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Abstract

Monitoring circulating cells is crucial for assessing cancer metastasis and evaluating the e�-
cacy of chimeric antigen receptor (CAR) T-cell therapies. Traditional blood-draw methods
face challenges such as discontinuous monitoring and potential cell degradation, leading to
inaccurate estimations. In vivo 
ow cytometry (IVFC), which measures real-time cellular
response to laser illumination such as 
uorescence, presents a viable alternative. However,
its application in humans has been limited by the bulky design of existing devices and
con�gurations unsuitable for larger organisms. This thesis introduces a novel, wearable 
u-
orescence IVFC device tailored for human use, featuring a compact laser diode and silicon
photomultiplier (SiPM) to enhance portability and functionality. The device includes a
specialized optical system similar to a 
uorescent microscope, which optimizes the signal-
to-noise ratio by maximizing cellular 
uorescence and minimizing background interference.
Experimental determination of the limit of detection (LOD) for the SiPM and device estab-
lishes their detection capabilities and operational stability. Theoretical evaluations con�rm
that while the device can detect individual 
uorescent cells in vitro, its current con�guration
does not support this sensitivity in vivo. The thesis also proposes strategies to improve the
device’s sensitivity, aiming for reliable in vivo detection of single 
uorescent cells.

Thesis Supervisor: Deblina Sarkar
Title: Assistant Professor, MIT, Department of Media Arts and Sciences

3



4



Development and Evaluation of a Potentially Wearable Device for

Circulating Cell Monitoring

by

Kyuho Jang

The following people served as readers for this thesis:

Advisor
Deblina Sarkar

Assistant Professor, MIT
Department of Media Arts and Sciences

Thesis Reader
Cardinal Warde
Professor, MIT

Department of Electrical Engineering and Computer Science

Thesis Reader
Joseph A. Paradiso

Professor, MIT
Department of Media Arts and Sciences

5



6



Acknowledgments

First and foremost, I would like to express my gratitude to Professor Deblina Sarkar for her

guidance over the past two years of my master’s program. Her mentorship was invaluable

whenever I encountered obstacles in my research. Additionally, her passion for research

and her positive energy not only inspired me but also helped me realize the joy of research.

Thanks to her dedication to both her research and students, I was able to focus solely on

my work without any distractions.

Secondly, I am grateful to David Bono and Brian Neltner, PhD, both at DMSE, MIT. As a

novice in circuit design, their assistance was crucial for my work on wearable devices. They

provided not just expert advice but also engaged with my project as mentors, caring for

both research problem and my personal growth. Thanks to their support, I was able to

complete my project swiftly despite not having a background in electrical circuits.

Thirdly, my thanks go to my lab mates. They were always there to brainstorm and o�er

solutions from various perspectives whenever I faced challenges in my research. Outside of

the lab, they helped alleviate the stress associated with research by being like friends and

family. Two years later, they truly are my closest friends and family.

Last but not least, I am deeply grateful to my family and my girlfriend, Chaewon Kim.

The unconditional support and care from my family allowed me to focus on my research

without any hardship while living away from home. Chaewon provided continuous love and

emotional support, which was essential for maintaining my mental health throughout these

two years. It is no exaggeration to say that completing my master’s program would have

7



been impossible without my family and girlfriend. Finally, I extend my gratitude to the

Kwanjeong Scholarship. It enabled me to focus on my research without �nancial worries in

a foreign country.

8



Contents

Abstract 3

Acknowledgments 7

1 Introduction 13
1.1 Current state of arts of monitoring circulating cells . . . . . . . . . . . . . . 14
1.2 In vivo 
ow cytometry (IVFC) . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.3 Related works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.3.1 Di�use in vivo 
ow cytometry (DiFC) . . . . . . . . . . . . . . . . . 18
1.3.2 Portable two-color in vivo 
ow cytometer . . . . . . . . . . . . . . . 19

1.4 Thesis objectives and organization . . . . . . . . . . . . . . . . . . . . . . . 20

2 Design of the Device 23
2.1 Laser diode driver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2 Silicon photomultiplier (SiPM) preampli�er . . . . . . . . . . . . . . . . . . 27
2.3 Microcontroller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.4 Optical structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3 Analysis of fluorescent dye detection limits 35
3.1 Detection limit of SiPM (90° con�guration) . . . . . . . . . . . . . . . . . . 36
3.2 Detection limit of the device (re
ective con�guration) . . . . . . . . . . . . 39

