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ABSTRACT

This thesis explores the development of a compact, optics free and low-cost biosens-
ing platform based on direct on-chip detection of bioluminescence using a comple-
mentary metal-oxide-semiconductor (CMOS) image sensor. This work is motivated
by the need and challenge of combining the high sensitivity of optical biosensing
in laboratories with the simplicity and portability required for point-of-care appli-
cations. More specifically, we calibrated a commercial CMOS camera sensor and
evaluated it as a quantitative detector for low-light measurements by characterizing
its responsivity, linearity, noise floor, and saturation behavior under controlled LED
illumination. In parallel, we expressed, purified and characterized a biolumines-
cent reporter system based on NanoLuc luciferase using UV—Vis spectroscopy and
SDS-PAGE analysis. Lastly, we integrated these two elements into a biosensing de-
vice using accessible methods, including 3D-printed components and a PDMS sample
well positioned directly above the sensor surface area. Baseline experiments demon-
strated successful direct detection of NanoL.uc bioluminescence down to 10nM, using
the CMOS platform, while a microscopy-based setup served as a reference system
for comparison. To improve detection sensitivity under weak-signal conditions be-
low 10 nM, we proposed and demonstrated a signal enhancement approach based on
lock-in amplification using a microfluidic modulation platform in a microscope-based
setup. These findings highlight the potential of modulation-based signal processing

for future highly sensitive and portable optical biosensing applications.



POPULAR SUMMARY

During the COVID-19 pandemic, rapid antigen tests introduced many people to
biosensors, although (knowingly or not) people had already been using biosensors
such as pregnancy tests or smartwatches that monitor heartbeat for years. In fact,
any system that combines a biological recognition element with a transducer that

converts detection into a readable signal is, by definition, a biosensor.

To explain this with the COVID-19 test example, in this case the biological recogni-
tion element is an antibody tagged with a gold nanoparticle, that specifically binds
to molecules from the virus (important note: please do not open a COVID-19 test
trying to retrieve the gold nanoparticles). When enough of these virus - antibody -
gold systems accumulate on the test strip, they form the visible red line indicating
a positive result. Interestingly, gold nanoparticles are not actually gold-colored at
all, but can appear red, blue, or green depending on their size and arrangement (the
bright colors in stained-glass church windows are a centuries-old example of this
effect). Back to the transducer element, which, in this case, is simply the human

eye, that detects and interprets the red line.

The human eye is remarkably sensitive in low-light conditions (and probably the
cheapest detector you can find — it comes for free!). It can usually tell us whether
something is present or not, and sometimes even whether there is “a little” or “a lot”
of it. However, the eye is not truly a quantitative detector. In many medical situ-
ations, doctors care not only about whether a biomarker exists, but also about its
concentration and how it changes over time, since small changes can reveal whether

a disease is progressing or whether a treatment is working.

Today, highly sensitive quantitative biological measurements are already possible
using advanced laboratory techniques such as Polymerase Chain Reaction (PCR)
and fluorescence microscopy. The problem is that these methods often require ex-
pensive equipment, specialized laboratories, and trained personnel. Because of this,
they are usually only used once symptoms become serious enough to justify com-

plex testing. This is not ideal for diseases such as cancer or sepsis, which may begin
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with extremely small biological changes and vague symptoms that initially look no
different from a common cold or simple fatigue. Of course, it would be impossible,
both practically and economically, to send every patient with generic symptoms for
highly specialized laboratory analysis. This creates a gap between highly sensitive
laboratory diagnostics and simple point-of-care tests that can be used quickly and

routinely in everyday healthcare.

This thesis explores a possible middle ground by combining bioluminescence with a
CMOS camera, similar to the ones found in smartphones, to create a simple optical
biosensing platform. In this system, bioluminescence acts as the biological signal
generation mechanism, while the CMOS camera, adapted for low-light detection,

converts light signals into measurable digital information.

Bioluminescence produces light directly through a chemical reaction, similar to how
fireflies glow in nature. Since the light is generated internally, there is no need for
external light sources such as lasers or complicated optical components and align-
ment, making the system potentially simpler, cheaper and more portable, than most
techniques used in laboratories nowadays. To investigate this idea, we expressed a
highly bright bioluminescent protein called NanoLuc and integrated it into a custom-
built sensing platform positioned directly above the CMOS camera (see super cool
Fig. IV.2a). The results of this thesis showed that relatively weak bioluminescent
signals could be detected directly on the sensor. In addition, a proof-of-concept sig-
nal enhancement approach, called lock-in amplification, was explored to investigate

whether sensitivity could be further improved under extremely low-light conditions.

In the long term, systems like this could contribute to portable biosensors capa-
ble of detecting diseases earlier and more routinely outside specialized laboratories.
Beyond medical diagnostics, similar technologies could also find applications in areas
such as food safety and environmental monitoring. Imagine a future where biosen-
sors like these become as integrated into everyday life as pregnancy tests are today.
Making reliable scientific measurements more accessible in everyday life could not
only improve quality of life, but also help strengthen public trust and interest in sci-

ence at a time when misinformation and pseudoscience are increasingly widespread.
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AHMO®IAHY, [IEPINAHVH

Kotd tn dudpxeia tng navonuiog COVID-19, to rapid antigen tests chotnoav oe o)
x60Uo ToUg BroacUnTARES, av XaL OTNV TEUYUATIXOTNTA Ol GVUpWTOL YeNoYLOTOoL0-
Voo Hon Bloaointhpee (Yvoptllovtde to ¥ Oyt), OTwe To TECT EYXUPOoUVNS XL To
smartwatches mou mapaxoloutolyv Tov xoEdLIXS TUAUO, €DK XAl YOVl MTNV TEAY-
HOTIXOTNTO, OTOLOdNTOTE GG TN GUVOUALEL €val BLOAOYXG G TOLYEID avaryVMEIoTG UE
EVOY UETATEOTEN TOU PETUTEETEL TNV BLOAOYIXT] aviyVEUCT) GE EVal VY VWOLIO O

ebvan, €€ oplopoy, évag Proacdnthpas.

[ va e€nyloouye autédy Tov oploud pe éva oxelo Topddetyua, oc éva tTeot COVID-19
70 BlohoY o GTotyElo avory viptong elvon éva avTiomuo Tou o) GUVOEDEUEVO UE VAVOT K-
uatidia ypuool. To avtiowuo déveton e€dpiopo ae pdpto Tou 1l (oNUavTixr onuelwon:
unv avoiéete éva teot COVID-19 mpoomaddvtog var TEeeTe T VAVOSKOUATIOIL Yeuco-
0). Otav UEXETE ATO AUTE TOL GUC TAUATAL LOU — OVTIOWUATOS — VAVOCSKHUATIOU Yeucol
OLCGWEEVTOLY TAVK OTN doxipao Ty Touvio, oy NUaTiCouy T1 YoEAaXTNEIC TIXY XOXXVT
Yoo Tou uTodevUel VeTind amotéheoua. Elvar evolagpépov 6TL tar vavoowpotid
YPUC00 BEV £Y0UV OTNY TEAYUATIXOTNTA Yeuoapl Yeoud, dAAd utopoly va eugaviCo-
VTOL X0V, UTAE 1) Tpdova, avahoyo Ue To U€yevog xou T OLdTol ) Toug (ta évtova
AOYAVO YEWUATO OTA BITEO TV EXXANOLOY ATOTEAOUY EVOL YURAXTNELO TIXO TUEAOELY UL
autol Tou gowvouévou). ‘Ocov agopd To oTolyEld Tou PETATEOTEN, O qUTYH TNV TE-

{mttwon elvat amAdc To avdemTivo UdTL, To oTolo oty VEDEL Xoll EQUNVEVEL TNV HOXXLY
)

Yo,

To avidpdmvo pdtt elvon eviunwotaxd evaiodnto o€ oUVIHXES YUUNAOU PWTIOUOL (Xou
mdoavotata o @OINVoTEROS oLy VELTAC Tou Unopel v Bpet xavelc — épyetar Swpedv!).
Mmopel var pog met oy x4t umdpyel 1 OyL, xou UEPXES (QPOPEC GXOUN XL oy UTAQYEL
‘Myo’ 1 ‘mohl’. QoT600, TO UATL BEV Elvol TEAYUATIXG EVAC TOCOTIXOS VLY VEUTAS. 2E
TOMNES LOTEIXES TIEPLTTAOELS, OL YLUTEOL DEV EVOLAPEPOVTAL UOVO YLoL TO AV UTIHPYEL EVOC
Brodeixtng, ahhd %o Yoo TN CLYXEVTPWOT| TOL Xl TO TS AuUTH ahhdleL ue Tov yEovo,
xododC Uxpéc petaBohéc pmopolv va amoxolldouy av pla actévela eehicoetan 1 ov

wa Yepamelor Aettovpyel.
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Yuepa, e€opeTnd euaiodnTeg TocoTxég Blohoyinég UETPNOELS Elvat 101) BUVATES UECW
TRONYUEVKY EQYUC TNELOXMY TEYVIX®Y, 6Tw¢ To PCR xou 1 uixpooxorio giopiopo. To
TeOBANua efvan 6Tt awTég ot pédodol oLy Ve amantoly axel36 €omAloud, eCELOIXEVUEVY
EQYUC TAPLOL X0l EXTIUOEVUEVO TpoowTixd. Eaitiog autol, cuviiung yenowonowobvto
HOVO OTAY TAL CUUTTOUOTA YEVOUY apxeTd GoPBapd MHOTE VoL BIxaoAoYolY TG0 TOAITAO-
xe¢ e€etdoelg. Autd dev elvon Wbavixd yia acVéveleg OTwe o xopxivog A 1 ohdr, ot omto-
fec umopel var Eextvoly e eCapeTind g BLoloyinég ahhary€g xon aoaQr) GUUTTOUTA
TOU aEYLX& OEV DLAPEEOLY AT EVAL XOWVO XEUOAGYTUX 1| oAl xOTwoT. Puoixd, Yo
ATory adUVATO, TOCO TEAXTIXE OGO XL OXOVOUIXA, Vo amoC TEAETAL Xdde acVeVAC e
YEVIXA GUUTTOUOTOL YLl EEEWOIXEVPEVES EpYaoTNELOXES avalloelc. 'Etot dnulovpyeito
€va xevo avdueoa oTIC eCapeTIXd EValcVNTEC EPYUCTNEIUHES OLOLY VICELS UL OTOL OIS
point-of-care €67 MOU UTOEOUV Vo Yenowonondoly YEYopd Xul CUG TNUIUTIXY OTNV

xadnuEEVOTNTA.

Avuth 1 epyaoio eCepeuvd wia miavr evoduson Aoor, cuvdudlovtog T BloguwTodyelo
ue wa xducpa CMOS, moapduola pe autéc mou Peloxovton ot smartphones, ©ote va
onuovpyNUel evag amhog ontindg Brouointrieag. e autd to choTnua, 1 BlogunTo-
UYeLa ASLTOURYEL WG 0 UNYAVIoHOS TRAY WY TS TOU BLOAOYIX0U GHUATOC, EVE 1) XAUERA,
TEOGUPUOGUEVT Yia aviyVeuoT) Younhol PwTIoUOD, UETUTEETEL TA PWTEWVG CHUNTA OF

UETEHOWES PnpLoxéc TAnpogopies.

