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Artificial
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About Me- From Photonics to Electronics to Biomedicine

Dr. Chen Yu-Cheng
Director, Center for Biodevices and Bioinformatics
Associate Professor, School of EEE/ LKC Medicine

Email: yucchen@ntu.edu.sg
Office: S1 B1A-26

B Innovators
=% Under 35

Biotechnology & medicine

Yu-Cheng Chen

Focusing on biological lasers
research and related bioinformation
encoding technologies.

Year Honored Organization
2021 Nanyang Technological University
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Healthcare is human-oriented, we will always
need new technology for diagnosis and
monitoring.




Course Structure and Aims

Bioinformatics

Artificial Intelligence

Bio-Signal Analysis

Learning Feedback Loop

* Learn fundamental principles of optical and electrical based sensors.
* Learn the applications and functions of optical/electrical biomedical sensors.
* Realize how Al can play a key role in healthcare industry and research to solve or improve current

Sensors.



Learning Blocks

Optical biosensors
(9 hours)

Fundamentals & principles of biosensors .
(3) light properties and optical biosensor (3) g
Major types of optical sensors (3)

Applications of optical biosensors in

medicine (3) .
eam

Learning
Electrical biosensors 6 hrs

(6 hours)

Fundamentals, principles, and fabrication
of electrical biosensors/ bioelectronics (6)
Applications of wearable sensors/ human-
machine interface (3)

Imaging systems
(9 hours)
Fundamentals of imaging and analysis (3)
Various types of optical imaging systems
Imaging system for disease diagnosis in
medicine (3)
Digital Health and Digital Care (3)

Bio-Intelligent systems
Al in healthcare (9 hours)
Biochip, medical system, and smart
healthcare devices (3)
Robotics and Al (3)
Artificial intelligence in medical sensing
and imaging (3)



Learning Outcomes

Biomedical Sensors'& Healthcare devices

» Fully understand the science and working principle of optical
and electrical biosensors and imaging systems.
 What are the technological needs in real world medicine?

Bio-inform science &
Artificial lligence

» Understand what are tools in Al that can be applied to healthcare?
« What are Al opportunities in new medicine?
 Know how to apply Al into healthcare technologies and diagnosis.



Future Development & Impact

For PhD/MEng students

Smart medical Biomedical signal

devices research

analysis

WEARABLE MEDICAL
DEVICES MARKET

Global Wearable Medical Devices Market Size (US$ Mn), 2018 to 2026

L $24571.8Mn / L $7139,353.6Mn

Global Wearable Medical Devices Market
Share, By Product, 2018

North America Wearable Medical Devices
Market Size (US$ Mn), 2018

Million O
Diagnostic & Monitoring

Wearable Devices - .
North America

| Therapeutic Wearable
Medical Devices
i

B Copyrights © Fortune Business Insights | www.fortunebusinessinsights.com

For Undergrad/ MSc students

Healthcare device
development

Al / 1oT healthcare
industry

Medical Devices
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Evaluation Matrix

. Quiz 1 : MCQ (about 50 minutes)
Quiz (20%) Quiz 2 : MCQ (about 50 minutes)

Final Examination (60%) Covering most of the topics in the lecture.

1 student per project.
Selected topic for a mini proposal (Fixed Topic)

5-7 minutes (recorded and uploaded slides online)




Schedule (2025-26 Sem2)

L Introduction to biosensors and Al in modern healthcare

Optical biosensors (l)- Basic fundamentals of photonic sensing

Optical biosensors (ll)- Structure and applications of photonic biosensing
Biomedical imaging technologies (l)

Biomedical imaging technologies (II)

Chinese New Year

N OO gk ODN

Introduction to electrical biosensors (1)- Electrochemical Biosensors
RECESS WEEK

Introduction to electrical biosensors (l1)- Bioelectronics and Biopotentials
Bioelectronic devices and systems + Quiz 1

(=]

10 Digital health and Digital Pathology: Future healthcare systems

11 Artificial intelligence and multi-scale Al for medicine (Prof. Huang Hen Wei)
12 Opportunities and challenges of Robotics in clinical medicine (Prof. Huang Hen Wei)
13 System packing and encapsulation of bioelectronics (Prof. Huang Hen Wei) + QUIZ 2

FINAL PROJECT DUE
FINAL EXAM
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Professor Chen Yu-Cheng
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PART ONE

Background of Sensors




A sensor is a device that detects and responds to input (stimulus)
from its physical environment.

The input can be any physical quantity like pressure, force,
strain, light etc., can be identified and converted into an
useful signal.

A sensor converts the signals into an analog or digital
representation of input signals.

Sensors can detect or quantify many different conditions.

Physical
Changes

Output
Signals

R

Sensor



‘ What are Ssome sensors on your hody?

Detects sound (acoustic signal)

Detects light

Detects chemical signals

Sensory

Input
P Detects temperature

and pressure



What are some sensors you wear?

