] influence the photon emission profile without altering the

underlying calcium waveform. Higher aequorin concentrations increase the number of

emitter molecules available for photon generation, resulting in a proportional increase in

peak emission rate. This trend is illustrated in Scenario 4 of Figure 5.1 and is captured

analytically by an elasticity of E[Aq] = 1.

Together, these findings establish that the three parameters act as complementary tun-

ing knobs for system performance: rB primarily governs geometric scaling of output, ϖSR

shapes the calcium transient and system responsiveness, and [Aq] modulates the biochem-

ical conversion of calcium binding events into light.

The results in Figure 5.2 and Figure 5.3 extend this analysis across multiple aequorin

variants and 500 randomly sampled parameter sets. They show that engineered mutants

significantly outperform the wild type in terms of enabling higher illumination rates. In

particular, the Q159D and Q159T variants exhibit median peak emission rates one to two

orders of magnitude higher than wild-type aequorin. The QD+AT double mutant delivers

the highest overall performance, with median emission rates exceeding 109 photons/s and

peak values over 4.5≃ 109 photons/s within the explored parameter space. These findings

identify QD+AT as a strong candidate for high-output motes, while also revealing that

this variant exhibits a comparatively weaker dependence on ϖSR, consistent with its high
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calcium sensitivity and early saturation.

The comparison between analytically derived elasticities and empirical elasticities ob-

tained from multivariate log–log regression (Figure 5.4) shows strong agreement across all

variants and design parameters. This consistency validates both the underlying structure

of the circuit-based model and its utility as a predictive tool for design exploration. In

practical terms, the sensitivity results suggest that increasing the bubble radius (while

maintaining the SR volume fraction) is the most e”ective strategy for enhancing emission,

but it comes at the cost of having a larger device footprint. Adjusting [Aq] and ϖSR o”ers

biologically relevant tuning knobs.

6.2.3 Light Transport and Multi-Source Illumination in Brain

Tissue

The final group of findings concerns the propagation of bioluminescent light through brain

tissue. The time-dependent radiative transfer model implemented in COMSOL and vali-

dated against analytical ballistic solutions, provides a physically grounded framework for

computing the fluence rate generated by the mote in various brain regions. This approach

captures both absorption and scattering e”ects and enables quantitative evaluation of light

delivery at biologically relevant distances and locations.

The validation of the numerical RTE framework against the analytical ballistic bench-

mark confirmed the correctness and physical fidelity of the simulation setup, while high-

lighting the fundamental distinction between uncollided and scattered light transport. For
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a single spherical source, the numerical results (Figure 5.5) accurately reproduce the ex-

pected near-source behaviour, showing excellent agreement with the analytical solution at

the source boundary. However, as the radial distance increases, the COMSOL-computed

fluence rate consistently exceeds the ballistic prediction. This divergence is physically

meaningful, as it quantifies the contribution of in-scattered photons (those that have un-

dergone one or more scattering events) which are neglected by the ballistic solution.

A comparative analysis across di”erent brain tissues (Figure 5.6 and Figure 5.7) revealed

a complex relationship between tissue optical properties and the resulting fluence rate.

While the ballistic fluence at the source surface is identical across all tissues (depending

only on internal source properties) the decay behaviour diverges between the analytical and

numerical models. In the ballistic solution, attenuation is governed by the total extinction

coe!cient, µt = µa+µs; accordingly, tissues with higher µt, such as the cerebellum, exhibit

the steepest decay in the uncollided photon flux. In contrast, the full RTE simulations

show that these same tissues yield the highest total fluence rates in the near-source region.

This apparent inversion arises from the role of the reduced scattering coe!cient, µ↑
s =

µs(1→ g): in highly scattering media, photons are more likely to be redirected rather than

absorbed, increasing the probability of energy remaining near the source through multiple

scattering events. These findings underscore that relying solely on ballistic approximations

can underestimate the available optical power in high-scattering brain regions.

Finally, the results quantify two physical characteristics relevant to the design and

operation of bioluminescent motes. First, in terms of geometric scaling, the fluence rate

evaluated on the surface of the mote increase linearly with the source radius. Second,
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regarding timescale separation, the temporal evolution of the fluence rate at the target

neuron follows the bioluminescent emission profile essentially instantaneously. Since photon

propagation times over the simulated domain (approximately 100 µm) are on the order

of femtoseconds (several orders of magnitude faster than the sub-second kinetics of the

bioluminescence reaction) light transport through the tissue can be accurately treated as

instantaneous relative to the source dynamics.