H Brogwtadyeio napdyet gpog ameuieiog yeow uLoag ynuixc avtidpaong, TapduoLo ue Tov
TEOTO ToU Adunouv oL Tuyolounidee ot @ior. Epdcov 1o gpug mapdyeton EcwTepd,
OEV amouToLYTOL EEWTEQIXES TNYES PWTOC, OTWC AEWlER 1) TOAUTAOXA OTTIXG EEUPTHUNTA
xou evduypauuicelc, YEYovog mou xadio Té To GUG TN BUVNTXE AmAOUC TEROD, PUTVOTE-
PO XUl TUO POPNTO OE CUYXEIOT| UE TIC TEPLOCOTEREG TEYVIXEG TIOU YENOLIOTOLOUVTOL
ofuepa ota epyaoTipla. o Tov oxond autod, napdoue plar eEaEETIXG QOTEWT Blo@u-
Tyt Tewtelvy, TNV NanoLuc, xot TNV EVOOUUTOOUUE CE Lol ELOLXS XATUOXEVACHEVT)
TAUTQOEUA aviyveuong ToToVETUEVY axEBKOg TEVL amd TNV XGUEQ (ﬁkém IV 2q).
To aroteréopota authc TNg epyaciog €deilay 6Tl oyeTind acVevy| BloguTavyr oyt
uropolcay vo avtyveutoly aneuldeiog méve otov awointrpa. Emmiéov, anodelloue ot
1 TEYVIXN EVIOYUONE OYUITOS, YVWO TH WC AOCK-LV AUTALPICUTIOV, Elval GuUBATH UE TOV
atcUnTAR Hoc, BeATidvovtog tepautépw TV edaicinoia Tou und cuviixeg eoupeTind

YAUUNAOU QWTIOUOD..

Moxpompdieoya, cuoTAuata 6Twe auTtd Vo propoloay Vo GUUBEAOUY GTNV avaTTUE
PoENTGY PlLoatcUNTALMY IXAVMY VoL aVLy VEDOLY ACVEVELES VOPRITERX XOU TILO GUC TNUATL-
%38 exTOC e€edneupévmy epyactnelonv. Tlépa amd Tic ttpinée dlayvaoelg, TopduoLes
teyvohoyleg Vo unopovoay eniong vo Bpouv egoapuoYEc oE TopElc OTwE 0 oINS

EAEY YOS TEOYIULY xau 1 TeptBaiiovTn Toapaxohovinor. PavtacTteite Eva péhhov



omou Booncdnthpec ooy autolc Vo eivon 1600 EVoUATOUEVOL TNy xadnuepwr| {wr
6co elvon ofjugpa o TE0T eyxudooLyne. H ddieon allomoTwyY EMOTNUOVIXGY e-
TeNoEWY GT0 €UPL X0Wo Yo uTopoloE Oyt LOVO va BeATOoeL TNV ottt (whg, ahhd
XL VO EVIOYUOEL TNV EUTLOTOCUVN X0t TO EVOLIPELOY TOU XOWO) TPOS TNV ETC TN,
OE ULoL ETOYT] OTOU 1) TORATANEOPOENCT X0l 1) PELBOETIO THUT ECATAWMVOVTOL ONOEVAL Xl

TEPLOGOTERO.
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I INTRODUCTION

Biosensing, defined as the detection and quantification of biological molecules, plays
a central role in scientific research due to its wide range of applications, including
environmental monitoring, food safety, and clinical diagnostics, all of which con-
tribute to improving everyday life [1]. In particular, rapid, reliable and sensitive
biosensing is central to point-of-care (POC) diagnostics, where timely detection can
significantly impact patient outcomes. Beyond conventional bulk measurements,
highly sensitive detection is also important for studying low-abundance biological
processes and, ultimately, single-molecule events. Such measurements provide access
to stochastic and transient phenomena that are often hidden in ensemble-averaged

high-concentration measurements.

Among existing biosensing approaches, optical techniques are widely used due to
their high sensitivity and versatility. In these systems, a biorecognition event is
translated into a measurable optical signal, such as a change in light intensity, color,
or refractive index [2], [3]. Fluorescence-based methods, in particular, can achieve
extremely low detection limits and are commonly used in laboratory settings. How-
ever, they rely on external excitation sources and complex optical setups, which
increases system cost, size, and operational complexity [4]. On the other hand, sim-
ple optical assays such as colorimetric lateral flow tests are inexpensive and user-
friendly, but lack the sensitivity and quantitative capabilities of laboratory-based

techniques [5].

This creates a gap between high-performance optical biosensing and practical POC
deployment: current systems tend to offer either high sensitivity or high accessibil-
ity, but rarely both. This thesis explores an alternative biosensing approach that
integrates bioluminescent signal generation with CMOS-based detection. In this
framework, light is produced directly through a biochemical reaction, removing the
need for external excitation and simplifying the optical design. In parallel, com-
plementary metal-oxide-semiconductor (CMOS) image sensors provide a scalable,
low-cost, and portable solution for detecting low-light signals. Together, these ele-

ments enable a user-friendly and accessible biosensing platform.



Particular focus was placed on understanding the intrinsic detection limits of the
camera in order to determine the minimum photon levels that could be reliably and
quantitatively measured. Another major objective was to maximize biosensor sensi-
tivity at low analyte concentrations by identifying and employing a bright and stable
bioluminescent system, and subsequently exploring signal enhancement strategies.
At the same time, the work was motivated by the broader goal of developing ap-
proaches compatible with nanophotonic biosensing platforms investigated within the
group. In this context, concepts inspired by fluorescence-based systems, including
waveguiding semiconductor nanowire effects such as directional emission and digital
detection schemes previously demonstrated in fluorescence-based platforms [6], [7],

were considered as longer-term perspectives guiding this work.

The main outcomes of this thesis are as follows. First, we calibrated and evalu-
ated a commercial CMOS camera sensor as a quantitative detector for scientific
measurements, determining a usable dynamic range of approximately one order of
magnitude around 10* photons /pixel under the experimental conditions used in this
work. Second, we expressed and characterized a bioluminescent reporter system
based on the NanoLuc enzymatic reaction. Third, we assembled and evaluated a
complete bioluminescent CMOS-based biosensor platform and established its in-
trinsic detection limits under low-light and low-concentration conditions, achieving
detection down to 10 nM, while at the same time using a separate microscopy-based
reference setup. Finally, we demonstrated a proof-of-principle signal enhancement
method called lock-in amplification method within the microscope setup, that could

be compatible with the portable biosensor as well.

As is often the case in experimental research, the development of this work fol-
lowed a non-linear and exploratory process. To present this clearly, the thesis is
structured into three main chapters, each covering the theoretical and experimental
foundations of a key component of the system. Chapter II focuses on the CMOS
image sensor and its use as a quantitative light detector. Chapter III introduces the
bioluminescent reporter system and its experimental characterization. Chapter IV
presents the integrated sensing approach, including microscopy-based validation and
signal enhancement concepts. Additional supporting investigations are included in
the appendices, including studies of CMOS dark current and spatial resolution, an
estimation of the NanoLuc detection threshold for camera sensitivity, and supple-
mentary results from the signal enhancement, on bioluminescent signal decay. In

the final section, we draw conclusions and discuss future directions.



II CMOS CAMERA-BASED OPTICAL
DETECTION

II.1 INTRODUCTION TO CMOS CAMERAS

Complementary Metal-Oxide-Semiconductor (CMOS) cameras are widely used in
modern imaging systems, from smartphones and drones to medical devices and
space applications [8]. Their popularity stems from their low cost; and low power
consumption, leading to longer battery life, fast readout speed, and compatibility
with standard electronic fabrication processes [9]. Taken together, the widespread
use and low-cost fabrication of CMOS sensors make them well suited as the detector

element for the biosensor in this work.

II.1.1 ANATOMY OF A CMOS SENSOR

The simplest CMOS sensor pixel (3T) consists of a photodiode and three metal-oxide
—semiconductor field-effect transistors (MOSFETS) [10]. This architecture enables
each pixel to independently detect and process optical signals, effectively functioning
as a complete optoelectronic unit. A three-dimensional representation of a CMOS
pixel structure is shown in Fig. II.1a, where additional elements such as a micro-lens,
which directs incoming light onto the photodiode and a color filter (in the case of
color sensors) are included [11]. A complete CMOS sensor comprises an array of
such pixels, typically arranged in a red—green—green—blue (RGGB) Bayer pattern,
as shown in Fig. II.1b. This configuration is optimized for human visual perception,

which is more sensitive to green wavelengths.

Finally, it is important to distinguish between a CMOS sensor and a CMOS camera.
The sensor refers to the pixel array described above, whereas the camera denotes the
complete system in which the sensor is integrated with supporting electronics, such
as a circuit board and interfaces that enable communication with image acquisition

software.
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Figure II.1: (a) Three-dimensional schematic of one fourth of a CMOS pixel [12]
and (b) pixel array of a CMOS color sensor arranged in an RGGB Bayer pattern
[13].

II.1.2 CMOS SENSOR LINEARITY

In the context of a biosensor, the camera must operate as a quantitative detector
of weak optical signals. Such quantitative analysis requires a clear understanding
of the sensor’s response, namely the relationship between the incident photon flux
and the resulting digital output, which would ideally be linear. Since each pixel in
a CMOS sensor functions as an independent detection and readout unit, the overall
conversion process from incident photons to digital values can be described at the

level of an individual pixel, as illustrated in Fig. 11.2.
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Figure 11.2: Schematic illustration of the CMOS pixel workflow, inspired by [14].
Incident photons generate photoelectrons according to the sensor’s quantum effi-
ciency, with additional contributions from dark photoelectrons. The total charge is
integrated, converted to a voltage via the pixel capacitance, amplified via system
gain and digitized by an analog-to-digital converter (ADC) to produce a digital sig-

nal S with associated total variance o>.

When light reaches a CMOS pixel, the efficiency of the light-to-charge conversion

process is described by the quantum efficiency (7)), defined as the fraction of
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incident photons that are converted into collected electrons [15]:

n(\) = x =(1-7) ¢ [1—e (11.1)

This expression reflects the successive stages of photodetection. The term (1 — )
accounts for reflection losses r at the surface, [1 — e*ad] describes the probability
of photon absorption within the semiconductor (with absorption coefficient o and
thickness d), and ¢ represents the collection efficiency, accounting for carrier recom-

bination losses. As a result, quantum efficiency is inherently wavelength-dependent.