Band release
button

Electrical heart sensor

Speaker/air vents

" Antena Tunners
& more .

Blood oxygen sensor and
optical heart sensor

Band release
button




Combo Sensor  1hrottle HVAC Steering
Steering- Position ~ Sensor Sensor Fuel Level £

Differential  torque Sensor 2 : Sens

or
Non-Contacting \

Angle Sensor

Motor fﬂ
Position g o o)

Sensor

/ R 4
Chassis N Wheel Speed
Level . Sensor
Sensor i Mirror
55 - , Sensor
I' '*“f‘ Accelerator Pedal
= %  Angle Sensor

Headlight "
Range .{. 2-!:" o Transmission

Sensor Sensor



‘ Whatis a Transducer ?

A transducer is a more general device for converting energy from a
given form into a different form.

Transducer that turns one form — physical, chemical or biological —
into a specific different form (electronic data).

A sensor is more of a detector to obtain data, while a transducer is
more of a translator which translates into readable information

Input energy/signal
Transducer ;
‘ output Electronic circuit |
{={ Transducer "jé‘ 'v'l‘e';‘ze-"— msbﬂal ;.»7 “+—=  Sensor output
, vk conditioning | (Another form of energy)
Variables or Parameters = =T — -
(measurands) I



‘ Whatis a Transducer ?

membrane
J A
A I cal signal
LIGHT optica processing
AI—»
o IE

«—»
SAMPLE RECEPTOR TRANSDUCER
A analyte  (chemical recognition phase)
interferents
Digital ,
Output Signal —_—
Digital Il
Counter 'l' d
L or Register l I ra“s “cer
Display
= Transducer
Digital Light
Sensor — m[(
5 Discrete Digital Signal
Transmitter * g Detectar 5 “ON"
- - 3 ANALOG / SIGNAL
otating ©
- Shaft = Physical Quantity  gonveried 19 Analog Signal
Rotating Disc = (Temperature)
with Slots “0OFF"

Time



‘ Types of Sensor

Stimulus

Quantity

Acoustic

Wave (amplitude, phase, polarization), Spectrum, Wave
Velocity

Biological & Chemical

Fluid Concentrations (Gas or Liquid)

Electric Charge, Voltage, Current, Electric Field (amplitude, phase,
polarization), Conductivity, Permittivity
Magnetic Magnetic Field (amplitude, phase, polarization), Flux,
Permeability
Optical Refractive Index, Reflectivity, Absorption
Thermal Temperature, Flux, Specific Heat, Thermal Conductivity
Mechanical Position, Velocity, Acceleration, Force, Strain, Stress,

Pressure, Torque




« Magnetic Field sensors are used for
power steering, security, and current
measurements on transmission lines

« Hall voltage is proportional to magnetic
field

H Magnetic

jj;F'e'd | (protons)
Current 3 Hall
flow = %, o ] . B
{ X ] V R
: H
n-q-t

Magnetic Field
Sensor
ope MG-BTA

VERNIER “"!‘,‘!‘,‘,

X X X X X
X X B X X X
X X X X X

Vi



A chemical sensor is an analyzer
that responds to a particular analyte
in a selective and reversible way and
transforms input chemical quantity,
ranging from the concentration of a
specific sample component to a total
composition analysis, into an
analytically electrical signal

Smell Brain Neurons RUN!

( _. Gescen _z‘.,
Oder el Ce0 %S
ﬁ Acquisition Data Processing Comparlson Response
O @
- ~338 - A
@ . 0@
\ 4

Raw Signal  Process Signal Neural Network Alert!

Chemical stimulus

Electrical
signal




« Ultrasonic sensors are used for
position measurements

« Sound waves emitted are in the
range of 2-13 MHz

« Sound Navigation And Ranging
(SONAR)

« Radio Dection And Ranging
(RADAR) — ELECTROMAGNETIC
WAVES !

1 Object

‘ Reflected
‘ Signal

Detector

\
[D\'? S|

Air

US Transducers =~ @ (5) Detection of acoustic

Laser waves by airborne US
"""""""""""""""""""" transducers

(4) Propagation of
acoustic waves in air

(1) Acoustic waves generated k\ (3) Acoustic transmission
through photoacoustic effect % through interface
’ A X
Vi N
. i
1
1

i (2) Acoustic waves
Targets - scatter off targets
Water



‘ Thermal Sensors

Temperature sensors appear in
building, chemical process plants,
engines, appliances, computers, and
many other devices that require
temperature monitoring

Many physical phenomena depend on
temperature, so we can often measure
temperature indirectly by measuring
pressure, volume, electrical
resistance, and strain




_ <« Ohmmeter
Electrical Sensors/Detectors/Transducers « Voltmeter
are electronic devices that sense current, + Galvanometer and ammeter
voltage, etc. and provide signals to the + Wati-Nodrmeler =

inputs of control devices or visual displays.