The multi-source simulations extend these insights to configurations involving arrays of

motes. In the representative arrangement shown in Figure 5.8 and Figure 5.9, a 3≃3 array

of identical motes placed near a neuronal soma generates a spatially structured illumination

field that is stronger than that produced by a single source, and notably more homogeneous

throughout the surrounding medium. Quantitatively, the peak fluence rate at the closest

point on the soma increases by a factor of approximately 2.2. The enhancement is even

more pronounced at the furthest point on the opposite side of the soma, where the fluence

increases by a factor of 6.6 relative to the single-mote case (Table 5.2).

These trends can be well understood through the superposition of the analytical ballistic

fields from each mote, combined with scattering-mediated redistribution captured by the

full RTE model. At locations near the central emitter, the direct ballistic contribution

from that mote dominates the local fluence, so the relative influence of neighboring sources

is limited. In contrast, at more distant points such as those on the far side of the target

soma, no single source contributes overwhelmingly. Therefore, the cumulative e”ect of

multiple emitters becomes more uniform. This results in larger relative enhancements in

fluence, demonstrating the benefit of distributed emission in achieving more homogeneous
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and intensified illumination.

Taken together, these findings indicate that arrays of smaller bioluminescent motes may

be more e”ective than a single bright source for achieving spatially distributed illumination

of a target neuron. In combination with the mote-level sensitivity analysis, the light

transport results provide a quantitative basis for designing source geometries and array

configurations that maximize fluence at specific cellular locations while remaining within

realistic constraints on device size, biochemical loading, and tissue optical properties.

6.3 Implications for Optogenetics and Bio-Optical

Communication

The results of this thesis have several implications for the design of next-generation opto-

genetic tools and for emerging concepts in bio-optical communication and brain–machine

interfaces. While the analysis presented here is based on modelling rather than exper-

imental validation, the findings provide quantitative evidence that ultrasound-powered,

aequorin-based bioluminescent motes could form a building block for minimally invasive,

wireless optical interfacing with neural tissue.

6.3.1 Implications for Optogenetic Stimulation

Conventional optogenetics rely on optical fibres, rigid waveguides, or electromagnetically

powered micro-LED implants to deliver light to opsins. These approaches have enabled im-
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portant breakthroughs, but they face persistent challenges related to tethering, mechanical

mismatch with soft neural tissue, heating, and long-term biocompatibility. The wireless

bioluminescent mote concept proposed in this thesis potentially o”ers a bio-inspired alter-

native to conventional metallic and semiconductor-based implants.

A related design consideration concerns the choice of an extracellular, PDMS-encapsulated

mote rather than an implementation in which all functional elements are introduced di-

rectly into the target cell. Although an intracellular arrangement might appear attractive,

it would likely perturb the intrinsic behaviour of the host cell by occupying intracellu-

lar volume and by introducing additional artificial components into an already crowded

environment. Since cells already contain endogenous organelles and other intracellular

structures, the volume available for engineered bioluminescent elements would be limited.

This is particularly important because the achievable light output scales with the number

of aequorin molecules that can be accommodated within the emitting medium. An intra-

cellular implementation would therefore not only risk altering normal cell function, but

would also reduce the available loading volume and, consequently, the maximum photon

output. In this respect, the extracellular mote architecture considered in this thesis o”ers a

more practical compromise between preserving cellular integrity and maintaining su!cient

internal volume for light generation.

The simulations of mote-level behaviour confirm that short, clinically relevant ultra-

sonic pulses can trigger transient calcium elevations and initiate photon emission without

requiring wired connections or local batteries. Moreover, the light-transport analysis in-

dicates that the resulting bioluminescent field achieves fluence rates consistent with the

207



6.3. IMPLICATIONS FOR OPTOGENETICS AND BIO-OPTICAL
COMMUNICATION

levels required to induce a neuronal response. Specifically, the results show that even a

single mote, with a surface-to-target separation of 2 µm, can generate a fluence rate of

approximately 4 ≃ 10→6 Wmm→2 at the membrane of the target neuron. This value lies

within the comparable range for cellular activation, as optogenetic literature indicates that

high-sensitivity opsins can be excited with intensities as low as 1 ≃ 10→6 Wmm→2 [194].