Following the photon to electron convection, the accumulated charge is converted
into a voltage, amplified, and finally digitized by an analog-to-digital converter
(ADC). This overall process is assumed to be linear and can be described by a
single parameter, the system gain K [Analogue to Digital Units (ADU)/e”|. The
system gain indicates how many digital units are produced for each detected electron
[14]. The resulting digital signal is represented as a 16-bit value, giving an output

range from 0 - 2'® ADU. The signal can therefore be expressed as:
S = K(Ne —I— Ndark) = Sdark + KNe = K’I’]N,Y (112)

where Ny, represents the mean number of dark photoelectrons and Sg,c = K Ngapk
is the corresponding dark signal. In this context, the responsivity (R) is defined
as [14]:

RO\ = K -5(\) (IL.3)

Thus responsivity represents the effective conversion gain from photons to digital
units (ADU/photon) and can be determined experimentally from the slope of the
linear relationship between camera signal and the incident photon flux. This charac-
teristic serves as the basis for assessing sensor linearity, thereby defining the effective

operational range of the biosensor.

In practice, responsivity is the quantity most commonly specified by the manu-
facturer. In this work, the relative responsivity of the RGB CMOS sensor is shown
in Fig. I1.3, where the three curves correspond to the red, green, and blue channels

of the camera.
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Figure II.3: Relative spectral responsivity of the RGB channels in a CMOS image

sensor, normalized to the maximum response in green across all channels [16].

11.1.3 EXPERIMENTAL EXTRACTION OF CMOS LINEARITY AND
RESPONSIVITY

We experimentally characterized the responsivity of the CMOS sensor by construct-
ing a calibration curve relating the measured pixel signal to the number of incident
photons. Figure II.4 (left part) shows the experimental setup. We illuminated the
sensor with homogeneous LED light and recorded image series at increasing expo-
sure times while keeping all other camera parameters constant. To account for the
wavelength dependence of the sensor response, we used two LED sources with peak

wavelengths of 525 nm (green) and 480 nm (blue).

For each exposure time, we extracted the average pixel signal S in ADU from the
recorded images. We determined the corresponding number of incident photons per
pixel from irradiance measurements performed using a power meter positioned at
the same distance from the LED as the CMOS sensor, as shown in Fig. 11.4 (right
part). We then calculated the photon number per pixel during an exposure time t
using:

Nihotons = —l?c\ Apixar (IL.4)
where [ is the measured irradiance, A the LED wavelength, h Planck’s constant,
c the speed of light, and A the pixel area. For the sensor used in this work,
Apixel = 2 X 2 pm?. The resulting calibration curve of average pixel intensity versus

incident photons determines both the linear operating range of the sensor and its
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slope the responsivity.

Figure 11.4: Left: Homogeneous LED illumination of the CMOS sensor during cal-
ibration measurements. Right: Irradiance measurement setup using a calibrated

power meter.

I1.1.4 LiMITS OF THE LINEAR MODEL (NOISE FLOOR AND SATURATION)

The aforementioned calibration curve is not linear over the full measurement range,
but is instead limited at both low and high photon counts. To begin with, a CMOS
pixel cannot store an unlimited number of photoelectrons. The maximum charge it
can hold is defined by the full well capacity. Once this limit is reached, the pixel
saturates and the output signal no longer linearly increases with incident photons,

thereby setting the upper bound of the sensor’s dynamic range.

At low signal levels, the sensor response is limited by noise contributions, which
define the lower bound of the dynamic range. These noise sources can be broadly
categorized into fundamental (statistical) and device-related (electronic) contribu-
tions [17]. In this work, the noise is first described in terms of the number of detected
photoelectrons N, reflecting the underlying physical processes, and can be converted

to digital units S [ADU] via the system gain.

The most fundamental contribution is photon shot noise (0g,), arising from

the stochastic arrival of photons and following Poisson statistics:
Oaor = VN 0T gy = VS. (I1.5)

A second fundamental source is dark current noise (04, ), caused by thermally

generated charge carriers:

Ndark =D- ta Odark = \/ Ndark Or  Ogark = \V Sdark (IIG)
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The dark current rate D increases with temperature according to:
D o e Po/ 1) (IL.7)

making it particularly relevant for long exposure times [18]. In addition, read
noise (0,.qq) is introduced during charge-to-voltage conversion and digitization. It

is largely signal-independent and can be treated as a constant:
Oread = CONSt (IL.8)

Finally, fixed pattern noise (oppy) arises from pixel-to-pixel variations and scales
with the signal:

OppN = S (I1.9)
where o < 1 [19]. Assuming these contributions are independent, the total noise is
given by:

Ototal = Ochot + Odtark + Oread + ObpN (I.10)
Overall, while photon shot noise sets the fundamental limit, read and dark noise

often dominates in low-light biosensing applications.

Signal Treatment and Noise Mitigation

The recorded pixel value S includes both the desired signal and background con-
tributions (e.g., ambient light) as well as noise. To isolate the relevant signal, a
background image S, is acquired under identical conditions without the signal of

interest. The corrected signal is then:
Seorr = 5 — S (I1.11)

This procedure removes ambient light and the mean dark signal, and reduces fixed
pattern noise. However, stochastic components such as photon shot noise remain.

To ensure statistical significance, a threshold criterion is applied:
Secorr = 30 (I1.12)

where o is the standard deviation determined using ImageJ. This 30 threshold is
commonly used under the assumption of approximately Gaussian noise. It should be
noted that real sensors may exhibit deviations from ideal Gaussian behavior due to
effects such as hot pixels, which can lead to increased false positives or the rejection

of weak signals near the detection limit [20, 21].

[1.2 THE BASLER (DAA3840-45UCc) CAMERA MODEL

This thesis uses a Basler daA3840-45uc color (RGB) camera, which is equipped with
a Sony IMX334 CMOS sensor [16]. The following subsections provide an overview
of the key hardware and software components involved in the image acquisition

process.



11.2.1 HARDWARE CONFIGURATION

The Basler daA3840-45uc camera module is a compact board-level device integrating
a CMOS image sensor, readout electronics, and external interfaces. The module
was originally equipped with an S-mount lens holder, allowing the attachment of
standard S-mount lenses (Fig. I1.5a). For the purposes of this work, the mount was

mechanically removed to enable direct access to the sensor area.

Figure I1.5: Photos of the Basler daA3840-45uc camera module from different per-
spectives. (a) Removed S-mount. (b) Top view showing the sensor and PCB. (c)

Side view showing the USB interface. (d) Bottom view showing the status LED.

Additional views of the camera module are shown in Fig. I1.5b-11.5d. Figure I1.5b
highlights the location of the sensor area together with the surrounding electronics.
The sensor chip is enclosed within a protective package topped with a transparent
cover glass. In the context of this thesis, the presence of this glass is particularly im-
portant, as it introduces a finite distance between the object and the pixels, thereby
affecting the spatial resolution, as discussed in later sections. Figure II.5¢ shows the
external USB 3.0 Micro-B interface, which provides both power delivery and data
communication between the camera and the computer. Finally, Fig. I1.5d reveals
additional electronic components together with a status LED that illuminates when
the device is connected. During low-light measurements, this LED was identified as
a major source of unwanted background illumination and was therefore deactivated

by setting the device indicator mode parameter to inactive.



11.2.2 SOFTWARE CONTROL AND IMAGE ACQUISITION

Image acquisition and camera control were performed using the Basler pylon Soft-
ware Suite [22], which provides both a graphical interface (pylon Viewer) and pro-

grammatic access to camera parameters.

As shown in Fig.I1.6, the interface is divided into several main components: de-
vice selection, image display, and parameter control. The camera is selected from
the list of connected devices, after which acquisition parameters can be configured
in the feature panel. The software enables real-time monitoring of captured images

and provides access to both basic and advanced camera settings. For this work,

File View Camera Tools Workbench —Window Help

CRONOOE® @@ Xgg OH VWLl @ %

Features - All Features - Basic
Basler daA3640-45uc (40606855) @ X
Feature Value
Width 3840 . |
Height 2160 = |
Pixel Format Maona 12
Exposure Tim. 150000 ¥ '

Exposure Auto Off

Gain [68] 00 o |
Gain Auto Off

Balance Whit Off

Enatie Acqu..

Acquisition .. 1000 B |

Figure I1.6: Pylon Viewer software interface. The workbench is shown at the top,
image acquisition parameters are displayed on the left, and the image panel on the

right shows a red laser pointer source.

we operated the camera in a configuration optimized for quantitative measurements
rather than visual image enhancement. In particular, we disabled all automatic im-
age processing features to ensure that the recorded pixel values remained directly
proportional to the detected photon flux. The following parameters were of primary

importance:

o Pixel format: We operated the camera in Monol2 mode to preserve a high
dynamic range and avoid artifacts associated with color interpolation. In
addition, we used a Monol6 format, in which the 12-bit sensor data were
mapped into a 16-bit container to improve compatibility with image-processing

pipelines.

« Exposure time: We operated the camera using manual exposure, as exposure
time constituted the primary control parameter over the acquired signal. For

this camera, we used exposure times ranging from 51 us to 1 s.
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o Gain: We fixed the user-adjustable analog gain at 0 dB (G=1) to avoid
additional signal amplification and preserve a direct proportional relationship
between the detected photoelectrons and the recorded digital signal. The
intrinsic conversion gain K of the CMOS sensor (as defined in Section 11.1.2)
and the associated readout noise contributions remain and are determined by

the sensor architecture itself.

« Gamma correction: We set the gamma correction to 1, corresponding to
the linear case of the power-law transformation I, = I, = I;,, in order to
maintain proportionality between the recorded pixel intensity and the incident
light intensity [23].

I1.3 CMOS REFERENCE MICROSCOPY SYSTEM

This section introduces the optical microscopy setup that we used as a reference
system for comparison with the CMOS camera measurements. For the purposes of
this thesis, we operated the microscope in both brightfield and fluorescence imaging
modes. Optical microscopy relies on lenses and visible light to magnify and resolve
structures that are otherwise invisible to the naked eye. In both imaging modes, the
microscope objective collected light from the sample and projected an image onto a

CCD camera for digital acquisition.

11.3.1 BRIGHTFIELD MODE

Brightfield microscopy is one of the simplest and most widely used optical imaging
techniques. In this mode, the sample is illuminated with broad-spectrum white light.
The light is focused onto the sample by a condenser lens, while the transmitted
light is collected by an objective lens positioned below the sample and guided to
the camera. Regions of the sample that absorb or scatter light appear darker than
the surrounding background, which remains bright, hence the term bright field.
This difference in transmitted intensity produces the image contrast. A simplified

schematic of the brightfield microscopy setup is shown in Figure I1.7a.

11.3.2 FLUORESCENCE MODE

Fluorescence microscopy enables imaging of specific structures within a sample by
detecting light emitted from fluorescent molecules (fluorophores) attached to them.
In this imaging mode, the sample is illuminated with excitation light of a specific
wavelength, typically provided by a laser or LED source. The fluorophores absorb
the excitation light and subsequently emit light at longer wavelengths through the

process of fluorescence. The optical setup includes an excitation filter, a dichroic
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(a)

Figure I1.7: Schematics of optical configurations used for (a) brightfield microscopy

and (b) fluorescence microscopy.

mirror, and an emission filter, which together form the filter cube. The excitation
filter selects the desired illumination wavelength before the light is reflected by the
dichroic mirror toward the sample through the objective lens. The emitted fluores-
cence is then collected by the same objective lens, passes through the dichroic mirror

and emission filter, and is finally detected by the camera.

