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What is a biosensor?

Biosensor is an analytical device that can detect and analyze biochemical analytes

Detected Analytes:

* Small molecules (i.e. drugs)

* Biomolecules (i.e. enzyme, hormones)
* Proteins, antibodies

* Nucleic acids (DNA, RNA, miRNA)

» Extracellular vesicles (exosomes)

* Pathogens (virus, bacteria)

* Cells..

Top illustration adapted from Huertas et al. Front. Chem., (2019)

Biological
Receptor

\

Transducer Data Signal
Processing

Test/Device Response:

* Yes/No indicator

* Quantitative detection

* Analyze interactions & kinetics

» Extract chemical/conformational information ...



Food Safety
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Detected Analytes:
* Small molecules (i.e. drugs)

* Biomolecules (i.e. proteins,
antibodies)

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

* Pathogens (virus, bacteria)

\Cells /




BIOSENSORS in DIAGNOSTICS

Diagnostics is the FIRST step in medical care

Follow-up treatments are based on diagnosis

PCR Technology

Rapid Tests (Lateral Flow Assays)

Advantageous:
*  Provides accurate results
*  High-throughput

Limitations:

* Time consuming

* Centralized labs

*  Expensive instrumentation
*  Trained personnel

Advantageous:
*  Point-of-care technology
. Low-cost

COVID-19 EXPERIENCE! Used by anyone
*  Provides rapid results

Limitations:
. Not accurate/sensitive
* Not quantitative

* Not available to everyone — resource-poor settings * Limited multiplexing capability
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Bioanalytical device

-

Global health care

Point-of-care diagnostics

Personalized medicine




Bioanalytical device

Sensitive
Throughput
Multiplexed
Real-time
Low-cost
Rapid
Integrated
Portable
Intelligent
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J Autonomous
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Global health care

Point-of-care diagnostics

Personalized medicine




Next-generation biosensors will be everywhere!

O Sensors that can measure everything and everywhere will serve at the nodes of the “Internet-of-body” & “internet-of-things”

O ... connected devices enable smarter systems

REVIEW ARTICLE NATURE NANOTECHNOLOGY

Test results : _
* Biomarker ! Biosensor

* Drug ! E
* Hormone (( ; Smart home Community
* Virus (@’ y A i
* Toxin > ™ , |
e = | e
i Artifical intelligence (]
| cision support o .
i decision suppo Hospital
i
Biosensor specifications . End-user
* Sensitive !
* Rapid : : D
: boﬁi;‘;::ed ! 4 Smart car E Infrastructure

+ Miniaturized

Fig. 1| Future of biosensors. Biosensors detect a broad range of analytes in a variety of settings and are connected within the Internet of Things.

Altug et al. Nature Nanotechnology (2022) /



O Response:  Limit of Detection (LoD) & Dynamic Range [ Time Resolution & Response Time
...Yes/No or Quantitative fg/mL, pg/mL, ng/mL, mg/mL.. End point, Real-time (Kinetics) or Continuous

calibration curve | o

Association
Signal . i
LOQ b g
Slope gives sensitivity S = i
LODl «— -y
a

l

Response Unit

Dynamic Range

Q Selectivity “ .
Affinity based
(surface functionalization)

noise

Concentration

4 N

O Sample Volume

0 Multiplexing (S - PLnb Uk
O Reliability (Accuracy) Microarray P O Automation & Sample Handling
sick Healthy Microfluidics ..
TRUE POSITIVES FALSE POSITIVES D Th roughPUt
(TP) *?) How many samples per test? [ Single-Use (Disposable) or Multiple Use
Cartridge? Fixed Reader?
- Cost U Footprint & Int ti
sensitvity speciciy Reader, cartridge ootprin ntegration

Bench-top, Portable, Wearable..

TP+FN TN+FP



Optical Transduction Mechanisms

Biosensor is an analytical device that can detect and analyze biochemical substances

e 2
F.9
£ 9
vy * . 4

#f’r

Sample Biological Transducer Data Signal

Receptor Processing
scattering fluorescence

Bioimaging & Sensing

Raman scattering

UV-Vis absorption IR absorption

Refractometric detection

Hyperspectral imaging
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Optical wavelengths (~¥1000 nm)
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Photonics provides:
* Immunity to electromagnetic interferences
e Ultra-wide bandwidth ...