Furthermore, the deployment of multi-mote arrays was found to not only amplify the signal

but also render the fluence distribution significantly more homogeneous across the target

medium. Together, these results suggest that distributed ensembles of small bioluminescent

motes could eventually provide an alternative to fibre-based or micro-LED-based implants

in scenarios where minimal invasiveness and mechanical compliance are critical, such as

chronic studies in freely moving animals.

Moreover, these quantitative design rules provide a pathway to tailor motes for targeted

applications. The sensitivity analysis results o”ers a principled way to balance device size

against required photon output. Additionally, the use of high-yield variants like QD+AT is

shown to enhance peak emission by orders of magnitude over the wild type. Although the

present thesis does not model specific opsin activation curves, it provides the illumination

metrics needed to perform such an analysis in a systematic manner.
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6.3.2 Implications for Bio-Optical Communication and Brain–

Machine Interfaces

Beyond optogenetic stimulation, the proposed mote architecture fits into broader visions

of bio-optical communication, in which information is encoded, transmitted, and processed

using light within or between biological tissues. The modelling framework developed in

this thesis links an internally generated light source, whose dynamics are governed by

biochemistry and ultrasound control, to the resulting optical field in realistic brain-like

media. As such, it can be viewed as a prototype for a bio-integrated optical transmitter

whose output can be shaped both temporally (via ultrasound drive) and spatially (via

mote design and array geometry).

In the context of brain–machine interfaces, such motes could in principle serve as local

optical nodes that communicate with opsin-expressing neurons, with other photoreceptive

molecular constructs, or with external photodetectors coupled through transparent win-

dows or implanted waveguides. The ability to form arrays of motes and to predict how their

combined emission patterns fill a volume of tissue is particularly relevant for network-level

interfacing strategies, where multiple channels of optical input and output must coexist in

a confined region. The linearity of the radiative transfer regime studied here means that

more complex spatiotemporal illumination patterns could be synthesised by driving sub-

sets of motes with di”erent ultrasound waveforms, o”ering a form of spatial multiplexing

that does not rely on complex optical hardware.
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Furthermore, the simulations in this thesis are performed for Aequorin with native coe-

lenterazine and the emitted light is therefore modelled as blue with a peak near 470 nm.

Nevertheless, the mote architecture and equivalent-circuit framework can be readily ex-

tended to alternative Aequorin variants with di”erent emission spectra (see subsection 2.1.2).

In such cases, the predicted illumination rates can be interpreted at the variant’s peak emis-

sion wavelength. On this basis, although multi-wavelength operation is not investigated in

this thesis, it remains a plausible extension that could enable spectral multiplexing using

heterogeneous mote arrays emitting at distinct wavelengths.

More speculatively, the results also relate to emerging ideas about intrinsic biophotons

and natural light-guiding structures such as myelinated axons [38]. Although these mech-

anisms are not explicitly modelled in the present work, the ability to generate controlled,

localized bioluminescent fields suggests a possible route towards hybrid systems in which

engineered motes inject photons into endogenous optical pathways. The framework estab-

lished here can be extended to explore such scenarios by substituting appropriate tissue

geometries and optical parameters.

6.3.3 Methodological and Design Implications

Finally, the thesis contributes a modular modelling framework that can be reused and

extended beyond the specific aequorin-based mote studied here. The equivalent-circuit

representation of the biochemical and bioluminescent dynamics provides a compact, com-

putationally e!cient way to explore large parameter spaces and to compare di”erent molec-

210



6.4. LIMITATIONS

ular variants. The sensitivity analysis yields interpretable design metrics that translate di-

rectly into engineering trade-o”s. The radiative transfer implementation, validated against

analytical ballistic solutions, o”ers a general tool for predicting light distributions from ar-

bitrary volumetric sources in homogeneous tissue.

Taken together, these elements form a quantitative design framework for bio-optical

interfaces that is not limited to a particular molecule, tissue type, or application. They

can, in principle, be adapted to other bioluminescent systems, alternative energy-harvesting

schemes, or di”erent target organs where optical access is limited. In this sense, the

implications of the present work extend beyond the specific mote concept and point towards

a broader class of biocompatible, wirelessly driven optical devices for neuromodulation and

bio-communication.