4 Theoretical evaluation of cell detectability of the device 43

5 Conclusion and Future work 47

Bibilography 50

9



10



List of Figures

1-1 Detection mechanisms in in vivo 
ow cytometry (IVFC): 
uorescence and
photoacoustic imaging (a) Detection mechanism of 
uorescence IVFC. The
excitation laser beam illuminates the blood vessel, and the 
uorescent sig-
nal, of which wavelength is di�erent from the laser light, can be observed
by a photomultiplier (PMT) if 
uorescently labeled cells exist within the
laser-illuminated region. (b) Schematics of the 
uorescence IVFC device.
The laser light is focused by an objective lens, and the 
uorescent signals
are monitored by a photomultiplier, while the 
uorescent image of cells is
observed by a CCD camera. M: mirror, F: �lter, AL: achromatic lens, BS:
beam splitter, DM: dichroic mirror, CCD: charge-coupled device, CL: cylin-
drical lens, DAQ: data acquisition, MS: mechanical slit, OL: objective lens.
(c) Detection mechanism of photoacoustic IVFC with a focused light source
and non-focused ultrasonic transducer. (d) Detection mechanism of photoa-
coustic IVFC with a non-focused light source and focused ultrasonic trans-
ducer. In (c) and (d), the pulsed laser light illuminates the blood vessel,
and repeated thermal expansion and shrinkage of target cells due to the laser
create an acoustic wave that can be detected by an ultrasonic transducer.
Reproduced with permission from Zhu et al. (2021) [1]. . . . . . . . . . . . 17

1-2 Con�guration of di�use in vivo 
ow cytometry (DiFC). a) schematics of
optical settings, b) structural details of customized optical �ber, c) example
of usage of DiFC. Reproduced with permission from Tan et al. [2] . . . . . 19

1-3 Optical con�guration of portable two-color in vivo 
ow cytometer. Repro-
duced with permission from Boutrus et al. [3] . . . . . . . . . . . . . . . . . 20

2-1 Laser Diode Driver Circuit. (a) Circuit schematic. The black dashed box in-
dicates the laser diode, and the orange dashed box denotes the transimpedance
ampli�er-like circuit, which converts the monitoring current into a voltage
signal. U1 and U2 represent operational ampli�ers (op amps), and VIN is the
voltage input from an Arduino Nano. (b) Assembled PCB board of the laser
diode driver circuit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2-2 Detailed schematics of laser diode driver circuit . . . . . . . . . . . . . . . . 28

2-3 SiPM Preampli�er Circuit. (a) Transimpedance ampli�er circuit implemented
in the SiPM preampli�er. (b) Assembled PCB of the SiPM preampli�er.
(c) Custom circuit board used to connect U.FL connectors from the SiPM
preampli�er circuit to a 2-pole connector on the SiPM-mounted PCB. . . . 29

11



2-4 Detailed schematics for SiPM preampli�er circuit. The black dashed box is
a dual inductor inverting converter circuit, the orange dashed box is a linear
regulator circuit, and the red dashed box is a transimpedance ampli�er circuit 31

2-5 Microcontroller connection to the laser diode driver circuit. The Arduino
Nano is connected to the laser diode driver circuit. The blue wire serves as
the ground wire, linking the ground of the Arduino Nano with that of the
laser diode driver circuit. The yellow wire is a signal wire that transmits a
500 Hz pulse signal to the laser diode driver circuit. . . . . . . . . . . . . . 32

2-6 Optical structure of the device as positioned on the skin. This illustration
shows the device detecting signals from 
uorescent cells 
owing within a
super�cial blood vessel. The red light symbolizes the excitation light emitted
by the laser diode, while the yellow light represents the 
uorescent signal from
a cell labeled with a 
uorescent marker, illuminated by the excitation light. 33

3-1 90° Con�guration. (a) Schematic of the con�guration. Yellow light represents
the excitation laser light, and red light represents the 
uorescent light emitted
by the excited 
uorescent dye sample. (b) Photo of the 90° con�guration
without a black box to block room light. The laser diode and SiPM are not
installed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3-2 Average root-mean-square (RMS) voltage signal of Cyanine5.5 NHS ester so-
lution at various concentrations measured in a 90° con�guration. The red
line represents a �tted line illustrating the linear relationship between the
voltage signals and concentration before device saturation. The inset �gure
provides a detailed view of the low concentration region. Each data point’s
error bar indicates the standard deviation of the RMS voltage signal. The red
band shows the range between the average blank signal (�) � the standard
deviation of the blank signal (�), calculated from the voltage signal measure-
ment of pure dimethyl formamide (DMF). A purple dashed line marks the
detection threshold, set at �+ 3�. . . . . . . . . . . . . . . . . . . . . . . . 38