Biological structures (“nm)
—p

3 =
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e

Virus ~100 nm ] . ]
But, micron long optical wavelengths introduces

size mismatch between light & nanometric samples:
* Lower performance

Antibody ~10 nm

Proteins ~5 nm

mi-RNA ~1 nm ”z,%
10
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Optical wavelengths (~¥1000 nm)

<
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Optical nano-resonators

=  Focus light into nanoscale volumes

= Enable strong light-matter .

interaction

Integration, ... Eg: Metal nanorod

= |deal to achieve high sensitivity,
small footprint, multiplexed

J

Virus ~100 nm

Antibody ~10 nm

Proteins ~5 nm

mi-RNA ~1 nm
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Localization of E&M field in nanophotonic structures =P L

——————————————————————————————————————————————————————————————————

i Nanogap i Graphene Nanoparticle | Magnetic i Nanohole i Nanorod long-range

' plasmon LSPR anapole | array LSPR ' plasmon

T = + ] |

T " - y :

-+ - = ! ! g - = | 3

_____________________________________

Sy a

Drug DNA Lipid IgG Exosome Coronavirus Bacteria
molecule aptamer bilayer antibody

Size comparison between common biological analytes and the decay length of the evanescent field in various
nanophotonic structures

Altug et al. Nature Nanotechnology (2022) 12



Integration Schemes =PrL
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a Light source

\ Microfluidics
- _ ' Microfluidics i
Vertical Planar
Integration Integration

glectronic®

Nanophotonic units
v U U U w
® 00 0 ¢
Bd se00:
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S

Metals Dielectric

2D materials : Hybrid/active

Biointerface

Surface modification Capture probes Targel analytes

N Y- wed

Thiol Biotin Lipid Aptamers Proteans Antibodies

Altug et al. Nature Nanotechnology (2022 .



Extinction

Refractometric affinity sensing

Y receptor ¢ analyte
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_AL Refractive index sensitivity

before —
after — Sbulk= A?\//An
FWHM
k Ssurface ~ Sbulk[l_exp (_Zt/ld)]
Wavelength

Resonance engineering

* High field enhancement

e Spatial overlap between analyte & enhanced
near-fields

e (Qfactor

* Resonance wavelength

|
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Altug et al. Nat. Nano (2022) 14



Control optical response and functionality of nano-resonators with:

 Material choice

- Metals, 2D materials, dielectrics, ...

« Shape, size & arrangement of nanostructures

c=PF

-

Small 2018

Nature Materials 2012

Metallic Plasmonics

Nature Comm. 2018

~

/
Dielectric Metasurfaces

05 Uy /|
| !

Normalized reflectance

Io = e - . — - =
1350 1451 15 1650 1750

Science 2018,

Science Advance 2019
Nature Photonics 2019
Nature Nanotechnology 2019

/ ™
2D Quantum Materials
ITTTIITNITY 's00hm
[ |

Tunable Mid-IR Sensors
Science 2015
Light Science & App 2017

. J

-
Hybrid System

arbitrary phase
profile

-

reconfigurable
metasurface

Combine
different materials & systems

Advanced Functional Materials 2020
Nano Letters 2020

\_

G
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Surface Enhanced Mid-IR Spectroscopy

Point-of-Care Diagnostics

\ 4

» Low-cost, portable, rapid & multiplexed
microarray technologies.

* New device schemes including lens-free
microscopy, hyperspectral imaging ...

PNAS 2010 ..

Light Science and Technology 2014 & 2018
ACS Photonics 2015, patent granted

ACS Nano 2018

Nature Photonics 2019

Small 2020

Nature Communications 2021 ...

\ 4

» Chemical-specific detection
* Conformational sensitive

PNAS 2009 ...

Nature Communications 2013, patent granted
Science 2015 & 2018

Nano Letters 2016, 2018

Light Science & Applications 2016 & 2017
Nature Communications 2018

ACS Sensor 2018

ACS Photonics 2018

Advanced Materials 2021 & 2022

Science Advances 2019 & 2023 ...