6.4 Limitations

The conclusions drawn in this thesis are subject to several limitations arising from mod-

elling assumptions, biological and engineering constraints, and the scope of validation.

These limitations do not invalidate the main results, but they describe the conditions

under which they should be interpreted and highlight directions for future work.
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6.4.1 Modelling Assumptions and Biological Simplifications

The first set of limitations concerns the abstraction level of the mote and tissue models.

Calcium handling, CICR, and aequorin kinetics are represented using an equivalent-circuit

formulation with simplified parameter sets. This approach enables computationally e!-

cient simulations and supports analytical sensitivity analysis, but it necessarily abstracts

the full biochemical details. In particular, the present model does not include detailed

representations of ion channels and ion pumps that may influence the response of the

engineered SR.

Similarly, the assumed aequorin concentrations and engineered SR volume fractions are

based on solubility data and reference values from myocytes. However, the feasibility of

achieving comparable loading levels in neurons, or within nanoscale motes, has not been

established experimentally.

Furthermore, the present model quantifies photon emission from the mote and models

the subsequent propagation of the emitted light through the surrounding medium. How-

ever, the downstream optogenetic response is not modelled and therefore lies outside the

scope of this work. As such, conclusions regarding the suitability of the mote for optoge-

netic stimulation remain qualitative at this stage.
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6.4.2 Ultrasound, Energy Harvesting, and Tissue Optics

A second group of limitations arises from the treatment of ultrasound stimulation, piezo-

electric energy harvesting, and light transport in tissue. The interaction between the ul-

trasonic field and the M13-based piezoelectric nanogenerator is modelled at a system level.

Spatial variations in the ultrasound field and beamforming are not explicitly resolved.

On the optical side, the framework used for modelling light transport, the RTE, relies

on a linear, scalar description of tissue optics. As such, it neglects coherence, interference,

polarization, and any time-varying changes in tissue properties (for example due to blood

flow). Within this framework, the radiative transfer analysis is based on several additional

idealisations that should be kept in mind when interpreting the results.

First, the geometry is deliberately simplified: motes and somata are represented as

spheres, and the surrounding brain tissue is treated as a homogeneous medium. This

neglects microscale heterogeneity in the tissue which can locally perturb the light field.

Second, the optical properties themselves are simplified. Within each tissue type, ab-

sorption, scattering, anisotropy, and refractive index are assumed spatially uniform and

are taken from reported measurements in human brain samples. These parameters are

further compressed into emission-weighted averages over the aequorin half-maximum band

and then used in a monochromatic model at 470 nm. This procedure underestimates the

wavelength dependence within the 440 nm to 520 nm interval, sample-to-sample variability

in the underlying measurements. However, the results indicate that in the near-source re-

gion, the fluence rate is primarily reduced due to the geometric spreading, with only minor
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variations observed across di”erent tissue types. This suggests that, within the spatial

scales considered in this work, the impact of spectral averaging over the 440 nm to 520 nm

emission band is limited, and the monochromatic approximation at 470 nm provides a

reasonable representation of the light field.

A further simplification concerns the optical representation of the mote itself. In the

proposed design, the bioluminescent compartment is surrounded by an approximately 1µm-

thick PDMS encapsulation layer. For tractability, this layer is not modelled explicitly in the

radiative transfer simulations; instead, the mote is approximated as a single homogeneous

emitting region embedded directly in tissue. This neglects the refractive-index mismatch

at the nanobubble–PDMS–tissue interfaces, and thus ignores associated Fresnel reflections

and refraction, as well as any residual absorption or scattering within the PDMS. These

e”ects are expected to have only a modest influence on the overall fluence, but they may

alter the detailed angular emission pattern and near-field distribution in the immediate

vicinity of a PDMS-coated device.

Finally, the benchmark used to validate the numerical implementation is itself ide-

alised: it isolates only the uncollided (ballistic) component of the solution. This analytical

expression can therefore be interpreted as a lower bound on the fluence, since the full radia-

tive transfer solution necessarily includes additional contributions from scattered photons.