3-3 Schematic of re
ective con�guration for measuring limit of detection (LOD)
of SiPM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3-4 Root-mean-square (RMS) voltage signal of Cyanine5.5 NHS ester solution at
various concentrations in re
ective con�guration. The red line represents a
�tted line that demonstrates the linear relationship between voltage signals
and concentration prior to device saturation. The inset �gure provides a
detailed view of the low concentration region. A purple dashed line marks
the detection threshold, set at �+ 3�, with � and � representing the average
and standard deviation of the blank signal (pure DMF), respectively. . . . 41

4-1 Optical penetration depth of light across the wavelength range of 400-2000
nm in skin tissue. Reproduced with permission from Bashkatov et al. [4] . 44

12



Chapter 1

Introduction

The technology for monitoring circulating cells in blood vessels o�ers critical insights in the

�eld of oncology. Primarily, it enables early detection of tumor metastasis through moni-

toring circulating tumor cells (CTCs). Metastasis, which involves the spread of cancer cells

from the original site to adjacent tissues or distant organs [5], is the leading cause of cancer-

related deaths, accounting for approximately 60% of cancer deaths in the United States

(US) [6]. CTCs, shed from primary tumors, circulate through blood or lymphatic vessels

in search of new sites for metastasis [7, 8]. Consequently, the concentration of CTCs in the

blood directly correlates with the risk of metastasis and provides earlier warning signs than

traditional imaging techniques such as magnetic resonance imaging (MRI) and computed

tomography (CT) scans [8]. Furthermore, the technology for monitoring circulating cells

is pivotal in predicting the outcomes of chimeric antigen receptor (CAR) T cell therapy

by monitoring the population of CAR T cells in the bloodstream. CAR T cell therapy,

a revolutionary approach in cancer treatment, involves genetically modifying a patient’s

T cells in the laboratory to enhance their ability to recognize and eliminate cancer cells.

These engineered cells are then reintroduced into the patient. Unlike natural T cells, which

require major histocompatibility complex (MHC) molecules on tumor cells to recognize

antigens, CAR T cells are designed to target antigens independently of MHC molecules [9].

Since its US Food and Drug Administration (FDA) approval in 2017, CAR T cell therapy
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has demonstrated signi�cant success against several hematologic cancers, including chronic

lymphocytic leukemia, B-cell acute lymphoblastic leukemia, di�use large B-cell lymphoma,

and multiple myeloma, with many ongoing clinical trials for solid tumors [10]. However, the

therapy’s e�ectiveness varies, sometimes showing limited results or severe toxicities. The

presence and persistence of CAR T cells in a patient’s bloodstream are crucial indicators

of the therapy’s prognosis [11, 12]. Therefore, clinicians can predict the prognosis of the

treatment and decide whether additional treatments are needed if they can monitor the

population of CAR T cells in patients’ body.

1.1 Current state of arts of monitoring circulating cells

Traditionally, circulating cell monitoring involves blood draws and the identi�cation of cells

of interest by exploiting their unique properties, such as surface proteins, size, density,

and dielectric properties [13]. Circulating cells of interest often possess distinctive surface

proteins that can be leveraged for detection. For instance, CAR T cells express a unique

CAR protein absent in other cells. Similarly, circulating tumor cells exhibit various surface

marker proteins, such as epithelial cellular adhesion molecule (EpCAM) [14] and epithelial

growth factor variant III (EGFRvIII) [15]. However, it is worth noting that these unique

surface protein patterns can vary signi�cantly among patients and cancer types [16].

Target surface proteins are typically stained with complementary antibodies attached to


uorescent dyes [11] or magnetic particles [14]. Subsequently, the cells of interest are

detected using 
ow cytometry or an immunomagnetic separation system. For example,

CellSearch (MENARINI silicon biosystem), an FDA-approved circulating tumor cell de-

tection system, identi�es cytokeratine (CK)+/EpCAM+/DAPI+/CD45- cells using an im-

munomagnetic separation system [14]. Similarly, Peinelt et al. detected circulating CD19-

speci�c CAR T cells by identifying 7-aminoactinomycin D (7-AAD)-/CD45+/mononuclear

cells/CD3+/CD19 CAR + cells through 
ow cytometry [11]. Further examples of utilizing

surface proteins to detect circulating cells are available in the review paper by Hong and Zu

[16]. Additionally, unique gene sequences can also be employed to identify cells of interest.
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Polymerase chain reaction (PCR) selectively ampli�es the DNA sequence of interest, allow-

ing for the determination of the quantity and presence of cells of interest through real-time

PCR [11, 12].

In addition to identifying surface proteins or DNA, the physical properties of circulating

cells, particularly circulating tumor cells (CTCs), such as size, density, and dielectric prop-

erties, can be leveraged for separation. CTCs typically exhibit larger sizes compared to

other blood cells [17], enabling their separation using micro�ltration techniques based on

size di�erences. A notable example of this approach is the CellSieve system (CreatvBio).