Current_sensors are important control
components of power electronic systems
such as frequency converters, traction
converters, UPS systems, and welding
systems.




* Pressure sensors are instruments or devices
that translate the magnitude of the physical _ Y108
pressure that is being exerted on the sensor i f b
into an output signal that can be used to -
establish a quantitative value for the 5 WWWM i W ‘
pressure. e s |

» Force sensors, are devices that are designed
to translate applied mechanical forces, such
as tensile and compressive forces, into
output signals whose value can be used to
reflect the magnitude of the force. r

Re +AR
I (compression)

lRG-AR

https://www.thomasnet.com/articles/instruments-controls/pressure- B
(tension)

sensors/




‘ Light Sensors

» Optical sensors are those sensors that detect
electromagnetic radiation in the broad optical
range — from far infrared to ultraviolet

» Photoelectric effect is ones of the commonly

used principle- due to the change of conductivity
or electron mobility.

» Sensor is composed of photoconductor such as
photodiode

« Infrared sensors, solar cells, proximity sensors

Current (A)

_.

<
n
T

—
<
&

—
<,
4

108

ias f" e = r—— 2.2 pm
== == 3.0 um
E] | sl g F 4.6 um
60 120 180 240 300
Time (s)




‘ LiDAR Sensors

LiDAR is a remote sensing method. LIDAR technology
uses the light from a laser to collect measurements.
These are used to create 3D models and maps of objects
and environments.

A LiDAR system calculates how long it takes for beams of
light to hit an object or surface and reflect back to the
laser scanner. The distance is then calculated using the
velocity of light

Lidar sensors are a key component in autonomous
vehicles, providing a high-resolution 3D view of their
surroundings. Lidar enables autonomous vehicles to
“see” by generating and measuring millions of data points
in real time




Biosensor is a device that consists
of two main parts: bioreceptor +
transducer.

Bioreceptor is a biological component
that recognizes the target analyte.

Transducer is a physicochemical
detector component that converts the
recognition event into a measurable
signal.

Analyte Bioreceptor

- = Amplifier Processor Display
I3 o
* y &
e N

i & > > ~[Fen]
l. = : .__
", o Electonics

Translducer

COVID-19 Rapid detection

AV AKX
»’9.5 // @f ?t:\mysis

Electrochemical \/
Py ) i Transduction 0 ,é\
A R ' ' $
{ , @ : : \J
SHFY : . s
o
(2]
x
Sample collection X
e RNA extraction ©
Real-time analysks. % -
| ey \ -
| ocC8 é\
Microfluidic chip input
Results 0 = c—
C—
RNA amplification
& detection



Gas sensors are devices that help us
understand the amount of gas in the
environment and the natural state of its
movement.

Gas sensors reveal the amount of gas
in the environment and the nature of the
gas composition with electrical/optical
signals and can provide its change

N PR -
{1__Low Resistance |
i SN0,y @
Canductive e " High Gas
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1
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_________________________

’* i array
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i ‘1‘
Patient with COVID-19 I
GeNose C19

Gas

Time

Machine learning



Life Sciences |
N

Diagnostics

=7

=@

Samples to detect:
* Small molecules (i.e. drugs)

* Biomolecules (i.e. proteins,
antibodies)

* Nucleic acids (DNA, RNA, miRNA)
* Extracellular vesicles (exosomes)

* Pathogens (virus, bacteria )

KCeIIs

Enviromental

Food Safety

. -
A
™ .

e

.
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PART TWO

Introduction to Biosensors




Centralized Diagnostics



Based on symptomatology + clinical analysis of samples
in centralized laboratories

4 )

T - éjij = | - % ‘ ‘“C!L.?SC? :

&

Specialized & sophisticated Personalized

K Basic test tests Diagnostics /

= WAITING FOR DIAGNOSTICS
From hours to days

= Time consuming

Laboratory = High Sample volume
= LATE DRUG ADMINISTRATION . Technigues — Trained personnel
Maijor problem in emergencies = Laboratory installations
= INEFFICIENT POPULATION SCREENING " Bulky/expensive instrumentation

Too expensive, need of a lab

Centralized Diagnostics



POINT-OF-CARE Biosensor technology for decentralized diagnostics

Abott freeStyle

\ ‘ libre

Point-of-care (POC) device

BIOSENSORS provide the possibility to create POINT-OF-CARE
devices containing the functionalities of an analytical laboratory

Point-of-Care (POC) diagnostics will «
improve, simplify & accelerate
healthcare flow and clinical management