This filtering arrangement efficiently separates the excitation and emission light,
allowing primarily the fluorescence signal to reach the detector. As a result, fluores-
cence microscopy provides high image contrast and molecular specificity, enabling
selective visualization of labeled structures within complex biological samples. Many
of these structures are typically invisible in conventional brightfield microscopy. A

simplified schematic of the fluorescence microscopy setup is shown in Figure I1.7b.
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II11 BIOLUMINESCENCE

As discussed in the thesis, a biosensor integrates a biological recognition element
with a physical transducer [24]. The previous chapter described the transduction
mechanism, implemented using an optoelectronic CMOS detector. This chapter
focuses on the biological recognition element, which in this work is based on biolu-

minescence.

III.1 INTRODUCTION TO BIOLUMINESCENCE

Bioluminescence is a natural phenomenon observed in a wide range of organisms, in-
cluding bacteria, fungi, insects such as fireflies, and numerous marine species. Some
examples are illustrated in Fig.II[.1. Bioluminescence arises from a biochemical reac-
tion in which a specific light-emitting substrate (luciferin) is oxidized by an enzyme
catalyst (luciferase), resulting in the emission of photons. Luciferins are commonly
used to classify bioluminescent systems, as each luciferase is typically specific to
each organism. The main groups include beetle D-luciferin, marine coelenterazine
(CTZ), and bacterial and fungal luciferins [25].

(b)

Figure III.1: Examples of bioluminescence in nature. (a) The fungus Panellus stip-
ticus [26]. (b) The firefly Photinus pyralis [27].

This naturally occurring process has been widely harnessed for analytical and sens-
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ing applications, particularly in label-free live-cell studies [28]. In such contexts,
bioluminescent systems are adapted into reporter assays, that convert biological ac-
tivity into measurable light signals. Compared to fluorescence, which together with
bioluminescence are the two dominant luminescence-based imaging modalities in

current research, the latter offers several key advantages:

o Low Noise: The light is generated intrinsically by the biochemical reaction,
eliminating the need for external illumination and thereby avoiding excitation-
induced background, scattered light, optical crosstalk, and autofluorescence.
As a result, bioluminescent assays often provide a superior signal-to-noise ratio

in complex biological samples.

o Improved imaging depth: The absence of excitation light is particularly
advantageous for imaging in scattering media such as tissue, where external
illumination in fluorescence microscopy can limit penetration depth and reduce

contrast.

« Non-invasive readout: In many applications, bioluminescence enables mea-
surement without physically perturbing the sample. In addition, the reagents
are generally biocompatible and non-radiative, which makes this approach es-
pecially valuable for longitudinal studies in cells, tissues, and small animal

models.

« Minimal photobleaching: In fluorescence-based systems, the target molecule
is labeled with a fluorophore that gradually loses its ability to emit light under
continuous excitation, typically within minutes due to photobleaching. In con-
trast, bioluminescent systems label the target with a luciferase enzyme rather
than the light-emitting molecule itself. As long as substrate is continuously
supplied, the enzymatic reaction can sustain light emission for several hours,

enabling significantly longer observation times.

Despite these advantages, bioluminescence also has an important limitation. In con-
trast to fluorescence, where continuous external excitation can generate high photon
flux, reaching 10° — 10° photons per second [29], bioluminescent emission is limited
by enzyme kinetics, resulting in photon output that is several orders of magnitude
lower on a per-molecule basis [30]. As a result, the emitted signals are inherently
weaker, which can limit temporal resolution and place stringent requirements on
detection sensitivity, particularly when using standard imaging hardware such as
CMOS sensors. This trade-off between low background and low signal intensity is
central to the design challenges addressed in this work. In particular, the need to
reliably detect weak bioluminescent signals motivates the development of signal en-
hancement strategies and optimized detection approaches, as explored in the next

chapter of this thesis.
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Recent research in bioluminescence has primarily focused on three main directions:
(i) enhancing luciferase brightness and stability through protein engineering [31],
(ii) developing genetically encoded biosensors for monitoring intracellular analytes
and signaling [32], and (iii) extending bioluminescent readouts to imaging platforms
and portable detection systems [33]. This thesis falls within the third category and

employs the engineered luciferase NanoLuc.

III1.2 NANOLuUC LUCIFERASE

NanoLuc luciferase is a small (19 kDa) enzyme derived from the deep-sea shrimp
Oplophorus gracilirostris. It was developed through protein engineering and sub-
strate optimization to provide enhanced temperature and pH stability, extended
signal half-life, and significantly increased luminescence output, up to 150 times
higher than conventional luciferases [34]. More specifically, under saturating sub-
strate conditions, each enzyme molecule can produce on average 8.6 photons per
second [35].

The bioluminescence reaction of interest is the oxidation of the substrate furimazine
under NanoLuc catalysis, producing furimamide, carbon dioxide, and blue light with

a peak emission at 460 nm, as can be seen in Fig. I11.2.
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Figure II1.2: The bioluminescent reaction catalyzed by NanoLuc luciferase with a

real image of the resulting light in solution.

For the purposes of this thesis, the substrate (furimazine) is assumed to be present
in excess throughout the reaction. Under these conditions, the emitted light in-
tensity is primarily governed by the concentration of luciferase, enabling a direct

relationship between enzyme concentration and optical signal output.

In practice, the substrate is commercially available and prepared according to the

manufacturer’s instructions by mixing Nano-Glo® Luciferase Assay Substrate with
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Nano-Glo® Luciferase Assay Buffer at a ratio of 1:50 [36]. In contrast, NanoLuc

luciferase is expressed from scratch in the laboratory.

II11.3 PROTEIN EXPRESSION AND CHARACTERIZATION

This section provides a brief overview of the methodological aspects of protein ex-
pression and handling in the biochemistry laboratory, presented from and for a
physicist’s perspective, with emphasis on the principles relevant to this work rather
than detailed biochemical protocols. The procedures described below follow the spe-
cific laboratory protocols used in this work, which may vary in implementation and
optimization between laboratories, although the underlying methodological princi-

ples are generally common across standard protein expression workflows.

II1.3.1 PROTEIN EXPRESSION IN E. COLI

Protein expression begins with the design of a golden gate plasmid, a small circular
DNA molecule that functions as an instruction set for the bacteria. It carries the
gene of interest together with regulatory elements that control when protein pro-
duction is switched on, as well as a short affinity tag (Hisg) that later allows the

protein to be selectively purified.

This plasmid is introduced into E. coli cells through a process known as heat shock.
The bacteria are first chemically treated to make their membranes more permeable,
and then briefly exposed to elevated temperature. This sudden temperature change
creates a transient opening in the cell membrane, allowing the plasmid DNA to enter
before the membrane reseals. Only a fraction of the cells successfully take up the
plasmid, so the culture is grown in the presence of an antibiotic. Since the plasmid
also carries an antibiotic resistance gene, only the bacteria that have incorporated

the plasmid survive and continue to grow.

The transformed bacteria are then cultivated in a nutrient-rich medium (Lysogeny
Broth), which provides the necessary resources for rapid growth and division. As the
bacterial population increases, each cell replicates the plasmid and therefore retains
the instructions for protein production. At a suitable cell density, expression of the
target protein is induced,by adding IPTG (isopropyl -D-1-thiogalactopyranoside),
which activates the transcriptional machinery encoded on the plasmid. From this
point onward, the bacteria effectively act as microscopic production units, synthe-

sizing large amounts of the desired protein over several hours.

After sufficient expression, the cells are harvested by centrifugation and subsequently
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lysed by sonication to release their intracellular contents. This results in a complex
mixture containing the target protein alongside many other cellular components. To
isolate the protein of interest, immobilized metal affinity chromatography (IMAC)
is used. The Hisg-tag on the protein binds selectively to nickel ions immobilized
on a resin, allowing the target protein to be retained while most other components
are washed away. The protein is then eluted by adding imidazole, which competes

for binding to the nickel sites, thereby releasing the purified protein from the column.

A simplified schematic overview of the protein expression workflow is shown in Fig-

ure II1.3.
=) — @ —
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Figure II1.3: A plasmid containing the NanoLuc gene is first constructed and sub-
sequently transformed into F. coli. The transformed cells are grown in LB plates.
After expression, cells are lysed, yielding a mixture in which cellular debris forms a
pellet at the bottom of an eppendorf tube, while the soluble protein remains in the

supernatant. The target protein is then isolated using IMAC purification.

111.3.2 PROTEIN CONCENTRATION

Protein concentration is determined using NanoDrop UV—Vis spectroscopy. This
technique measures the absorbance of a small-volume sample at 280 nm, where pro-
teins absorb due to aromatic amino acids such as tryptophan and tyrosine [37]. The

concentration is calculated using the Beer—Lambert law:

A=cecl (I11.1)

where A is the measured absorbance (unitless), € is the molar extinction coefficient
(M_1 cm_l), describing how strongly a substance absorbs light at a given wave-
length, ¢ is the molar concentration (M), and [ is the optical path length (cm). So
by measuring absorbance at 280 nm, the protein concentration can be calculated,

when the molar extinction coefficient is known.
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Although protein concentration is commonly expressed in mass units (mg/mL),
molarity (molL_l) is more relevant for biosensing applications, as it reflects the
number of molecules in solution and therefore governs molecular interactions, en-

abling quantitative and comparative analysis.

For completeness, conversion from mass concentration to molarity requires the
molecular weight of the protein, typically given in kilodaltons (kDa), where 1kDa =
1000 g/mol. The relationship is given by:

concentration (mg/ml)

= 10° 111.2
¢ molecular weight (kDa) % ( )

yielding ¢ in mol L™

I11.3.3 PROTEIN SIZE AND PURITY

Protein size and purity were assessed using sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). This technique separates proteins primarily based
on their molecular weight. For this technique, proteins are first treated with the
detergent sodium dodecyl sulfate (SDS), which denatures them and unfolds them
into extended chains. At the same time, SDS binds uniformly along the polypeptide
backbone, imparting a nearly constant negative charge per unit length. As a result,
differences in the native shape and charge of proteins are minimized, and their mi-

gration through the gel depends predominantly on their molecular weight.

1) Load protein sample 2) Apply current 3) Analyze gel

Figure II1.4: Protein samples and ladders are loaded into wells at the top of a poly-
acrylamide gel, and an electric field is applied across the gel. Negatively charged
proteins migrate vertically toward the positive electrode, with smaller proteins mov-
ing faster through the gel matrix. After electrophoresis, the gel is analyzed by visu-

alizing the resulting band pattern.This figure was made in BioRender.com.