\

Live Cell & Single-Cell Technologies

\ 4

 Cell screening & profiling, e.g. for
immunoengineering applications

» Real-time & label-free secretion analysis
from single cells

 Cell-cell interactions & incorporation of
biomimetic surfaces

o
Lab-on-a-Chip 2017
ACS Sensors 2018
Small 2018
Science Advances 2021
Biosensors and Bioelectronics 2022
Nature Biomedical Engineering 2023 ... 11




. @@ @O OO OO OO0

____________

Radiation Type Gammaray  X-ray Ultraviolet Visible { Infrared } Microwave Radiowaves

Wavelength (m) 102 1010 108 0.5x106 E 105 102 103

Frequency (Hz) 10%° 1018 1016 1015 i 1012 108 10°

.............

+
bending I

detected via absorption

o4 y
g

— «— of infrared light
symmetric stretching l
+—> |
.:‘:. molecular fingerprints
asymmetric stretching -

\ J = Chemical specific
Characteristic vibration = Label-free

| P | I motions of molecules T
h I ALMA (ESO/NAOJ/NRAO)/L. Calgada (ESO); https://chem.libretexts.org/
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B-sheets
o-helixes
membrane conformation
\\§ J
Y
<€—— Mid-Infrared Spectrum ——> <—— Protein Band (Amide-I) —>

non invasive access to Proteins
molecular vibrations

N

= signal intrinsic to
molecular structure

Absorbance

Absorbance (a.u.)

= Resolves secondary structure
from amide | band shape 0

/

{ I L
1000 2000 3000 1600 1650 1700 1750

- -1
Wavenumber (cm 1) Wavenumber (cm ')
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e p
low sensitivity »~ analyte
I
Beer'slaw T = —~ exp(—ad)
0
* Prohibits measurements from monolayers with -']
nanometer thickness - o /
* Requires extremely high concentrations l,
g
d
\ J
-
water absorption
water
. . . amide
Water bands overlap with the vibrational ™ el
amide

signatures of biomolecules

* Requires sample drying or D,0 which are not
compatible with living systems (i.e. cells),
resolving kinetics, conformational changes ...

Absorbance

S

1800 1600 1400 1200

2000
Wavenumber (cm™)

* Adato et al., Nat. Comm. 4, 2154 (2013)

ges of Infrared Spectroscony
i

EPF

r

S
bulky & expensive instrumentation

» State-of-the-art is the table-top FTIR

spectral overlap
* Complex sample analysis require chemometrics

Wilson, M., 2021. 85(1). )
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Surface-enhanced IR ahsorhance spectroscony (SEIRA) =P

* IR absorbance « Oscillator strength of molecular bond x |Electric field|?

* Optical nanoantennas can be used to boost IR absorbance - - A
Longitudinal electron oscillations
Electric Ty
f _. ,, field \_ ﬂ\\ -
' - electron ) et | ' ' |
' cloud >+ w
/ metal
\ nanorod J

( A @ amide |
g oamdel

S bare antenna - - - c s
c / © oy
© [ . -E . e
B with analyte 5 amide I 3
= # 8 S
S < €
2 - <
Signal 5
i LU
processing 16

g 1 1 J . 1 1 1

6 6.5 7

6.0 6.5
Wavelength (um)

Wavelength (um)
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Surface-enhanced IR ahsorhance spectroscony (SEIRA) =P

* IR absorbance « Oscillator strength of molecular bond x |Electric field|?

* Optical nanoantennas can be used to boost IR absorbance.

v

<€—— Mid-Infrared Spectrum

( )

N

bare antenna - - -

with analyte

Reflectance

-

Absorbance (a.u.)

1550 1650 1000 2000 3000

-1
Wavenumber (cm™) Wavenumber (cm )

=  Mid-IR spectroscopy is broadband & provides rich information

= |f asingle/narrow resonance is used, collected spectral information will be limited .... 21



Life is formed by Biomolecules from Four Major Classes

-

Carbohydrates Proteins Lipids Nucleic Acids

O
N
<,: | NH

N’)\NHE
. :
S — Polypeptide : —— Nucleotides

| — Polysaccharide Lipids
2 —— Nucleic acids
)
£ o —
1000 2000 3000 4000

Wavenumber (cm™)