= Easy diagnostics
‘ = High sensitivity and Fast

= Reliability and Quantitative

= Multiplexing capabilities

= User-friendly/minimum operation
=  Minimum sample, Competitive cost




Receptors

Enzymes, DNA,

RNA, antibody, \f}
Analytes antigen,

~

\ Fibre optic

"Ll

Si hal Processin
Electrodes g 9



Commercial

glucose analyzer

1973

Glucose biosensor H
1962

Substrate  Product

Biosensor developments to wearables

Glucose test strips
1987

T °

EEERE

0, H,0, Optical biosensors ! Glucowatch® Nano-biosensors
1980 ' 1999 } 2000s H
Electrode 0 1 [T i
1963 ; ; :
: Piezoelectric sensor ' H 2 2000
: . Analyte : 1991 i Continuous
1+ Anchor; _ : H
' Q‘ gy Samgle: 4 Subcutaneous glucose monitoring
: S flow : glucose monitoring :
s ~—Receptor | H
E LResponse —» Read-out . - E
: system 1975 :
H H

1956

Oxygen
electrode

2 N
D D
H,0

O

2

Immunosensor

+—Ab,-magnetic
bead-HRP

PSA antigen

Au
nanoparticle
electrode

Voltage + H,0, Signal

3 Ab

» Carboxylated
« HRP ®

~ magnetic beads

1998
DNA biosensor

#~—Probe Target
g d
§ Hybridization é
<, =1
mivr i

m

2015

-

2012 2012
Tooth enamel Contact lens
biosensor biosensors

Integrated biosensors

2016
Colorimetric
sweat biosensor

2017
Sweat microfluidic
biosensor
2015 2015
Mouthguard Temporary tattoo
biosensor biosensor
2012-2018

Advanced wearable biosensor platforms




0@

MARKETS . MARKETS™

Biosensors Market
Global Forecast to 2026

Biosensors Market
Is expected to reach

USD 36.7 billion by 2026

y Growing at a
5l CAGR of 7.5% (2021-2026)




RECOGNITION

Target
Antibodies/
Antigens
§ Nucleic Acids
. Rare Cells

%J Proteins

@ Chemicals
F Mechanical
Forces

TRANSDUCER

Optical

—_— )
1.."r
€ |

Fluorescent E!tﬁer Colorimetric
Readout Readout

Manoscale
Optical
Phenomena:
LSPR, SERS,
FRET, etc.

Electrochemical

Amperometric,
potentiometric,
/ impedimetric,
- conductometric,
etc.

SIGNAL
PROCESSING

“ﬁ?“rf““*-‘*- \
isplay, '
ana?y:?s VAN

1| Interpretation
" of Biosensor

Other (mechanical, etc.)

%

= Signal

"




Recognition

Transduction

\t /
p 9

Sensing
element

Transducer Analyte

Components of biosensors

( Analyte

. ‘%‘: ?
'?';5 o

3

>=

O
>

W™ M
(

e
\_

Receptor \

Enzyme
Antibody

Nucleic acid

Cell

J

Transducer

Electrochemical r(-
Optical !U\J\.N
—_—

Thermal

Signal output

Piezoelectric Measurable signal
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Transduction Recognition
— Biorecognition (ligand): facilitate N nE
specific binding to or biochemical . .i /¢
reaction with a target 3 .
— Transduction: converts a biological
binding event to a measurable Transducer  S€MSINg  Analyte
transduction signal element

Components of biosensors

Analyte Receptor / Transducer \ Signal output
u{’.’g‘_' B
Q ‘5:.:% Enzyme Electrochemical
- ((q

D % Antibody Optical !\[\/\m

W \.,-’r-’\v--‘-'\ Nucleic acid Thermal
®

@ O Cell Piezoelectric Measurable signal




Electrochemical biosensor is based on the reaction that consumes or
generates electrons. The substrate of this biosensor generally includes
three electrodes such as a counter, reference, and working type.

BN/ N/ AN/ AN/ N/ N/ 4
DNA
A
Antibodies
. Enzymes
0
Cells

Traducer Element
Electrodes

y T

Biological sensing elements

-0.1 -0.2
+i Voltage

Readable Output

Signal Processor




» Potentiometric
— Measurement of the open-circuit potential between two &

electrodes immersed in solution fi’zf f
— Usually gives a log[concentration] — voltage relationship =
» Useful for wide dynamic range sensing antibody
* Voltammetric il;::g::'i‘agl
— Measurement of the voltage-current characteristics between two protein 0
or three electrodes R <+
— Amperometric sensors are a sub-class where the voltage of the dptamer “EZQ
sensor is kept ~constant and the current is read out bacterio- Aﬁ}:}
— Usually gives a linear current-voltage relationship e . )
 Useful for high sensitivity across a small linear range <> ;e(CNBy-

« Conductometric

— Measurement of the impedance of a sensor at one or multiple
frequencies




Most common type of biosensor- remote,

noninvasive, wireless

Light property changes after reactions,

such as color, intensity, wavelengths,
absorption, reflections.