However, micro�ltration often encounters issues such as clogging and limited separation

e�ciency [18]. Furthermore, CTCs and mononuclear cells typically have a density of less

than 1.077 g/mL, unlike denser cells such as red blood cells and granulocytes [19]. This

density disparity facilitates the enrichment of CTCs through centrifugation, although it ne-

cessitates additional processes for CTC identi�cation. Additionally, CTCs exhibit distinct

dielectric properties from normal blood cells due to their larger diameter and surface area

[20]. Dielectrophoresis can exploit these di�erences, separating CTCs from other cells based

on their behavior in an electric �eld [18]. While each of these mechanisms can e�ciently

separate CTCs from other cells, combining multiple techniques can enhance the overall

e�ectiveness and accuracy of the separation process [13].

Although the principles di�er, all CTC detection methods introduced in this section share

a common requirement: blood drawing prior to analysis. However, blood drawing-based

methods inherently possess three disadvantages that can be critical in CTC detection.

Firstly, blood drawing-based methods analyze small volumes of blood to detect circulat-

ing cells of interest. This isn’t problematic if the population of the cells is su�ciently large,

ensuring that the portion of cells in the blood sample is statistically representative of the

whole blood. Unfortunately, cells of interest are often extremely rare in the blood, so the

small volume of blood sample may not statistically represent the whole blood. For example,

the number of CTCs in the blood can be as low as one in 106-107 leukocytes [16]. Assuming

a patient with a total of 667 CTCs in 5L of blood, the probability of detecting CTCs in a 7.5

mL blood sample is only 63% [21]. Therefore, blood drawing-based methods always run the
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risk of missing the cells of interest even if they are present in the patient’s body. Secondly,

blood drawing-based methods require complicated protocols to prepare blood for analysis,

and the cells of interest can be damaged or lost in the process. For instance, CAR T cells

in drawn blood can degrade within a day after sampling [11]. Similarly, CTCs can undergo

apoptosis after separation from the primary tumor and after removal of blood from patients

[22]. The loss during the post-processing of the blood sample can compromise the detec-

tion of extremely rare circulating cells in small volumes of the blood sample. Lastly, blood

drawing-based methods inherently o�er discontinuous monitoring, potentially causing the

oversight of critical clinical markers. Since blood can only be drawn 1-2 times per day, any

changes in the circulating cell population, which can serve as important clinical markers,

may be easily overlooked [23]. This limitation can hinder clinicians’ ability to treat their

patients in a timely manner.

1.2 In vivo flow cytometry (IVFC)

In vivo 
ow cytometry (IVFC) o�ers a promising solution to the challenges posed by blood

drawing-based circulating cell monitoring methods discussed in the previous section. IVFC

detects in vivo cellular responses to laser illumination, including 
uorescence, absorption,

scattering, photoacoustic, and photothermal e�ects, within targeted blood vessels [24]. By

analyzing blood cells as they 
ow through vessels rather than relying on samples drawn

from patients, IVFC allows for continuous monitoring without compromising the integrity

of the cells of interest. Additionally, IVFC facilitates the monitoring of whole blood sam-

ples, thus mitigating issues associated with the limited volume of blood samples. IVFC has

demonstrated successful detection of cells of interest in vivo, primarily circulating tumor

cells, in small animal models such as mice and preclinical studies [2, 3]. However, its adap-

tation to human subjects has been hindered by several challenges. These challenges include

the requirement for cell staining, the transmissive con�guration of IVFC devices, and their

bulky size. The majority of existing IVFC technologies necessitate cell staining with speci�c

markers such as 
uorescent dyes. While label-free IVFC methods utilizing two-photon mi-

croscopy or surface Raman scattering microscopy are available, they are currently limited to
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Figure 1-1: Detection mechanisms in in vivo 
ow cytometry (IVFC): 
uorescence and
photoacoustic imaging (a) Detection mechanism of 
uorescence IVFC. The excitation laser
beam illuminates the blood vessel, and the 
uorescent signal, of which wavelength is di�erent
from the laser light, can be observed by a photomultiplier (PMT) if 
uorescently labeled cells
exist within the laser-illuminated region. (b) Schematics of the 
uorescence IVFC device.
The laser light is focused by an objective lens, and the 
uorescent signals are monitored
by a photomultiplier, while the 
uorescent image of cells is observed by a CCD camera.
M: mirror, F: �lter, AL: achromatic lens, BS: beam splitter, DM: dichroic mirror, CCD:
charge-coupled device, CL: cylindrical lens, DAQ: data acquisition, MS: mechanical slit,
OL: objective lens. (c) Detection mechanism of photoacoustic IVFC with a focused light
source and non-focused ultrasonic transducer. (d) Detection mechanism of photoacoustic
IVFC with a non-focused light source and focused ultrasonic transducer. In (c) and (d),
the pulsed laser light illuminates the blood vessel, and repeated thermal expansion and
shrinkage of target cells due to the laser create an acoustic wave that can be detected by
an ultrasonic transducer. Reproduced with permission from Zhu et al. (2021) [1].