The protein samples, along with molecular weight marker ladders, are loaded into a
polyacrylamide gel and an electric field is applied. The negatively charged proteins

migrate toward the positive electrode, with smaller proteins moving more easily
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through the porous gel matrix and therefore traveling faster than larger ones. Al-
though this separation is commonly described in terms of “size,” it is fundamentally
determined by molecular weight (typically reported in kDa). Under these denaturing
conditions, proteins are unfolded and adopt similar shapes, meaning their migration
through the gel depends primarily on molecular mass, which in turn correlates with

their effective size.

After electrophoresis, the proteins are visualized using staining with Coomassie
Blue. The position of the bands is compared to the molecular weight ladder control
to estimate protein size, while the number and intensity of bands provide informa-
tion about sample purity. A schematic of the electrophoresis workflow is shown in
Fig.I11.4.

111.4 BINDING OF LUCIFERASE TO SURFACES

In this thesis, some experiments involve the immobilization of luciferases onto solid
substrates such as nanowires and glass slides. To achieve controlled and specific
binding, an engineered protein system was designed and expressed. The luciferase
construct is fused to a SpyTag3 peptide, while a second protein consisting of bovine
serum albumin (BSA) fused to SpyCatcher3 was expressed separately. The BSA
component forms a coating on the target surface, effectively functionalizing it, while
the SpyTag3—SpyCatcher3 system enables specific and covalent coupling of the lu-
ciferase to the surface. Upon interaction, SpyTag and SpyCatcher spontaneously
form a covalent isopeptide bond, resulting in a stable and irreversible linkage [38].
An improved third-generation variant (SpyTag3/SpyCatcher3) exhibits enhanced
reaction kinetics and performance [39]. This mechanism allows for site-specific im-
mobilization of luciferase while minimizing nonspecific binding. A schematic illus-

tration of the binding mechanism on a glass slide is shown in FiglII.5.

Figure I11.5: Schematic illustration of intended luciferase immobilization on a glass

surface via the SpyTag3—SpyCatcher3 system.

To verify protein expression and assess binding, we performed SDS-PAGE on the
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individually expressed proteins (NanoLuc-SpyTag3 and BSA-SpyCatcher3), along
with a separate lane containing a mixture of the two. If both proteins are functional,
they should bind in solution, producing a band corresponding to the combined
molecular weight of the two constructs. For clarity it is worth noting, that the
schematic depicts the intended mechanism, however in this work the binding system

could not be experimentally demonstrated due to poor BSA-SpyCatcher3 expression.
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IV ENGINEERING THE DEVICE

Having described the two primary components of the biosensor, namely the optical
detection system and the bioluminescent signaling mechanism, this chapter focuses
on their integration into a functional device. Following the device construction, we
evaluate its performance through initial control experiments and the investigation of
signal enhancement techniques. Together, this chapter outlines the transition from
individual components to an operational sensing platform and establishes the foun-

dation for its characterization, performance assessment, and further optimization.

IV.1 DEVICE DESIGN AND FABRICATION

To mechanically integrate the camera chip with the bioluminescent system, we em-
ployed low-cost and easily accessible fabrication methods. The device consists pri-
marily of two custom 3D-printed components. First, we designed a square base
(Fig. IV.1a) to support the camera module from below. This base ensures that the
sensor surface remains level by compensating for the tilt introduced by the USB

interface, thereby improving alignment and measurement consistency.

Second, we fabricated a custom-designed enclosure cap and placed it over the cam-
era chip (Fig. IV.1c). The cap isolates the system from external illumination and
environmental noise. The choice of white material provides partial reflectivity: it
reduces the impact of incoming ambient light while also reflecting a portion of the
emitted bioluminescent signal back toward the sensor. In principle, this slightly

increases the light collection efficiency by broadening the effective acceptance angle.

Finally, we fabricated and positioned a rectangular PDMS well directly on top of
the active sensing area of the camera chip. Polydimethylsiloxane (PDMS) is widely
used in microfluidics and bioanalytical applications due to its optical transparency,
biocompatibility, and ease of fabrication [40]. In this design, the PDMS structure
(Fig. IV.1b) serves a dual purpose. First, it confines liquid samples, preventing
them from spreading onto surrounding electronics and causing damage. Second, its

geometry constrains the shape of the bioluminescent droplet. In the absence of such
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confinement, droplets would naturally form a spherical cap, which can introduce op-
tical lensing effects. This lensing may focus background light and artificially increase
the noise floor. The rectangular geometry mitigates this effect, thereby contributing

to more stable and reliable signal measurements.

(c) 3D printed white cap (d) Full device setup

Figure IV.1: Photographs of individual components of the biosensing device, as well

as the complete assembled system with the cap on top slightly tilted.

The fully assembled device, as used in the experiments, is depicted in Fig. IV.1d.

I1V.2 BASELINE BIOLUMINESCENCE MEASUREMENTS

After assembling the device, we performed baseline bioluminescence experiments
using the NanoLuc luciferase system. Building on the camera calibration measure-
ments described in Section 11.3.1, we mapped the experimentally generated biolu-
minescent signals onto the corresponding photon-count calibration plots in order to
evaluate the intrinsic detection capability of the developed platform prior to intro-

ducing signal enhancement strategies.

We mixed a NanoGlo substrate solution, prepared as described in Section III.2,

with NanoLuc luciferase initially diluted to 1 uM, corresponding to relatively high
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signal conditions compared to typical single-molecule biosensing experiments. We
selected this starting concentration based on the theoretical estimations presented
in Appendix C. We then introduced the resulting bioluminescent solution into the

PDMS well positioned directly above the camera sensor, as depicted in Fig. IV.2a.

Figure IV.2: Real images of control bioluminescence based experiments. (a) camera-
based device with the PDMS well positioned directly above the CMOS sensor. (b)

microscopy-based setup used as a reference detection system.

Once we confirmed signal detection, we progressively reduced the NanoLuc concen-
tration in order to estimate the minimum enzyme concentration capable of producing
a measurable signal. During these measurements, we systematically adjusted the
camera exposure time to optimize signal detection under low-light conditions. In
addition, we applied temporal integration over multiple acquired images to improve

the signal-to-noise ratio.

To provide a reference measurement, we performed the same dilution series and ex-
perimental procedure using the microscopy-based detection setup shown in Fig. IV.2b.
We carried out the measurements in a brightfield configuration with the illumination
source switched off, such that the only detected light originated from biolumines-
cence. These microscopy measurements, enabled a direct comparison between the
performance of the developed camera-integrated biosensor platform and that of a

conventional laboratory imaging system.
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IV.3 SIiGNAL ENHANCEMENT

In highly sensitive biosensing systems, particularly when approaching low concentra-
tion or single-molecule detection regimes, the intrinsic signal generated by the assay
is often comparable to or smaller than the background noise of the detection sys-
tem. As a result, the detector performance alone is often insufficient, and additional
signal enhancement strategies are required to improve sensitivity. A wide range of
enhancement approaches have therefore been developed in optical biosensing. Ex-
amples include enzymatic amplification, where a single target molecule initiates the
production of many detectable products [41], plasmonic enhancement using metal-
lic nanostructures to locally enhance optical fields and increase signal intensity [42]
and post-processing approaches such as wavelet denoising, a mathematical filter for

suppressing stochastic noise contributions in recorded signals [43].

IV.3.1 LOCK-IN AMPLIFICATION THEORY

The signal enhancement approach investigated in this work is based on lock-in ampli-
fication, a post-acquisition signal processing technique widely used in optoelectronics
to extract weak periodic signals from noisy backgrounds [44]. In lock-in amplifica-
tion, the measured time-domain signal s(¢) is analyzed relative to a known reference
modulation frequency by transforming the signal into frequency space using the

Fourier transform:

[e.e]

S(f) = / s(t) eI gt (IV.1)

—00

where s(t) is the signal in the time domain, f is the frequency, and S(f) represents
the spectral content of the signal in frequency space. After Fourier transformation,
signal components oscillating at the reference frequency appear as narrow peaks in
the frequency spectrum, while most noise sources, such as shot noise, thermal noise,
and electronic read noise, remain broadly distributed across frequencies. This fre-
quency selectivity enables weak periodic signals to be distinguished even when they

are difficult to identify directly in the time domain.

This approach is particularly attractive for bioluminescence-based biosensing. In
such systems, the luciferase enzyme can remain present within the field of view,
while light emission only occurs upon introduction of the substrate. By periodically
modulating the substrate delivery, the emitted optical signal can in principle be
switched on and off at a controlled frequency and without photo bleaching, thereby
generating a characteristic spectral signature that can be isolated from background

noise.
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IV.3.2 FREQUENCY ENTRAINING EXPERIMENTAL IMPLEMENTATION

We experimentally investigated the lock-in amplification concept using a microfluidic
device on the microscope platform. Due to challenges associated with immobilizing
luciferase inside the channel within the time frame of this project, we used fluorescein
instead as a model fluorescent system. The microfluidic device consisted of two

outlet and three inlet channels connected to a common imaging region, as shown in

Fig.IV.3.
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Figure IV.3: Left schematic illustration the microfluidic device, consisting of 3 inlets

and 2 outlets. Right real image of the device.
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Figure IV.4: Simulation of microfluidic channels modulation. (a) With red color
PBS flowing through the imaging region, corresponding to the “off” state. (b) With
blue color fluorescein flowing through the imaging region, corresponding to the “on”
state.

We used the top and bottom inlet channels for alternating delivery of phosphate-
buffered saline (PBS), corresponding to the “off” state, and fluorescein solution,
corresponding to the “on” state, as illustrated in Figures IV.4a and IV.4b respec-
tively. We achieved modulation by controlling the relative inlet flow rates, driving
the channel occupying the imaging region at 7 pl/min while maintaining the re-
maining channels, including the third inlet from a previously existing laboratory
design [45], at 1 pL/min to preserve a stable flow profile. We investigated mod-
ulation periods of 200 ms and 500 ms to match the exposure times used in the

bioluminescence experiments described in Section IV.2.
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V RESULTS

V.1 CAMERA CHIP CALIBRATION

In this subsection, we present the main results of the camera chip calibration de-
scribed in Subsection I1.3.1. The calibration curves shown in Fig. V.1 display the
average pixel signal (ADU) as a function of the number of incident photons per
pixel II.4 for green (525 nm) and blue (460 nm) LED illumination. Three charac-
teristic response regimes can be identified in both curves. Although this analysis
provides only an approximate characterization compared to the more complex cali-
bration procedures used by camera manufacturers [46], it nevertheless offers a useful

first-order evaluation of the sensor performance, sufficient for the purposes of this

work.
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Figure V.1: Calibration curves for (a) 525 nm green LED and (b) 480 nm blue LED,

where a linear fit is applied at the regimes indicated by the vertical dashed lines.

Low-signal regime (Noise floor and sensitivity threshold)

At low photon counts, below the lower boundary of the linear regime indicated by

the dashed lines, the measured signal is dominated by noise. For the green LED
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(Fig. V.1a), this transition occurs at approximately 5 x 10° photons/pixel, whereas
for the blue LED (Fig. V.1b) it occurs at approximately 9 x 10° photons/pixel.
These values can therefore be regarded as the effective noise floor of the sensor for
the respective wavelengths, representing the point at which the camera response

deviates from linearity and the measured output becomes unreliable.