Compact analytical device containing a
biorecognition sensing element integrated

with an optical transducer system

Elements of a Biosensor

(a) Conventional Optical Biosensor

hd €

Bioreceptor Optical | Signal
Molecular Recognizer Transducer Amplification

vy vy
Colormetric 0.:_"
S

Absorbance

"

Fluorescent

Surface Plasmon
Resonance

—— [_
\

Surface-enhanced
Raman Spectroscopy

Wavelength (nm)

\
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Mechanical biosensors utilize
mechanical properties to detect and
analyze viruses, offering advantages
like high sensitivity and reagent-free
operation.

Schematic representation of the
mechanical biosensors based on
micro-cantilever and its working
principles, (a) static mode and (b)
dynamic mode

@) © 0O o) arget molecule
o O
YYYYYYYYYYYYY Y+ Receptor molecule

@) ©)

h
k‘ ™~ Gold/Chrome

Microcantilever

@)

O O Target binding

I Deflection
y
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Electroencephalography

Glasses

Mask

Sweat electrolytes
and metabolites

Clothing

Sweat sensors
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Body
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Receptor

Enzyme

Antibody

Nucleic acid

Cell

Transducer

Transduction

\ ‘/"
/. lf

Sensing
element

Components of biosensors

Transducer

Electrochemical

Optical

Thermal

Piezoelectric

Recognition

Analyte
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o

Signal output
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Measurable signal

~

J




Peristaltic pump Potentiostat

Optical sensing Electrochemical sensing
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2018 1

2017 A
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Signal Readout & Analysis

(a)
Paper Strip
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Skin biopsy

57

L3

Reflectance confocal
microscope (RCM) imaging

Histological staining

Bright-field microscopic
histological images

A

5

=]

Acetic acid
virtual staining
network VSpa

(generating 1
image from each
7 input images)

RCM image stacks

(N images)

Acetic acid virtually stained
tissue images (N-6 images)
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virtual staining
network VS,

Pseudo-H&E virtually stained
tissue images (N-6 images)

Healthy

Sl
ﬁ% o

Cancer

J

Carbon

O @ Analyte

o o8t

Dots @/y @nm
<

N

1

T
Machine

‘»Learning

Fluorescence

Fingerprint




Machine Learning Analysis
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Applications of Optical Biosensors




Key Parameters of Biosensors

Analyte
oD
A A ® -
® e ‘D— Transducer ‘ Detector
T Aa oD
Sample Biorecognition elements Transduction
(DNA, antibody, substrate) signal

A biosensor answers two fundamental questions:
1. What is the analyte being measured (specificity)
2. The quantity (or concentration) of the analyte (sensitivity)

Detection limit/
Limit of detection (LOD)




Key Parameters of Biosensors

1. LINEARITY
(high)

2. SENSITIVITY
(high)

3. SELECTIVITY
(high)

4. RESPONSE TIME
(short)

5. REPRODUCIBILITY
(high)

1111l

Linearity of the sensor should be high for the detection
of high analyte/substrate concentration

Value of the sensor response per analyte/substrate
concentration

Chemicals interference have to be minimized for

obtaining the correct result

Time necessary for having
95% of the response

The ability of the biosensor to generate identical
responses for a duplicated experimental set-up



e Sensitivity: Ability to discriminate between small
differences in analyte concentration at a
particular concentration.

o calibration sensitivity—the slope of the calibration
curve at the concentration of interest

e Limit of detection: Minimum concentration that
can be detected at a known confidence limit




A saturation
o
O O
2@ slope = sensitivity t y=11760x+ 4405
% o R = 0.9991

dy/dx

. i

linear range

I = . >
concentration

Find the concentration detection limit (“limit of detection”, LOD):

LOD

3s
LOD = —
m




Example 1:

Below shows the performance of an glucose biosensor, the current measured under

different glucose concentrations. What is the limit of detection? (Standard deviation is ~2
mA).

25

0.55 mM cm- Q& :'I;Hb:i n:‘mu
5.5 mM cm? §2'5': il
1.1 mM cm=2 E .
10.91 mM cm2 ght
5.45 mM cm-2 E
= = 10}
g [
o

5 i Il BUTUY PP PPETE PETPE PRETE PRTTY PETes
04 06 08 1.0 1.2 1.4 1.6 18 20 22 24
[Glucose] (mM)



* Reduced graphene oxide (RGO)
« Holey graphene oxide (HGO)
. Surfaoe modiﬁed GO

X o %ﬁ /, "'m&“@m\
‘x > f&.) "" Gas separation 7{% ’

Acetone  CO H;S membrane
HCHO ) / ( \\ G
[ [ Gas
NS |

| separation
l| \ membranes

— - - ZIF-8, zwk w . Cr,0,
Chemiresistive sensor * 2D MOFs 2

+ Co,0,4
* Heterogeneous MOFs i_-
Without membrane With membrane
NO, NO,
EtOH Poor selectivity EtOH Excellent selectivity
Acetone Acetone
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H,S HS
HCHO HCHO
Response (R, /R,;) Response (R, /R,,,)
Trends in Chemistry



Sensitivity VS. Selectivity

« Selectivity (specificity):
— distinguish analyte from other species in the sample
(avoiding interference).
« Sensitivity:
— Capability of responding reliably and measurably to
changes in analyte concentration

— The detection limit of an analytical method must be lower
than the concentrations to be measured.