the detection of speci�c cells, such as white blood cells [25]. In vivo staining of target cells is

achievable through the utilization of antibody-based 
uorescent dyes [23]; however, only a

limited number of 
uorescent dyes, such as indocyanine green (ICG), 5-aminolevulinic acid

(ALA)-induced protoporphyrin IX (PPIX), and methylene blue, are approved by the FDA

[26]. Nevertheless, ongoing clinical trials involving new 
uorescent dyes suggest that the

issue of limited 
uorescent dyes may be resolved in the near future [23]. As shown in Figure

1.1(a), many 
uorescence-based IVFC setups adopt a transmissive con�guration [27, 28, 2].
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While this con�guration functions e�ectively in small animals such as mice [25] due to their

thin tissue, which allows 
uorescent signals to reach photodetectors like photomultipliers

on the opposite side of the tissue without signi�cant absorption or scattering, it is less

suitable for larger animals, including humans. In thicker tissues, light signals struggle to

penetrate to the other side due to absorption and scattering, necessitating the positioning

of the detector and laser source on the same side to minimize signal loss. Finally, the size

of IVFC devices presents a signi�cant obstacle to their continuous monitoring of circulating

cells in the human body. Most IVFC devices employ microscope-like structures that are

typically bench-top or larger in size [1, 25, 29]. Even custom-developed IVFC devices of-

ten incorporate bulky optical and electrical components, hindering size reduction [2, 30, 3].

Wearable or portable IVFC devices are crucial for the translation of this technology to

human subjects, as they would allow for prolonged attachment to the body for continuous

monitoring of circulating cells of interest. However, to date, no IVFC device has achieved

a wearable or portable size. To address current IVFC challenges, this thesis introduces a


uorescent IVFC device designed for human application, scalable to a wearable size with

additional optimization. By employing a re
ective con�guration instead of the traditional

transmissive setup, this device can be adapted for animals of any size.

1.3 Related works

1.3.1 Diffuse in vivo flow cytometry (DiFC)

The transmissive con�guration of in vivo 
ow cytometry (IVFC) is primarily suited for

small animals. The thickness of larger animals’ body parts, such as those of humans, often

prevents light from penetrating through the tissue. To adapt IVFC for human use, the

Niedre group developed a novel approach known as di�use in vivo 
ow cytometry (DiFC)

[2, 30]. DiFC operates by detecting backscattered light rather than transmitted light. This

is achieved through a custom-designed optical �ber that collects a su�cient amount of


uorescent signal for detection. While DiFC has successfully identi�ed circulating tumor

cells in mice, its size remains too large for wearable human applications. Consequently, it
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Figure 1-2: Con�guration of di�use in vivo 
ow cytometry (DiFC). a) schematics of optical
settings, b) structural details of customized optical �ber, c) example of usage of DiFC.
Reproduced with permission from Tan et al. [2]

falls short in providing continuous monitoring of circulating cells, which is crucial for the

early diagnosis of metastasis and for timely responses to potential side e�ects of CAR T-cell

therapy.

1.3.2 Portable two-color in vivo flow cytometer

Most in vivo 
ow cytometry (IVFC) systems are of lab-bench size, which hinders their

ability to provide continuous monitoring of circulating cells in humans. Boutrus et al.

made signi�cant steps in reducing the size of IVFC and created more portable version

[3]. Additionally, they incorporated two di�erent photomultipliers to simultaneously detect

two distinct 
uorescent signals, thereby giving more options in studying circulating cells.

However, the dimensions of their device, measuring 100×130×125 cm, are still too large
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Figure 1-3: Optical con�guration of portable two-color in vivo 
ow cytometer. Reproduced
with permission from Boutrus et al. [3]

for practical use on humans. Moreover, their system utilizes a transmissive con�guration,

which is not suitable for larger animals, including humans, due to the inability of light to

fully penetrate thicker body tissues.