Taken together, these assumptions mean that the optical results should be regarded as

first-order, physically informed estimates of light availability around a mote embedded in

brain tissue, rather than precise predictions for any particular anatomical arrangement.
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6.4.3 Engineering Constraints, Functional Interpretation, and

Validation

Finally, there are limitations related to practical implementation, functional interpretation,

and validation. The motes considered in this work are assumed to have well-defined sizes,

internal compartmentalisation, and positions relative to a target neuron. In particular,

some of the simulated configurations assume source-to-membrane separations in the order

of 2 µm. Achieving such close proximity may be di!cult for freely di”using motes in the

extracellular space and would likely require a dedicated delivery or membrane-targeting

strategy, which is not addressed in the present work. As such, the assumed mote positions

should be interpreted as an idealized configuration used to evaluate light delivery under

favourable geometric conditions. Issues such as fabrication yield, variability in mote ge-

ometry, and methods for in vivo delivery and anchoring are not addressed in detail. The

multi-source configurations analysed here also assume ideal placement and synchronised

operation. Furthermore, aspects such as the biocompatibility of M13 nanogenerators and

aequorin constructs, isolation of the engineered SR compartment, and M13-nanogenerator

surface display are treated only at a conceptual level, su!cient to assess the basic feasibil-

ity of the proposed design. A full engineering exploration of these topics lies beyond the

scope of the present work.

From a functional perspective, the thesis quantifies photon emission rates and fluence

levels but does not implement explicit models of opsin activation or neural firing. Addition-

ally, all results are based on simulations; there is currently no experimental validation of the
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full chain from ultrasound stimulation through piezoelectric harvesting and aequorin-based

bioluminescence to measured light distributions in tissue.

These limitations suggest that the present work should be regarded as a theoretical and

computational feasibility study that establishes a quantitative design framework. Address-

ing these gaps through targeted experiments, more detailed multi-physics modelling, and

robustness analysis will be essential steps in translating the proposed mote concept into a

practical optogenetic or bio-optical interface.

6.5 Future Work

The results of this thesis open up several directions for further research, spanning ex-

perimental validation, model refinement, design optimisation, and broader applications in

optogenetics and bio-optical communication.

6.5.1 Experimental Validation of the Mote Concept

A natural next step is to validate the core components of the proposed mote through

targeted experiments. Experimental attention can be directed toward confirming the fea-

sibility of engineering internal components of the mote that support the CICR process.

Prior studies in muscle cells have demonstrated SR structures with controlled calcium

handling [195], but further investigation is needed to assess whether similar behaviour

can be achieved in synthetic constructs at the microscale. Furthermore, experiments on
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M13 PENGs could quantify the electrical output produced under ultrasonic stimulation in

biologically relevant media.

Ultimately, a proof-of-concept demonstration would aim to show ultrasound-triggered

bioluminescence from an aequorin-loaded compartment coupled to an M13-based nanogen-

erator. Initial validation could be performed in fluid environments, followed by experiments

in tissue-mimicking gel constructs that approximate the acoustic and optical properties of

brain tissue. These results would help establish the practical feasibility of wireless optical

actuation and support refinement of model parameters.

6.5.2 Refinement of Biophysical and Optical Models

Several extensions on the modelling side could improve the biological realism and pre-

dictive accuracy of the framework. The current equivalent-circuit description of calcium

handling and bioluminescent kinetics could be expanded to include additional biophysical

processes such as ion pumps and ion channel dynamics. In parallel, future work could

explore alternative modelling strategies (beyond the circuit-based approach) to enhance

predictive capability. Coupling the mote to a biophysical model of neuron would also

enable simulation of how the emitted light interacts with opsin-expressing membranes or

other light-sensitive targets.

In the optical domain, the radiative transfer simulations could be extended to more

anatomically realistic tissue geometries, including spatially varying scattering and absorp-

tion properties. Incorporating the full spectral profile of aequorin emission, along with
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wavelength-dependent optical coe!cients, would allow finer-grained predictions of fluence.

Finally, a systematic uncertainty analysis, in which both optical and biochemical param-

eters are varied within plausible experimental ranges, would help assess the robustness of

the model’s conclusions.

6.5.3 Design Optimization and Array Architectures

The sensitivity analysis presented in this work provides an initial set of design rules for

tuning mote parameters. Future studies could build on this foundation by formulating

explicit optimization problems; for example, maximizing fluence at a specified target region

subject to constraints on mote size, emitter concentration, and total volume, or minimizing

the number of motes required to achieve a given illumination profile.