— Slope of the calibrations curve

— Example: method below is more sensitive for perchlorate in
reagent water than in groundwater. T

A signal

slope = -
A analyte concentration




Key Elements

A 4

Biorecognition Transduction Detection/Analysis

v
v

Sampling

A

‘ Sample in

Packaging
. . Result out
Sampling: sample collection, treatment, and

delivery How to rapidly collect samples?

. How to concentrate samples and remove unwanted samples?
. How to efficiently deliver samples with minimal loss and high speed?
. (Micro) fluidics - Concentration increase/decrease, Filtration/selection

Biorecognition: surface immobilization, surface treatment to
minimize ...

* How to efficiently immobilize probes to maximize the capture?

. How to minimize the non-specific binding?
Transduction:

. How to improve the sensitivity or detection limit?

. How to improve the detection speed and multiplexing capability?
Detection/analysis:

How to develop a good algorithm to extract the useful bjological information
Packagmg and Cost: extremely important in successful commercialization



Microfluidic chip ) Interrogation platform
[MFA] 3 Optical input [Mult]
L — o . Yy

Photonic and fluidic PhC sensor

chip integration biofunctionnalization

[VTT] [MFA] § [MFA] [UniGe]

vr v, ' 4F | umvessTe
VIT M4 Wy Cocin

Material development

for photonic chip
[BTS)

J Huyer Technology Services

___ PhC sensor design
~ [UGlas] [Mult]

! University M

of Glasgony

Photonic chip
[VTT] [UGlas] [Mult]

, catio
Naar B v Jf

Pre~clinical validation Exploitation plan
[UniGe) [Strat]
- usviRsiTd —
A3 stratophase

Reagent 2 ~

Sample processing

Biomolecule
recognition

Surface chemistry to
attach affinity molecules

Test-specific chip



Example of Optical Biosensor in Daily Life

Pregnancy test

Detects the hCG hormone in urine.

antigen o °

_ 9 Capture antibody on test line
Nanogold labeled antibody 0 O Antibody for control line

Apply sample solution to a
conjugation pad
Conjugation pad

Test line Absorption pad

Control line

e

Flow direction

12



Antigen

I

Rapid Test




DNA chip or biochip

Consists of a small glass plate
encased in plastic

Collection of microscopic DNA
spots attached to a solid
surface

Used to measure gene
expression level

Each spot contains multiple
copies of a unique DNA
sequence

:,

MICROARRAY

Image retrieved from www.learn.genetics.utah.edu



http://www.learn.genetics.utah.edu/

DNA Microarray

..




Gene Expression Profiling
Disease Diagnosis
Drug Discovery

Toxicological Research

* Provides data for thousands of genes
* One experiment instead of many

* Huge step closer to discovering cures for diseases
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Applications of Electrical Biosensors




Minimally invasive / implantable device Wearable bioelectronics

+
0000

Data storage
Optogenetics /’ . \ D%D
49 Y Remote healthcare

4 /,\\‘ Wireless
g3 communication
Drug delivery '/ 1%7

Home rehabilitation

Vital sign  ©
sensing

Wearable
energy device

Electr|C|ty\
Heat\ﬂ
S

Drug—— 6\"
. diffusion % A
ECG recording, oF %
pacing, ablation Transdermal drug delivery



tifu:*}‘;"-h-q Electrophysiological

‘-'- sSensor

il R
Elec:trm:ardmgram

sensor ' / Elec:trnm»:: skin

Q f | W
: r'_.___..--""'r.... | - ‘.-:".

Wireless pressure _
device Motion sensor

Bluelectrnnm nose







Heater

Bluetooth  patch substrate
communication

to mobile device
pH sensors

Hydrogel

3D-printed
flexible
substrate

Heater/
thermometer

pH sensor
array

Wound region

Thermally-activated
drug-releasing
microbeads

\

Sensor readings

>

Electronic control signals

Re-usable (e.g., for drug release)

electronics

Detachable flex cable Disposable bilayer patch
module for changing patch with sensors and therapeutics



_ _ Temperature
Motion detection
Hydration

Biomechanics of skin

7 S cadly
Pulse Blood flow Wound monitoring and
therapy
a) Epidermal physical sensors b) Epidermal electrical sensors c) Epidermal chemical sensors

i

Disposable
strip

Stretchable

Temperature sensor
A

.. PDMS

Pressure
— sensor




Implantable biosensors for physical sensing

Material

Such a system could monitor brain
activity through neural recording and
respond to the brain’s subjective
intentions or objective events, directly
or indirectly, until the brain returns to

its regular status. ~ ';j;w;;;‘;‘;‘;W.;7‘;‘;"‘;;;_:"
a N[t]

Polymer Carbon

Michigan Probe

EEG Type

CNT fiber microelectrodes

I Patnum s (@) : Functlonallty
i \ Q‘ ’&
f % .