1.4 Thesis objectives and organization

The aim of this thesis is to develop a new device for monitoring circulating 
uorescent cells,

addressing existing challenges in the application of in vivo 
ow cytometry (IVFC) technology

to human studies and thereby facilitating its broader use. The design proposed in this thesis

allows for easy miniaturization to wearable or portable sizes through geometric and printed

circuit board (PCB) optimization. We anticipate that this device, when combined with in

vivo 
uorescent staining methods, could be instrumental in monitoring tumor metastasis

in humans, tracking the prognosis of patients undergoing chimeric antigen receptor (CAR)

T-cell therapy, and supporting other applications that require the observation of circulating

cells within the human body.

20



In Chapter 2, we delve into the detailed design of the device. To develop a wearable-sized

IVFC device capable of detecting backscattered light and monitoring circulating cells in the

human body, several design modi�cations are essential. Our approach includes replacing the

traditional bulky gas laser with a compact laser diode and substituting the photomultiplier

tube with a silicon photomultiplier (SiPM). Additionally, we eliminate all non-essential

optical components, such as lenses and mirrors, to minimize the device’s size. A key aspect

of this design is the development of miniaturized printed circuit boards (PCBs) capable of

driving the SiPM and laser diode. These PCBs also convert optical signals into electrical

signals recognizable by a microcontroller. While this thesis primarily uses the Arduino Nano

to control laser diode and to collect data, other microcontrollers like the ESP32 are also

compatible. Furthermore, all circuits are designed to be powered by a 9V battery, which

is essential for a wearable device. This thesis focuses on detecting the 
uorescent signal of

cyanine5.5 (Cy5.5) NHS ester dye, as the excitation (684 nm) and emission (710 nm) peaks

of this dye fall within the optical window of skin tissue (650 nm { 950 nm) [31], which

allows for optimal penetration with minimal scattering and absorption. To maximize the

signal while minimizing noise and maintaining the compact size of the device, we employed a

structure similar to a 
uorescent microscope. The optical paths of excitation and 
uorescent

light are separated by a dichroic mirror. Appropriate optical bandpass �lters for the laser

diode and SiPM are chosen to eliminate any light outside of the excitation and emission

bands.

In Chapter 3, we quanti�ed the minimum detectable concentration of the 
uorescent dye

Cy5.5 for both the SiPM and the entire device, which we refer to as the limit of detection

(LOD). The device’s LOD largely hinges on that of the SiPM since it relies on the SiPM

to detect 
uorescent light signals. The LOD of the SiPM is in
uenced by several factors,

including the intensity of the excitation light, the volume of the excited 
uorescent dye solu-

tion, the driving voltage of the SiPM, the inherent noise of the SiPM, noise from the printed

circuit board (PCB), and background light noise. Considering the myriad factors a�ecting

the SiPM’s LOD, we determined the LOD of SiPM within a well-controlled environment.

We utilized a 90° con�guration under dark conditions to minimize background noise inter-

ference. In this con�guration, the angle between the SiPM, the 
uorescent dye solution, and

21



the laser diode is 90°, with the dye solution housed in a 2 mL vial. The LOD derived from

this con�guration re
ects the inherent noise of the SiPM and the noise from the associated

circuitry. This measurement serves to theoretically evaluate whether the device maintains

a controlled environment for the SiPM, thus preserving its sensitivity. However, the LOD

determined in the 90° con�guration does not re
ect the actual LOD of the device in prac-

tical scenarios. Thus, we also measured the device’s LOD under conditions simulating its

real-world application. To simulate a blood vessel, we used a microchannel slide, although

we did not account for the optical properties of skin due to the complexity introduced by

tissue scattering and absorption. This complexity can make it hard to compare the LOD

of the device to that of the SiPM. The known-density 
uorescent dye solution was placed

within the microchannel slide, with the device positioned above to measure the 
uorescent

signal. This assessment of the device’s LOD enables a comparison with the SiPM’s LOD to

con�rm whether the device environment adequately maintains the SiPM’s sensitivity. Fur-

thermore, this LOD measurement forms the basis for theoretical calculations of the device’s

capability to detect circulating cells in vivo, if the number of 
uorescent dyes attached to a

single cell is provided.