The behavior of the two calibration curves differs slightly in this regime. Under
green illumination, the response exhibits a pronounced flattening, indicating that
the recorded signal becomes nearly independent of the incident photon flux. In
contrast, the blue illumination curve continues to decrease, but with strong and in-
creasing deviation from linearity. Despite these differences, both regimes mark the

practical lower detection limit of the camera sensor.

The transition values between the noise-dominated and linear regimes also pro-
vide an estimate of the minimum detectable photon count for low-light imaging
applications. In this thesis, these sensitivity thresholds were used to theoretically
estimate the minimum number of luciferase enzymes per pixel required to generate
a detectable bioluminescent signal during a 150 ms exposure time (see Appendix
C). The lower threshold observed for green illumination indicates slightly higher
sensitivity at this wavelength, although additional measurements would be required

to confirm this behavior quantitatively.

Lastly, according to published characterization data for a CMOS sensor compa-
rable to the one used in this work, the expected noise floor is on the order of
3-10 photons/pixel [46]. The substantially higher values obtained in the present
measurements are primarily attributed to background illumination from the green
indicator LED, which was present during the calibration experiments, as well as
to other limitations of the laboratory setup, including source instability, alignment
inaccuracies, and measurement uncertainties. The effect of the indicator LED is
particularly evident in the green-light calibration, where the response deviates from
linearity and tends to flatten at low signal levels. Since the measurements were
acquired as RGB images and subsequently separated into individual color channels,
the green calibration retains a significant fraction of the background originating
from the green indicator LED. In contrast, the blue-light calibration is less affected
because only the blue channel was analyzed, thereby rejecting much of the green
background contribution. This likely explains the more linear behavior observed in
the blue calibration compared with the green calibration. Furthermore, adopting a
less stringent linearity criterion for the green calibration would likely reduce the es-
timated detection threshold to approximately 10-50 photons, bringing the obtained

values into closer agreement with those reported in the literature for comparable
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CMOS sensors. Nevertheless, the measurements provide a transparent and realistic

first-order characterization of the sensor’s performance.

Linear regime (Responsivity)

In the intermediate region, in between the dashed lines, the sensor exhibits an
approximately linear response. We determined the linear fitting ranges using a
goodness-of-fit criterion. In this approach, the coefficient of determination R* quan-
tifies the degree of linearity, while the relative Root Mean Square Error (RMSE)
measures the deviation magnitude relative to the signal level. By defining accept-
able threshold values for these parameters, we identified the ranges over which the

calibration curve could be considered reliably linear [47].

For blue illumination, the linear fit yields a dynamic range extending from ap-
proximately 9250 to 53650 photons/pixel, with a coefficient of determination of
R* = 0.9953 and a relative RMSE of 2.3%. In comparison, the green illumination fit
produces a linear dynamic range from approximately 4000 to 10778 photons/pixel,
with R? = 0.9432 and a relative RMSE of 6.1%. In both cases, the identified linear
dynamic ranges span less than one order of magnitude in photon flux. Furthermore,
the linearity criterion for the green illumination is comparatively more relaxed, in-

dicating a less strictly linear sensor response in this regime.

The obtained slopes represent the effective conversion from incident photons to
digital units (ADU) and are defined as the responsivity in Section II.1.2. We
measured responsivities of Ryeen = 3.820 ADU /photon for green illumination and
Rye = 0.773 ADU/photon for blue illumination. This corresponds to an experi-

mental responsivity ratio (Rgreen/Rbme) 0f approximately 4.95.

For comparison, the relative responsivity ratio estimated from the manufacturer
spectral response data shown in Fig. I1.3 is approximately 1.28, calculated as the
ratio of the responsivities at 525 nm (0.87) and 460 nm (0.68) extracted from the
spectral response plot. The discrepancy of a factor of 3.9 between the experimental
and theoretical ratios is again likely a consequence of the non-ideal experimental con-
ditions discussed previously. Additional uncertainty is introduced by the estimation
of the manufacturer responsivity values, which were obtained by manually extract-
ing data points from the published spectral response curve using visual inspection

and ruler measurements.
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High-signal regime (Saturation and Full Well Capacity)

At high photon counts, both curves exhibit a clear deviation from linearity and
eventually saturate. The onset of saturation occurs at approximately ~ 4.3 x 10?
photons/pixel for green illumination and ~ 4.8 x 10" photons/pixel for blue illu-
mination. These values can be interpreted as estimates of the effective full well
capacity in units of incident photons. The earlier saturation observed for green light
is consistent with its higher responsivity, as the pixel reaches its maximum digital

output at a lower photon count.

Overall Discussion

Overall, in the context of biosensing, a wide linear dynamic range, such as that
observed for the blue illumination, is advantageous because it enables the detec-
tion of biomarker concentrations spanning multiple orders of magnitude without
requiring additional adjustments, such as changes in exposure time. However, for
ultra-low-light biosensing applications, the most critical parameter remains the sen-
sitivity threshold, as it determines the minimum detectable signal and therefore
limits performance in extremely low-concentration regimes potentially approaching
single-molecule detection. For applications involving higher biomarker concentra-
tions, which are beyond the scope of this thesis, the situation is partially reversed.
In such cases, high responsivity, although beneficial for low-light detection, can also
lead to earlier signal saturation, thereby reducing the ability to accurately measure

high photon fluxes.

V.2 EXPRESSED PROTEINS CHARACTERIZATION

This subsection presents the results of the characterization of proteins expressed in

the laboratory, as described in Chapter III: Bioluminescence.

V.2.1 CONCENTRATION

The parameters used for protein concentration calculations described in Section
II1.3.2, along with the resulting concentrations of NanoLuc—SpyTag3 and BSA—
SpyCatcher3 in micromolar units, are summarized in Table V.1. The NanoDrop
instrument directly provides the absorbance and the optical path length. The molar
extinction coefficient is obtained from the ExPASy database [48] by inputting the

corresponding protein sequence, assuming the buffer is known.
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Absorb
Name Buffer sorbance 1 ¢ (M 'em™) | I (cm) | ¢ (uM)
(280 nm)
NanoLuc-SpyTag3 | PBS 0.746 28420 1 ~ 26
BSA-SpyCatcher3 | PBS 0.627 61375 1 ~ 10

Table V.1: Protein concentration measurements obtained using NanoDrop UV-Vis
spectroscopy. Extinction coefficients were calculated using ExPASy based on the

protein sequences.

NanoLuc—SpyTag3 shows higher expression than BSA-SpyCatcher3, although both
appear to be within the same order of magnitude based on the absorbance measure-
ments, as expected from the use of a common expression protocol. It is important
to note, however, that these concentrations are derived from A280 measurements,
which assume sample purity. Since the NanoDrop does not distinguish between dif-
ferent absorbing species, the reported concentration for BSA-SpyCatcher3 is likely
overestimated due to the presence of impurities. Thus, the SDS-PAGE gel results
described in the following subsection provide a more reliable indicator of expression

success.

It is furthermore worth noting, that in the case of NanoLuc, expression can also
be directly verified by the addition of its substrate and the resulting luminescence
signal. In contrast, BSA—SpyCatcher3 lacks a direct functional readout, and its ex-
pression must therefore be assessed indirectly, for example by evaluating its binding
capability in solution, as reflected in the SDS-PAGE results presented in the next

subsection.

V.2.2 PROTEIN SIZE AND PURITY

The SDS-PAGE gel described in Section II1.3.3, contains five channels, of which
channels 1 (CH1), 3 (CH3), and 5 (CH5) are relevant for the purposes of this the-
sis. Channel 1 contains a mixture of equal concentrations of BSA-SpyCatcher3
and NanoLuc-SpyTag3, channel 3 contains NanoLuc-SpyTag3 alone and channel 5
contains BSA-SpyCatcher3 alone. As shown in Fig. V.2, a clear band appears in
channels 1 and 3 at approximately 23 kDa, consistent with the expected molec-
ular weight of NanoLuc-SpyTag3 (19 kDa for NanoLuc plus 4 kDa for linker
+ SpyTag3 + His6). The band is more intense in channel 3, which contains
only NanoLuc-SpyTag3, while its lower intensity in channel 1 reflects the dilu-
tion. The absence of a band corresponding to the combined molecular weight of
NanoLuc-SpyTag3 and BSA-SpyCatcher3 ( 100 kDa) indicates that formation of
the conjugate is not observed under these conditions. However, given the lack of

a clear band for BSA-SpyCatcher3 in channel 5, this result cannot be attributed
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Figure V.2: SDS-PAGE gel showing the molecular weight ladder on one edge and
five separate channels separated by black lines. The measured molecular mass of the
successfully expressed NanoLuc luciferase is indicated in orange at approximately
23 kDa.

to inefficient binding alone, as the target protein may not have been successfully

expressed or is present only at low purity.

A faint band at a similar molecular weight is also visible in channel 5, where NanoLuc
is not expected, and is therefore likely due to background noise or nonspecific impu-
rities rather than true NanoLuc contamination. Moreover, channel 5 lacks a distinct
band at the expected size of BSA-SpyCatcher3 ( 79 kDa). Instead, multiple weak
bands are observed, including faint signals around 60-70 kDa that may correspond
to the target protein. Their low intensity suggests poor expression and/or partial

degradation, consistent with the overall low purity of the sample.

Overall Discussion

Overall, only NanoLuc—SpyTag3 appears to be consistently and purely expressed.
In contrast, BSA-SpyCatcher3 shows low expression and poor purity, and its con-
centration cannot be reliably determined from UV-Vis measurements due to sig-
nificant sample contamination. Consequently, the binding interaction cannot be
reliably assessed under these conditions, as insufficient expression and purity of
BSA-SpyCatcher3 prevent a meaningful evaluation. It is also worth noting that
binding behavior may differ between solution and surface-bound conditions, inter-

actions observed in one environment may not directly translate to the other.
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V.3 BASELINE BIOLUMINESCENCE MEASUREMENTS

In this section, we present the results of the baseline bioluminescence measurements,
as described in Subsection IV.3. For all experiments, we acquired a negative control
image of a sample containing NanoGlo substrate solution without luciferase. We
used this measurement to account for both the intrinsic camera dark noise and
any measurable auto-luminescence background signal originating from the substrate
solution itself. During image processing and signal analysis, we subsequently used

these images for background subtraction.

V.3.1 CMOS CAMERA CHIP DETECTION

In Figure V.3 we present representative bioluminescence measurements acquired
at distinct NanoLuc concentrations with the CMOS-integrated platform. Using
the previously established 460 nm calibration curve, we correlated the measured
signal intensities with the corresponding estimated photon flux per pixel reaching
the CMOS sensor.