Neuromodulation Electrical Optlcal Chemlcal




Implantable biosensors for physical sensing

Treating brain disorders using implants

Lawrence Livermore Laboratory scientists are developing a treatment for brain disorders, such as PTSD,
using microprocessors to control implanted electrode arrays. Here's how they work:

@) Electrode arrays @ € Control module
placed over or Fass__ &

microprocessor

implanted into the : s
brain record electrical §I m;tehrgrree(tjsf:)or[at:n SATRi
signals from various g g

neuromodulation chips.

parts of the brain. 3

€ Neuromodulation o A OThe module then directs
chips transmit N neuromodulation chips to
signals to - % energize specific
a control module - electrodes on the arrays,
MICroprocessor. A\ which stimulate affected

areas of the brain.

Source: Lawrence Livermore National Laboratory BAYAREA NEWS GROUP



Applications of Optical Biosensors with Body Huids
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Analyte ——) Bioreceptor =) Transducer [y Readout/Data Communication ==y Display Signal Output

Bioreceptors e

* Enzyme-based

* Antibody-based

* Cell-based

* Nucleic acid-based
« Biomimetic-based

Body Outputs
L, -
- ; Blood
Urine
Sweat Saliva Tears JE—
Y Analytes
\ \17/ /
B
@y
. . .i( “f-
5 . ))
l Readout Electronics
Transducers + Amplifiers
+ Electrochemical * Processors
+ Optical + Signal Convertors
« Thermal + Data Communication Modules
» Gravimetric

Measured Signal

i




Examnles of Al-Assisted Biosensor [(optics /electronics)

— . ' 1 LD

- 11?2 “

-&—E
m;i




PART FOUR

SAMPLE EXAMS




Question: (15 points)

1. What are the main components of a biosensor?

2. Please draw the structure of a biosensor and describe the functions of each component. Give two
examples for each component.

Question: (10 points)

For any biosensor, both sensitivty and selectivity are important.
(a) What is sensitivity? (7pt)

(b) What is selectivity? (7pt)

(c) Calculate the limit of detection for the data given.

A




An ultrasound imaging system has a detection sensitivity of 120 dB (10-). Assuming
that the tissue is homogeneous, the attenuation coefficient of the tissue sample is 0.4
cm 1-MHz! and the velocity of the ultrasound in the tissue sample is 1,540 m/s. The
required penetration depth is 10 cm in the tissue sample.

(1) Calculate the pulse repetition rate for optimal imaging speed without reducing
the depth imaging range.
(2 Marks)
(i)  Estimate the transverse resolution with numerical aperture of 0.1.
(2 Marks)
(ii1))  Estimate the axial resolution assuming 2 wave cycles (periods) within a
pulse.
(2 Marks)

(iv) Compare the imaging performances between B-mode ultrasound and optical
microscopy. Explain the theoretical basis of the differences between them.

(4 Marks)



Biopotentials
(a) List the 3 common type of sources of biopotential electrode sensor and briefly mention what
signals or activities it is measuring in human body, respectively.
(5 Marks)

(b) A student attempts to measure his own ECG on an oscilloscope having a differential input.
Draw the equivalent biopotential circuit for the Figure 4 below. Zin = 1 MQ; Z1 = 20kQ; ZG =
30k €; idh = 0.5 pA.

(5 Marks)
(c) Calculate the biopotential difference across A-B.

(5 Marks)




EE6301

2. Figure 2 shows the equivalent circuit of a biopotential electrode attached on human skin
interface to measure its electrical signals. The test consists of measuring the magnitude of
the impedance between the electrodes as a function of frequency via low-level sinusoidal
excitation so that the impedances are not affected by the current crossing the electrode—
electrolyte interface. The impedance of the human blood or other noise 1s small enough to
be neglected.

(a) What 1s the impedance Z at the electrode-human interface and its magnitude Z (jw) as a
function of radial frequency w? (5 Marks)

(b) What are the minimum and maximum of this magnitude that can be measured? (5 Marks)

(c) Sketch a Bode plot of the impedance between the electrodes over a frequency range of
f=1Hz to =100.000 Hz. (5 Marks)

(d) For a fatty patient, a higher resistance of 1500Q 1s measured in his dermis layer, calculate
the magnitude of skin tissue impedance under frequency of 60 Hz. (5 Marks)

Electrode “ Ci Ry
Gel R
E.
Epidermis == ~
S — A _<[
[ Ry G; c;
0.24V
Dermis Layer Z



Question: (15 points)
a) Describe the working principles of the following optical biosensing techniques: surface plasmon
resonance, fluorescence, and Raman spectroscopy. (pick 2)

b) In an ellipsometry experiment, a substrate adsorbs immunoglobulin G increasing the film thickness by 5 nm.
Assuming that the refractive index of the film is 1.52, refractive index of the medium is 1.33 and refractive
index increment is 2 x 107 cm?/mg, calculate the surface concentration of the attached immunoglobulin G?