After characterizing the limit of detection (LOD) for the SiPM and the device, it is also cru-

cial to assess the device’s capability to detect 
uorescently-labeled cells and determine the

minimum number of such cells that can be detected. In this thesis, we refer to this measure

as the cell detection limit of the device. Unfortunately, this thesis did not experimentally

verify the cell detection limit. Instead, we theoretically assessed the cell detection limit in

Chapter 4. Initially, we calculated the in vitro cell detection limit using data acquired in

Chapter 3. We also utilized data on the penetration depth of skin tissue and the depth of

the shallowest blood vessels to estimate the device’s cell detection limit in vivo. Addition-

ally, Chapter 4 discusses potential strategies to enhance the device’s sensitivity. Chapter 5

summarizes the design and characterization process and re
ects on the signi�cance of this

work. It concludes with a discussion of the future work required to translate the device

design developed in this thesis for human use.
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Chapter 2

Design of the Device

This thesis introduces the design of a potentially wearable device intended to detect 
u-

orescent signals from 
uorescently-labeled cells within blood vessels. While the current

prototype is not yet fully wearable, minor optimizations could enable its transformation

into a practical wearable device. We have incorporated considerations for wearable applica-

tions into the design process. An excitation light source is essential for inducing 
uorescent

signals from the 
uorescent dyes. As this light traverses through the skin, it is diminished

due to absorption and scattering. Therefore, the light source must be powerful enough to

generate an adequate 
uorescent signal. A laser diode was chosen for its high power and co-

herence, which are critical for maximizing the 
uorescent signal when its wavelength closely

aligns with the peak excitation wavelength of the 
uorescent dye. As discussed in Section

1.4, Cyanine5.5 (Cy5.5) NHS ester was selected as the 
uorescent dye for this research. Its

excitation and emission peaks are at 684 nm and 710 nm, respectively, which lie within the

optical window of skin tissue (650-950 nm) [31]. Light within this window experiences less

scattering and absorption compared to other wavelengths, making it ideal for in vivo sensing

and excitation. The chosen laser diode (HL6756MG, Thorlabs) emits at a wavelength of

670 nm, closely matching the excitation peak of Cy5.5, thus ensuring e�cient excitation of

the dye. The operation and control of the laser diode are managed through a laser diode

driver circuit, details of which are further elaborated upon in Section 2.1.
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Detecting the 
uorescent signal presents signi�cant challenges, particularly as the signal

weakens in a manner similar to the excitation light while traversing the skin. To tackle this

issue, we selected a silicon photomultiplier (SiPM) for its sensitivity to single photons, which

is crucial for detecting faint signals from circulating cells beneath the skin. The compact

size of the SiPM also makes it suitable for future wearable applications. The SiPM operates

with a parallel array of avalanche diodes and requires the voltage across it to exceed the

Zener breakdown voltage for sensitive light detection. The SiPM used in this thesis, the

AFBR-S4N44P014M (Broadcom), necessitates a high driving voltage of at least -30V to

achieve the necessary level of sensitivity. Moreover, it requires post-processing to mitigate

the inherent noise from the SiPM and background signals. The high voltage and the post-

processing of SiPM signals are managed through the SiPM preampli�er circuit, details of

which are further elaborated upon in Section 2.2. Considering the intended wearable na-

ture of the device, it cannot depend on external computers for control, data processing, or

uploading information to share with clinicians or patients. We selected the Arduino Nano

(Arduino Nano 33 IoT with headers, Arduino) for its compact size and integrated capabili-

ties. Alternatively, other small microcontrollers, such as the ESP32, which also o�er wireless

communication features, could be considered. Further details on the microcontroller selec-

tion and setup are discussed in Section 2.3. As noted, the 
uorescent signal to be detected

is notably weak, while the SiPM is highly sensitive. Therefore, the 
uorescent signal may be

obscured by unwanted sources such as background light or multi-scattered light. To address

this issue, this thesis incorporates various optical components, including optical bandpass

�lters, dichroic mirrors, and optical lenses. These components are designed to maximize

the detection of the 
uorescent signal while minimizing interference from background or

scattered light. Detailed discussions on the optical structure of the device can be found in

Section 2.4.

2.1 Laser diode driver

The power output of the laser diode is directly dependent on the current 
owing through

it. Therefore, maintaining a constant current is crucial for ensuring stable laser power.
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Figure 2-1: Laser Diode Driver Circuit. (a) Circuit schematic. The black dashed box
indicates the laser diode, and the orange dashed box denotes the transimpedance ampli�er-
like circuit, which converts the monitoring current into a voltage signal. U1 and U2 represent
operational ampli�ers (op amps), and VIN is the voltage input from an Arduino Nano. (b)
Assembled PCB board of the laser diode driver circuit.

Fluctuations in the power of the laser diode can introduce additional noise into the de-

tected signal since the intensity of the 
uorescent signal emitted by 
uorescently-labeled

cells depends on the excitation light’s power. Moreover, excessive current can damage the

laser diode, thereby reducing the device’s lifespan. Hence, controlling the current through

the laser diode is essential for both noise reduction and longevity of the device. Tradi-

tionally, a commercial laser diode driver is used to stabilize the current through the laser

diode. However, these commercial drivers are often too large for integration into a wearable

device. In response, this thesis presents the design of a custom laser diode driver that is

compact enough for wearable applications. This custom laser diode driver is powered by

9V battery for wearable applications. The laser diode used in our design (HL6756MG,

Thorlabs) includes an integrated photodiode (referred to as the "monitoring photodiode")

that generates a current (termed the "monitoring current") proportional to the laser diode’s

power. By incorporating this monitoring current into the feedback loop, we can stabilize

the power of the laser diode, which in turn stabilizes the current through it.