1M Concentration Point

The initial NanoLuc concentration of 1 nM, shown in Fig. V.3a, produced a strong
baseline bioluminescent signal of 31481 ADU using a single 150 ms acquisition.
This result is somewhat comparable with the theoretical estimations presented in
Appendix C, where concentrations on the order of several hundred nanomolar were
predicted to approach the CMOS sensor detection threshold.

100nM Concentration Point

Reducing the NanoLuc concentration to 100 nM and accumulating five sequential
150 ms images resulted in a comparable signal intensity of 37232 ADU, as shown
in Fig. V.3b. Under ideal linear scaling conditions, approximately ten accumulated
frames would have been required to reproduce the signal obtained at 1 uM. The
observed deviation suggests that the 1 1M condition had already entered a substrate-
limited regime, leading to partial depletion of the NanoGlo substrate and a reduced

sustained photon emission during acquisition.

10nM Concentration Point

Further reduction of the NanoLuc concentration to 10 nM required accumulation of
fifteen sequential 150 ms images to produce a measurable signal of 36484 ADU, as
presented in Fig. V.3c. The resulting signal intensity approached that obtained for

the 100 nM condition despite one order of magnitude lower enzyme concentration,
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Figure V.3: Baseline bioluminescence measurements acquired using the CMOS
camera-integrated platform. (a) Single 150 ms acquisition at 1 pM NanoLuc concen-
tration (red point). (b) 100 nM NanoLuc measurement obtained through accumu-
lation of 5 sequential 150 ms images (green point), showing comparable signal levels
to the 1 pM condition in (a). (c¢) 10 nM NanoLuc measurement obtained through
accumulation of 15 sequential 150 ms images (cyan point), illustrating continued

signal detection at lower concentrations through temporal integration.

further indicating the onset of substrate-limited behavior at higher concentrations.
In contrast to the 100 nM and 1 pM measurements, no significant signal decay
was observed between consecutive acquisitions at 10 nM, suggesting that substrate

depletion effects were substantially reduced in this concentration regime.
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V.3.2 MICROSCOPE DETECTION

To provide a laboratory-reference measurement, we characterized the same NanoLuc
dilution series using a conventional microscopy-based imaging system. Although no
dedicated calibration curve was available for the microscopy setup, we assume the
detector response to be approximately linear above the negative-control background
level. The resulting measurements, shown in Fig. V.4, are plotted as signal intensity

(ADU) versus NanoLuc molar concentration.

Imaging Conditions: 1 x 100ms

1600 [

1400 [

& Conentration Points
— =Negative Control Background

1200 |

1000 |

S[ADU]
o]
8

600

400 |

200

10 nM 100 1M oy

Molar Concentration [M]
Figure V.4: Bioluminescent signal intensity measured using the microscopy-based
detection setup as a function of NanoLuc concentration for a fixed exposure time of
100 ms. The red dashed line indicates the negative control background signal from
the substrate.

In contrast to the CMOS-integrated platform, the microscope enabled direct detec-
tion of multiple NanoLuc concentrations using a single 100 ms acquisition without
temporal frame accumulation, demonstrating a wider linear detection range and
higher sensitivity under comparable conditions. In principle, the system should re-
solve approximately three orders of magnitude in concentration within the available
16-bit dynamic range above background level, however, the experiment reliably dis-
tinguished only two decades (1 pM and 100 nM). This limitation is likely caused by
elevated background contributions from ambient light reaching the substrate from
the underside of the microscope sample holder. Furthermore, the measured signals,
namely 1503 ADU for 1 pM and 309 ADU for 100 nM, deviated from linear scaling,
indicating substrate depletion effects similar to those seen in the CMOS-based mea-
surements. Lastly, it is worth mentioning that despite operating with 16-bit image
acquisition, the measured signal intensities remained relatively low even for longer

exposure times tested but not presented here.
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Overall Discussion

Overall, the presented results demonstrate that the CMOS-integrated platform was
capable of detecting NanoLuc bioluminescence down to the 10 nM concentration
range through temporal frame accumulation, while the microscopy-based setup re-
liably resolved concentrations down to 100 nM under the experimental conditions
used here. Although the microscope provided higher sensitivity and a broader lin-
ear response range for single acquisitions, the CMOS platform achieved competitive
low-concentration detection performance despite its significantly simpler and more
compact architecture. This comparison would likely change in experiments where
NanoLuc is immobilized on a surface, since the emitted signal would originate pri-
marily from a confined two-dimensional region more closely matched to the focal

plane of the microscope objective.

The theoretical estimation presented in Appendix C predicted that approximately
500 nM NanoLuc concentration would be required to reach the CMOS detection
threshold of 15000 ADU for a single 150 ms acquisition. A fair comparison with
the experimental measurements is obtained using the 10 nM condition, since this
was the only concentration for which no measurable signal decay was observed dur-
ing repeated acquisitions, consistent with the constant-emission assumption used in
the theoretical model. The 10 nM measurement was obtained through accumula-
tion of fifteen sequential 150 ms frames, corresponding to a total integration time
of 2.25 s. Scaling the Appendix C model to the same effective integration time re-
duces the predicted threshold concentration from 500 nM to approximately 33.3 nM.
Conversely, assuming approximate linear scaling in the experimentally observed low-
concentration regime, the measured 10 nM signal of 36484 ADU corresponds to an
estimated detection threshold concentration of approximately 4.1 nM at 15000 ADU.
The remaining discrepancy of approximately one order of magnitude is considered

reasonable given the simplifying assumptions of the theoretical model.

Several factors likely contribute to this deviation. First, the theoretical model as-
sumes that each pixel receives photons only from a narrow column of solution directly
above the sensor surface. In practice, photons emitted from a broader conical volume
of the droplet can contribute to the measured signal through multiple propagation
angles and scattering pathways, increasing the effective photon collection efficiency.
Second, the calculations assume fully active and pure NanoLuc enzyme at the nom-
inal concentration, whereas the effective active concentration following expression
and sample preparation may differ. Finally, the assumed average photon emission
rate of 8.6 photons per enzyme per second represents an approximate literature-
based estimate and may vary under the experimental assay conditions used in this

work.
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Deviations from ideal linear concentration scaling were observed in both the CMOS
and microscope measurements at higher NanoLuc concentrations. The primary
interpretation is that substrate depletion contributed to the observed non-linear
response, particularly for the 1 pM and 100 nM conditions where progressive sig-
nal decay was observed during repeated acquisitions. Independent support for this
interpretation is provided by the signal decay plot in Appendix D, where a clear
temporal signal decay was observed for NanoLuc concentrations of 1 pM. Neverthe-
less, additional factors may also contribute to the measured non-linearity, including
sensor response non-linearity near the upper operating range, elevated background

contributions, and accumulated read and dark noise during frame integration.

If anything, these findings highlight the potential of direct CMOS-based biolumines-
cence detection as a compact and cost-effective alternative for sensitive biochemical

imaging applications.

V.4 SIGNAL ENHANCEMENT

In this section, we present the results of the lock-in amplification experiments de-
scribed in Subsection IV.3.1. We investigated two different modulation periodicities,
namely 200,ms and 500,ms. For each case, we analyzed the recorded signal in both
the time and frequency domains to evaluate the effectiveness of the lock-in am-
plification technique in isolating weak periodic signals from the background. We
conducted both experiments over a total acquisition time of 90s with a frame rate
of 100ms.
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Figure V.5: Results acquired with the microscope for the 200 ms modulation peri-

odicity: (a) signal in the time domain and (b) signal in the frequency domain.

Figure V.5(a) shows the temporal evolution of the signal for the 200 ms modulation
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periodicity. The measured intensity oscillates between an “on” state of approxi-
mately 107.5 and an “off” state of approximately 105.5, while the background level
remains close to 102. Although a periodic modulation can be observed, the signal
contrast relative to the background is relatively small and would normally be con-

sidered difficult to distinguish using direct observation alone.

An additional observation is that the signal does not fully return to the background
level during the “off” state. This behavior can be quantified through the residual
signal ratio:

Iof‘f - Ibg

R=—"-"5=0.64 1
[on_lbg 0 <V )

where I,,, I,¢, and I, correspond to the intensities of the on-state, off-state, and
background, respectively. The 64% residual intensity suggests that the system does
not have sufficient time to completely relax back to the background level before the

next excitation cycle begins.

Figure V.5(b) presents the corresponding frequency-domain representation obtained
through Fourier analysis. For a modulation periodicity of 200 ms, the expected ref-

erence frequency is:

1

A clear spectral peak is observed at 5Hz, confirming the presence of the modu-
lated signal. In addition, a second weaker peak appears at 10 Hz, corresponding to
the second harmonic of the fundamental frequency. The appearance of harmonics
is expected because the modulation waveform is not perfectly sinusoidal. Rough
transitions between the on and off states introduce higher-frequency components
into the Fourier spectrum, leading to harmonic peaks at integer multiples of the
fundamental frequency.

Figure V.6(a) shows the temporal response for the 500 ms modulation periodicity. In
this case, the signal oscillates between an on-state intensity of approximately 107 and
an off-state intensity close to 102.8, which is significantly closer to the background
level. Compared to the 200 ms experiment, the longer modulation period allows the
system additional time to relax during the off-state, resulting in improved signal
separation between the active and inactive phases. This is confirmed and quantified

with the residual ratio:
Ioff - ]bg

R =
[on - ]bg

=0.16 (V.3)

The corresponding frequency-domain spectrum is shown in Fig. V.6(b). For a mod-

ulation periodicity of 500 ms, the expected reference frequency is
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Figure V.6: Results acquired with the microscope for the 500 ms modulation peri-

odicity: (a) signal in the time domain and (b) signal in the frequency domain.
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A dominant spectral peak is observed at 2 Hz, together with additional harmonic
peaks at 4Hz, 6 Hz, 8 Hz, 10 Hz, and 12 Hz.

Overall Discussion

Overall, the results demonstrate the effectiveness of lock-in amplification in detect-
ing weak periodic signals embedded within an approximately random white-noise
background, even when the modulation is not perfectly sinusoidal. In both exper-
iments, distinct spectral peaks are observed at the expected reference frequencies
together with higher-order harmonics originating from the abrupt switching behav-
ior of the modulation signal. Furthermore, no significant differences in the overall
effectiveness of the method are observed between the 200 ms and 500 ms modulation

periodicities, highlighting the robustness of the signal enhancement technique.
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VI CONCLUSIONS AND FUTURE As-
PECTS

In this thesis, we demonstrated that a low-cost CMOS camera can be used as a
biosensing detector for bioluminescent measurements despite its limited dynamic
range and sensitivity (minimum 9000 photons/pixel). By combining longer expo-
sure times with temporal signal interpolation and post-processing methods, weak
bioluminescent signals could be successfully detected and quantitatively analyzed,

when the sensor is properly characterized.

Unlike calibrated microscope systems, the CMOS detector used in this work re-
quired substantial characterization before reliable quantitative measurements could
be performed. In the absence of dedicated optics, ambient light strongly influ-
enced the measured signal. In addition both electronic read noise and several
software-controlled parameters affected the digital output in non-transparent ways.
As demonstrated throughout this thesis, achieving reliable bioluminescent measure-
ments therefore depended not only on signal processing, but also on understanding
the behavior and limitations of the sensor itself. In this sense, the complete charac-
terization of a single CMOS detector could itself constitute an extensive independent

research project.