At the multi-source level, a broader range of spatial configurations and stimulation

strategies remains to be explored. This includes irregular mote distributions, three-dimensional

lattice arrangements, and selective targeting of subsets of motes using spatially patterned

ultrasound fields. Time-multiplexed or phase-shifted ultrasound waveforms could be em-

ployed to generate more complex spatiotemporal illumination profiles, and the radiative

transfer framework developed here is well suited to predicting the resulting light fields.

Moreover, because nanogenerator structures exhibit geometry-dependent resonance fre-

quencies, it is possible to implement frequency-based multiplexing schemes by assigning

distinct resonance frequencies to di”erent motes or subgroups. This would enable selec-

tive activation using frequency-tuned ultrasound pulses, providing an additional degree of
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control over the spatial and temporal patterning of light delivery.

6.5.4 Integration with Optogenetic and Bio-Optical Inter-

faces

An important direction for future work is the integration of the mote concept with estab-

lished optogenetic and bio-optical systems. By combining the fluence predictions developed

here with existing models of opsin activation, it becomes possible to evaluate specific mote

designs and array geometries in terms of their ability to induce excitation or inhibition for

specific opsins. Genetically encoded voltage or calcium indicators can be integrated into

the design, enabling the use of motes as targeted illumination sources for optical recording.

6.5.5 Towards In Vivo Implementation

Finally, translating the mote concept into an in vivo technology will require addressing

several engineering and biological challenges. These include the development of manufac-

turable mote architectures with controlled size and internal structure, methods for targeted

delivery and long-term stabilization in neural tissue, and comprehensive safety studies cov-

ering both ultrasonic stimulation and chronic exposure to the mote materials. Progress in

these areas will depend on close collaboration between materials science, molecular biol-

ogy, neuroscience, and biomedical engineering. The present thesis provides a quantitative

foundation on which such multidisciplinary e”orts can build, by clarifying the parameter

regimes and performance targets that a practical implementation would need to achieve.

219



6.5. FUTURE WORK

6.5.6 Safety, Ethical, Security, and Regulatory Considera-

tions

An additional set of considerations that will become increasingly important as the proposed

mote concept moves toward experimental and in vivo implementation concerns safety,

ethics, security, and regulation. Although these aspects lie beyond the scope of the present

modelling study, they are essential for any future translation of the technology.

From a safety perspective, an important outcome of the present work is that the acous-

tic stimulation required to trigger the mote remains below commonly accepted safe expo-

sure ranges. This suggests that, at least at the level of the current modelling framework,

ultrasound-driven activation of the engineered system can in principle be achieved without

requiring excessively high acoustic pressures. In this sense, the results provide an encour-

aging first indication that the proposed stimulation strategy may be compatible with safe

operation.

At the same time, this conclusion should be interpreted with appropriate caution.

Demonstrating that activation occurs below established exposure limits does not by itself

constitute a complete safety assessment. Future work should examine more specific ef-

fects associated with localized and repeated stimulation and confirm that the stimulation

protocol remains safe under realistic biological conditions.

Ethical considerations will also become central once the system advances beyond theo-

retical modelling and is tested in animal models and, potentially, in human subjects. Such
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studies will need to be conducted within established ethical frameworks for biomedical re-

search, including institutional review, careful risk–benefit analysis, and, where applicable,

informed consent. More broadly, because the proposed system is intended to modulate

neural activity through wireless stimulation, its development should be accompanied by

continued reflection on issues of autonomy, privacy, and responsible use.

In addition, the wireless nature of the mote introduces security-related considerations.

A technology capable of externally influencing neural function should ultimately be de-

signed with safeguards against unintended activation, electromagnetic or acoustic interfer-

ence, and malicious misuse.

Finally, any progression toward practical biomedical use will need to account for the rel-

evant regulatory pathway. Before deployment in vivo, the technique would require rigorous

evaluation of safety, e!cacy, and biocompatibility in accordance with applicable standards

and approval processes for biomedical and implantable technologies. These regulatory con-

siderations are especially important in view of the combined use of ultrasound, engineered

biological components, and neural interfacing.

Taken together, these issues highlight that the future development of wireless biolumi-

nescent motes is not only a problem of device performance, but also one of safe, ethical,

secure, and clinically responsible implementation.