In addition to stabilizing the current through the laser diode, it is crucial to control the laser

diode’s activation using a microcontroller to create laser pulses. Employing a pulsed laser,

rather than continuous illumination, aids the device in disregarding low-frequency biological

noise, such as light scattering oscillations due to blood pulsation [32, 33]. This thesis employs

an operating frequency of 500 Hz, which has been carefully selected to optimize performance.
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The chosen operating frequency must neither be too low nor too high. A frequency that is

too low fails to eliminate low-frequency biological noise. Conversely, if the frequency is too

high, the rise and fall times of the pulse may become comparable to the pulse width itself,

leading to arbitrary pulse shapes. Such irregular pulse shapes can introduce additional noise

into the 
uorescent signal measurements, as the 
uorescent signal 
uctuates in response to

the inconsistent shape of the excitation light. In summary, the requirements for the laser

diode driver circuit include the ability to be switched on and o� by a microcontroller and to

stabilize the current through the laser diode, ensuring both e�ective pulse generation and

reliable signal detection.

Figure 2.1(a) illustrates the schematic of the laser diode driver circuit utilized in this study.

The circuit’s operation is controlled by the microcontroller via the VIN input. Setting

VIN = 0V results in a voltage of 5V at point A, e�ectively reducing the current through RM

to zero, which corresponds to the ‘o�’ state of the laser diode. Conversely, setting VIN = 5V

turns on the laser. Upon activation, the monitoring current im, which passes through a

transimpedance ampli�er-like circuit (orange dashed box in Figure 2.1(a)), converts the

current signal im into a voltage signal �R3im. Assuming a virtual ground at the negative

input of the operational ampli�er (op-amp) U1, and that no current 
ows into this input,

the current conservation can be expressed as:

VIN � 1:65

R1
=

1:65 +R3im
R2

(2.1)

From this relationship, the monitoring current im can be calculated:

im =
1

R3

�
R2

R1
(VIN � 1:65) � 1:65

�
(2.2)

Given that the power of the laser is proportional to the current through the laser diode,

and the monitoring current is proportional to the power of the laser, we deduce that the

diode current id is proportional to im:

id = �im (2.3)
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where � is a proportionality constant. Combining Equations (2.2) and (2.3), the current

through the laser diode can be determined as follows:

id =
�

R3

�
R2

R1
(VIN � 1:65) � 1:65

�
(2.4)

As depicted in Figure 2.1(a), R3 is a variable resistor, allowing for the adjustment of the

laser power. If the laser power increases from its normal level due to random 
uctuation,

the monitoring current increases, and the voltage signal �R3im becomes more negative.

This results in a slight decrease in the voltage at point B and an increase in the voltage

at point A. The increased voltage at point A subsequently decreases the current through

RM , equivalent to reducing the current through the laser diode, thus decreasing the laser

power. Conversely, a decrease in laser power triggers the opposite e�ect, thereby stabilizing

the laser power. A more detailed schematic of the laser diode driver circuit can be found

in Figure 2.2.

2.2 Silicon photomultiplier (SiPM) preamplifier

The SiPM preampli�er circuit, integral to our device’s functionality, comprises three key

sections, each delineated by dashed outlines in schematics in Figure 2.4: a dual inductor

inverting converter circuit (black dashed box), a linear regulator circuit (orange dashed

box), and a transimpedance ampli�er circuit (red dashed box). Uniquely, this circuit is

designed to operate with two SiPMs instead of one, facilitating multicolor detection and

reducing noise through the averaging of signals from both SiPMs. However, we only used

one SiPM in the device designed in this thesis. As noted earlier in Chapter 2, SiPMs require

a high driving voltage of at least -30V to maintain high sensitivity. Achieving such high

voltage in a wearable device design poses a challenge, as these devices are typically powered

by batteries with voltages ranging from 3.3V to 9V. To address this, we utilized a dual

inductor inverting converter (LT8580EMS8E#PBF, Analog Devices Inc.), which allows us

to achieve a high driving voltage of -37V from a 9V battery, exceeding the required -30V.

This component is depicted within the black dashed box in Figure 2.4. However, the output
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Figure 2-2: Detailed schematics of laser diode driver circuit
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