Aside from the CMOS investigation, we also developed a bioluminescent probe. Ex-
ploring bioluminescence itself proved to be a particularly engaging journey, especially
in the context of protein expression and characterization. While bioluminescence is
traditionally used in biomedical imaging and reporter systems for living cells and
organisms, this thesis demonstrates its potential in a more unconventional sensing
application. The presented approach opens a pathway toward simpler and lower-cost
bioluminescence-based detection platforms while preserving key advantages such as
low background noise, high specificity (defined as the ability of a biosensor to se-
lectively respond to the target analyte while minimizing responses to structurally
similar or non-target species) and the absence of photobleaching. It is important

to note, however, that establishing luciferase-catalyzed systems as reliable photon
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sources for optical biosensing requires further study and optimization, particularly
regarding signal stability, as performance can depend on factors such as protein ex-

pression levels and the age of the system.

Finally, this work highlights that optics-free point-of-care optical biosensing de-
vices can operate within two practical detection regimes. Above a device-dependent
signal threshold (10 nM in the system presented here), reliable detection can be
achieved through optimized acquisition strategies such as longer exposure times and
temporal interpolation. Below this regime, intrinsic sensor limitations become in-
creasingly significant, making signal enhancement strategies necessary for robust
detection. In this context, this thesis also proposes an unconventional application
of lock-in amplification, a technique commonly used in optoelectronics, for biolumi-
nescent biosensing. Demonstrated here as a proof of concept in a microscope-based
setup, this approach is particularly well suited to bioluminescence due to its low
background noise and the absence of excitation light, advantages that are less ac-

cessible in fluorescence-based systems.

Future Aspects

As is often the case in scientific research, the deeper one investigates a subject,
the more new questions and possibilities emerge. Throughout this thesis, several
promising future research directions became apparent, many of which overlap like a

Venn diagram within a broader biosensing and bioluminescence framework.

The first direction within diagnostic applications involves developing biomarker de-
tection systems based on bioluminescent reporter assays, enabling true analyte-
dependent biosensing rather than signals primarily scaling with luciferase concen-
tration alone, as in this work. In particular, split-luciferase assay systems represent

a promising platform for highly specific molecular sensing applications [49].

The second direction extends beyond simple detection toward the study of dynamic
biological and biophysical processes requiring spatial information. Since biolumines-
cence avoids photobleaching, can theoretically remain bright for 1-2 hours [34], it
is particularly attractive for long-term and real-time monitoring applications. One
proposed approach was the localization of bioluminescent reporters on nanowires
to provide spatially resolved information. Before such a system can be realized, an
important open question remains: can nanowires enhance bioluminescent signals at
all? This could not be conclusively answered here, as the intended binding sys-
tem was unsuccessful. Initial experiments with bioluminescence in solution VI.1a
showed no clear evidence of signal pickup or waveguiding by the nanowires in the

line intesity profile taken half on nanowires and half on background solution VI.1b.
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Furthermore, the CMOS sensor used in this work lacked the spatial resolution re-

g

Gray Value
g

I
40
Distance (microns)

Figure VI.1: (a)Nanowires immersed in a bioluminescent solution during in Bf mi-
croscope and phone acquired image (top right)(b) Measured line-profile intensity,
with BF lamp off, comparing nanowire regions and the surrounding bioluminescent

background solution.

quired to resolve individual nanowires, as can be seen in Appendix B. Nevertheless,
one could envision a future architecture in which nanowires are grown directly on

top of individual CMOS pixels, enabling near-field and directional light collection.

The third direction focuses on on-chip signal enhancement strategies, particularly
the implementation of lock-in amplification directly on the sensor. Rather than op-
erating in the time domain, this approach could use spatial periodicity and frequency
analysis in reciprocal space (k-space). Periodically spaced bioluminescent emitters
could enable single-image acquisition, simplifying and accelerating detection. The
proposed spatial scales are motivated by analogy with the temporal modulation ex-
periments, where a modulation period of 200 ms was selected to match the typical
image acquisition time of the camera, ensuring that the signal remained effectively
constant during a single exposure. Similarly, in the spatial domain, the periodicity
should be sufficiently large to be resolved by the imaging system while still allow-
ing a large number of repeated cycles within the field of view to generate a distinct
frequency-domain peak. As demonstrated for temporal modulation, the required pe-
riodicity could remain relatively large (mm scale), reducing fabrication complexity.
However, generating a sufficiently strong frequency-domain peak would still require
many periodic cycles (~100), leading to practical space constraints. Possible solu-

tions include exploiting periodic nanowire arrays (~2.5 pm spacing) or deterministic
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lateral displacement (DLD) arrays with spacings of 20-100 pm, which are already

available in our laboratory infrastructure.

Together, these future directions suggest that low-cost CMOS-based biolumines-
cence detection systems may evolve beyond proof-of-concept demonstrations into
versatile platforms for biological sensing, quantitative analysis, and dynamic imag-

ing applications.
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A  DARK CURRENT INVESTIGATION

A supplementary investigation evaluated whether rapid CMOS sensor self-heating
during operation could introduce significant temperature-dependent dark current
during low-light measurements. To investigate this effect, the sensor temperature
was monitored using an infrared (IR) camera while dark frames were simultaneously
acquired. The average chip temperature was extracted from a region of interest

centered on the sensor using an assumed emissivity of € = 0.95, as seen in Fig.A.la.
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Figure A.1: (a) CMOS sensor temperature as a function of time after powering the
device, with attached image of the IR camera used. (b) Measured dark signal as a

function of sensor temperature.

As shown in Fig. A.1b, the sensor temperature increased from approximately 26°C
to 70°C within about 10 minutes of operation. However, the measured dark signal
remained approximately constant at ~ 1750 ADU over the investigated tempera-
ture range, as shown in Fig. A.1b. The absence of a clear temperature dependence
suggests that the measured signal was dominated primarily by a fixed electronic
offset and readout noise rather than thermally generated dark current. Neverthe-
less, a weak temperature-dependent contribution cannot be excluded due to the
relatively large measurement scatter and the lack of full thermal equilibrium during
acquisition, as recommended by the EMVA 1288 standard [14].
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B SMALLEST DETECTABLE FEATURE
INVESTIGATION

A supplementary experiment was performed to estimate the minimum detectable
feature size of the bare CMOS imaging configuration. This investigation was moti-
vated by the proposed use of nanowires as a signal-enhancement strategy, raising the
question of whether individual nanowires with diameters of approximately 30 nm
could be resolved by the CMOS sensor, and more generally, what the smallest de-
tectable feature size of the system would be. To investigate this, bead suspensions
containing particles of different diameters were deposited directly onto the CMOS
sensor and imaged without additional optics. For comparison, the same samples

were also imaged using a conventional microscope.

1000 pm

= - FLY

'

(a) (b)
Figure B.1: Images of nickel (Ni) beads with an average diameter of approximately

120 pm acquired using (a) the bare CMOS sensor and (b) a microscope with 20x

magnification.

Among the tested samples, only the nickel beads with a diameter of approximately
120 pm produced a clearly detectable signal using the CMOS sensor. As shown in
Fig. B.1a, the CMOS image appears blurred due to the absence of imaging optics,
whereas the microscope image in Fig. B.1b resolves the bead structures with sig-

nificantly higher sharpness and contrast. To quantify detectability, a line intensity
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profile was extracted across a representative nickel bead from the CMOS image, as
shown in Fig. B.2. The profile exhibits a clear intensity decrease relative to the
surrounding background, corresponding to an estimated contrast of approximately
56%.
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Figure B.2: Line intensity profile extracted across a representative nickel bead in
the CMOS image shown in Fig. B.1a.

These results indicate that, under the investigated conditions, features on the or-
der of 120 pm represented the smallest structures that could be robustly detected
using the bare CMOS sensor configuration, while smaller beads did not produce

distinguishable contrast above the background noise level.
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C NAaANoLuc DETECTION THRESHOLD

Here we estimate the minimum NanoLuc luciferase concentration required for de-
tection based on the camera sensitivity threshold. The camera sensitivity at 460
nm is approximately 9-10° photons /pixel from results section V.1. Additionally, we
know from the theory section Section III.2 that each NanoLuc enzyme produces ap-
proximately 10 photons/second. So for a standard 150 ms standard single exposure

image, one would need:

sensitivity threshold per pixel
N = Y P p — 6-10°NanoLuc enzymes/pixel
photons per second per enzyme - time exposure

Now to estimate the molar concentration to which this corresponds, we assume
that each pixel integrates photons originating from a liquid volume directly above
it Fig.C.1. The pixel size is approximately 2x2um? and the effective liquid height is
assumed to be bmm, which corresponds to the typical imaging liquid volumes used

in this work. So the end molar concetration is:

C = N = 500nM

Avogadro’s number - collection volume

This estimate suggests that a droplet containing NanoLuc at concentrations on the
order of 500nM in the presence of furimazine substrate should produce sufficient
bioluminescence to be detected by the camera under the imaging conditions used in
this thesis.

Figure C.1: Schematic illustration of a bioluminescent liquid droplet positioned
above the CMOS pixel array. The dashed lines above one pixel indicate the effective

detection volume from which emitted photons are collected into that pixel.
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D BIOLUMINESCENT SIGNAL DECAY

Although the luciferase did not successfully bind inside the microfluidic channel
during the signal enhancement experiments as originally intended, a measurable
amount of protein remained trapped near the inlet region of the device. This can
be clearly observed in Fig. D.1(c), where the substrate emission appears localized at
the inlet while no significant signal is detected along the channel itself. Despite this
limitation, the emitted bioluminescent signal was sufficiently strong to be imaged
using the microscope system, as shown in Fig. D.1(a).

The recorded signal was further analyzed over a period of 90s in order to evalu-
ate its temporal stability. Figure D.1(b) presents the evolution of the mean signal
intensity as a function of time together with the corresponding background level
indicated by the red dashed line. A clear decay in the bioluminescent intensity is
observed throughout the measurement duration, indicating the gradual depletion or
deactivation of the luciferase-substrate reaction under the experimental conditions

used in this work.

It should be noted that the decay dynamics are highly sensitive to several experi-
mental parameters, including the luciferase-to-substrate concentration ratio, protein
expression quality and purity, sample age, and environmental conditions. Neverthe-
less, this type of measurement provides a useful first-order characterization method
for luciferase-based systems. In particular, monitoring the signal decay over time of-
fers a quantitative approach for evaluating experimental conditions and establishing

reproducible protocols for future measurements involving bioluminescent proteins.
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Figure D.1: (a) Microscope image of the measured signal ROIL. (b) Mean signal
intensity as a function of time over a 90s acquisition period together with the back-
ground level (red dashed line). (c) Bioluminescent emission localized at the inlet

region of the microfluidic device..
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