15 points

Fiber sensors are common tools for measuring human tissue conditions by taking advantage of total internal reflection
between the skin and fiber surface. Figure X shows the structure of fiber sensor with a fiber core, cladding layer
surrounded by human tissue. The right panel shows the enlarge structure where the refractive index of fiber core, n
1.6. The optical signals were then collected by a spectrometer with a grating of resolving power of 500.

core

(a) What is the minimum incident angle 6, to satisfy total internal reflection at skin/fiber cladding interface? Assume
refractive index of tissue n,;,. 1S 1.38 for healthy patients.

(b) Assume the incident angle 6, changes from 6, =480 to 52 o, what is the minimum range of tissue refractive index

Mo that can be detected based on total internal reflection?
RPp Target Biomolecule » % » &
Y ugand “

Optical Fiber

> .
Shift due to
binding
Objective

Wavelength (2)

Transmission Spectrum

Intensity




Biomedical imaging technologies and systems.

1. The most common magnetic resonance imaging (MRI) sequences are T, -weighted and T, -
weighted scans. At equilibrium, the external magnetic field B, and the net magnetization vector
are both along the Z axis. Explain precession and the working principle of T, — weighted contrast.
Show how the transverse magnetization changes over time.

(6 Marks)

2. COVID-19 viral particles are around 150 nm micrometer in diameter. Discuss the possible
range of wavelength and numerical aperture required for resolving individual viral particles using
a wide-field microscope. Choices of embedding medium are air, water, and oil.

4. Marks)



1. Figure 1 shows an example of a fluorescence microscope imaging system, where a biological cell is
excited by light passing through a set of filters then into the objective with a full convergence angle 6,
=60°. The inset shows that the objective is formed by a focusing lens with refractive index of n;,,=1.6 and
the sample is immersed in a buffer solution with refractive index of n =1.4. The cell is labeled with a
fluorescent dye which absorbs UV light and emits red fluorescence.

solution

(a) Calculate the spatial resolution of an optical microscope using an excitation light with single photon
energy of 3.26 eV. What is the resolution when excitation light is 1050 nm?
(b) Calculate the depth of focus (axial resolution) of the objective lenses if the magnification (M) is 10X.

detector / spectrometer

L]

emission filter

exclitation filter

L

light source * dichroic mirror |
- b — 7
< \J_—><objective lens / 0 :
™ cellsample —— | h'i“*buffer solution




1.  Given an Electrocardiography (ECG) signal captured by a clinical monitor as shown in the
image in Figure 4:

(a) What is the minimum sampling frequency that a microcontroller unit (MCU) is required to
accurately capture the QRS complex?

(b) If the MCU operates at a logic voltage level of 1.8V, what is the minimum analog to digital
converter (ADC) resolution required to capture the QRS complex with sufficient accuracy?

(c) For an MCU with 32KB of flash program memory, 1KB Electrically Erasable Programmable
Read-Only Memory (EEPROM), and 2KB internal (Static random-access memory) SRAM, and
assuming a moving average filter is used to smooth the ECG signal, what is the maximum filter
size that can be supported if data is stored in floating-point format? Assume the sampling
frequency is 250 Hz.

(d) What is the maximum allowable moving window size (moving speed) to maintain the key
features of the QRS complex?

(5 Marks)

Amplitude [mV]

¥
N
0.2 0.4
Time [s]



PART Five

PROJECTS




TOPIC

A smart device for ageing related diseases/ iSSues
A software platform for ageing related diseases/issues

Ageing population will
continue to impact
medical devices

The ongoing demographic transformation brings
both challenges and opportunities, particularly ./_

for the medical devices industry.

Ageing population brings challenges such as a shortag
healthcare professionals. Credit: LE Photo / Shutterstc

Top 5 phrases

that HappyDotters
link with “old age”

Powered by () GlobalData. ﬂ
Physical
health decline

80.9%

» i

~N

Jil

Changes in Cognitive Golden
appearance decline age
54.2% 48.4% 47.1%

Based on a nationally representative sample of 1048 HappyDotters, aged 15 and above, April 2024.




« Single Project (1 person 1 submission)
« 1 PPT slides with recorded mp4. file uploaded.

« Background / Motivation

» State-or-art technologies- comparison

* Problem Statement (what are you trying to solve?)
* Proposed Technology as Solution

» Expected Outcome

« Conclusions & Limitations

 PPT slides: 10+ slides (10% final grade)
 Recorded Presentation: limit 5-8 minutes (10% final grade)
 Due on Week 13. No late submissions accepted.



THANKS FOR YOUR TIME
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