221



6.6. CONCLUDING REMARKS

6.6 Concluding Remarks

This thesis set out to investigate whether a wireless, ultrasound-powered, aequorin-based

bioluminescent mote could, in principle, serve as a building block for deep-tissue optical in-

terfacing in neural systems. To that end, a new stimulation architecture was based on M13

bacteriophage nanogenerators and ultrasonic energy harvesting. On top of this, a mod-

elling framework was developed to link ultrasonic excitation, piezoelectric transduction,

calcium-induced bioluminescence, and light transport through brain tissue.

Within this framework, the behaviour of the mote was characterized as a function of

geometric and biochemical design parameters, as well as across di”erent aequorin variants.

The analysis revealed clear scaling laws and sensitivities, and demonstrated that arrays

of small motes can help toward having more uniform energy fluence at neuron-scale tar-

gets. Radiative transfer simulations (benchmarked against analytical ballistic solutions)

confirmed that bioluminescent light fields can be predicted in tissue, and that both tissue-

specific optical properties and array geometry a”ect the resulting illumination patterns.

Taken together, these results support the view that ultrasound-driven bioluminescent

motes represent a plausible and potentially powerful direction for minimally invasive op-

togenetic and bio-optical interfaces. At the same time, they highlight the substantial

experimental and engineering work that remains. The contributions of this thesis are

therefore twofold: first, it o”ers a quantitative feasibility study of a specific bio-inspired

illumination strategy; second, it establishes a modular design and modelling framework
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that can be adapted to future bioluminescent systems, energy-harvesting mechanisms, and

tissue environments. It is hoped that this work will serve as a useful foundation for the

development of biocompatible, wirelessly driven optical tools for probing and interacting

with complex biological networks.
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[176] J. T. Koivumäki, T. Korhonen, and P. Tavi, “Impact of sarcoplasmic reticulum calcium release
on calcium dynamics and action potential morphology in human atrial myocytes: A computational
study,” PLoS Computational Biology, vol. 7, no. 1, e1001067, 2011, issn: 15537358. doi: 10.1371/
journal.pcbi.1001067.

[177] S. N. Hatem et al., “Di!erent compartments of sarcoplasmic reticulum participate in the excitation-
contraction coupling process in human atrial myocytes,” Circulation Research, vol. 80, no. 3, pp. 345–
353, 1997, issn: 00097330. doi: 10.1161/01.RES.80.3.345.

[178] H. Motulsky and A. Christopoulos, Fitting Models to Biological Data Using Linear and Non-
linear Regression: A practical guide to curve fitting. Oxford University Press, May 2004, isbn:
9780195171792. doi: 10.1093/oso/9780195171792.001.0001.

[179] D. G. Allen, J. R. Blinks, and F. G. Prendergast, “Aequorin Luminescence: Relation of Light Emis-
sion to Calcium Concentration—A Calcium-Independent Component,” Science, vol. 195, no. 4282,
pp. 996–998, Mar. 1977, issn: 0036-8075. doi: 10.1126/science.841325.

[180] J. D. Rogers, A. J. Radosevich, Ji Yi, and V. Backman, “Modeling Light Scattering in Tissue as
Continuous Random Media Using a Versatile Refractive Index Correlation Function,” IEEE Journal
of Selected Topics in Quantum Electronics, vol. 20, no. 2, pp. 173–186, Mar. 2014, issn: 1077-260X.
doi: 10.1109/JSTQE.2013.2280999.

[181] Heat transfer module user’s guide, COMSOL Multiphysics v6.3, See “Radiation in Absorbing-
Scattering Media (rasm)” section. Accessed 2025-1-15, COMSOL AB, Stockholm, Sweden, 2024.

[182] A. K. Dunn, “Optical properties of neural tissue,” in Optical Imaging of Neocortical Dynamics,
ser. Neuromethods, B. Weber and F. Helmchen, Eds., vol. 85, Springer Science+Business Media
New York, 2014, pp. 33–51. doi: 10.1007/978-1-62703-785-3_3.

[183] S. L. Jacques, “Optical properties of biological tissues: A review,” Physics in Medicine and Biology,
vol. 58, no. 11, R37–R61, May 2013, Topical Review, issn: 0031-9155. doi: 10.1088/0031-9155/
58/11/R37.
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