22
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| B

IR objective

CaF, X

<100 nm
— —
inflow outflow

. - y4
microfluidic cell

2

|500 pm CaF

Optofluidic chip

Nature Communications 2013, patent granted
Nano Letters 2016

Nature Communications 2018

Advanced Materials, 2021

Heterogeneous bioassay in solution

—_ 1_ 1
= — Polypeptide —— Nucleotides
i —— Polysaccharide Lipids
53_’ —— Nucleic acids
...... o
< Oyt QR 4‘“-—-—-—*-\/\«
1000 2000 3000 4000

Wavenumber (cm™)
23



Multi-resonant metasurfaces tuned for linid, peptide, nucleic acids, polysaccharide

i
dual-band single-band

multi-resonant metasurface

<100 nm
inflow outflow o St
microfluidic cell : 4 | 3
Nature Communications 2013, patent granted ' three- resonance bands
Nano Letters 2016
Nature Communications 2018 ‘
Advanced Materials, 2021 Wavelength (um)
10 5 333 25
T T 1
Heterogeneous bioassay in solution — Simulation (k ,_=0) .- ~
' ‘ ---- Experiment o §oN >
©
i
04

— Polypeptide —— Nucleotides
— Polysaccharide Lipids
— Nucleic acids

2, W P -

2000 3000 4000 24
Wavenumber (cm™)



Real-time & label-free ohservation of vesicle-peptite interactions & cargo release

-

Nucleotides Lipid
Sucrose

Melittin

-~

%\ﬁ m%% o~ Mﬁﬁﬁﬁﬁ% ~ M&m {sss;ss% ~ M»g%ﬁﬁ%

functionalized
antenna surface

Injection of vesicles loaded
with sucrose and nucleotides
-

i

N

Cargo release and supported

captured vesicles lipid bilayer formation

melittin binding

Experiment data

A e

Y

Nucleotides

Sucrose
—0—
Lipids

Melittin

* DNN data set comprises 3,325,806
spectro-temporal data points obtained
from real-time measurements.

* DNN models are built using the
Sequential model of Python’s Keras

library, which uses Tensorflow as
backend.

Advanced Materials, 2021

DNN output weights (a. u.)

N\ N\
N N N

— Nucleotides
—— Sucrose
—— Lipids
— Melittin
50 100 150 200 250 300
Time (min)

Injection of vesicles

; Rinse with buffer
with cargo molecules

Injection of melittin

25



Reminder
.

: Mid-infrared sensing for hiology
. @@ @O OO OO OO0

B-sheets
o-helixes
membrane conformation
\\§ J
Y
<€—— Mid-Infrared Spectrum ——> <—— Protein Band (Amide-I) —>

non invasive access to Proteins
molecular vibrations

N

= signal intrinsic to
molecular structure

Absorbance

Absorbance (a.u.)

= Resolves secondary structure
from amide | band shape 0

o/

{ I L
1000 2000 3000 1600 1650 1700 1750

- -1
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Primary structure /Secondary SthCthe\ Tertiary structure Quaternary structure
a-helix
q;: .0;“{:— A -
Polypeptide chain b AL PN L
ypep .i*@ b ?;,_.* e
S pbidotgisd '

\V?g/“*g 1

. : . B-pleated sheet
’ " )

/‘rlf' D R R T R -
mino gy g Subunit 1 Subunit 2
acid r"i‘!"rlw‘}’"v:f‘ﬁv‘#' |

* Simple sequence of amino acids |, pjctates protein folding and = 3D combination of different = Combination of multiple

\functions / secondary structures tertiary structures

Misfolding disrupts protein
function & lead to diseases

The & The &3 bb
iolo emis Created with RENDER
es Templates
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Mopomers a-synuclein Tau Amyloid-beta TDP-43

Alzhelmer s disease ﬁlli

NAVAN

Lewy bodies Tau tangles Abeta plaques TDP-43 inclusions

v

*' o
‘L-

be i, "i-_'-". :
. W 7 . !
# ll" .
& y &

"
I.j &
A

Protein misfolding from native

unstructured form to beta-sheet structures

. L]

induces aggregation

AC immune ALS - Amyotrophic lateral sclerosis
RSCB PDB 28



Aggregation pathway of alpha-synuclein protein

R

= TEM (Transmission
Electron Microscope)
images of 3D
structure

Monomers Oligomers Fibrils

Dp
DY —

= Secondary structure

= Random disordered

= Beta-sheet enriched

29
Kavungal. D et al., “Artificial intelligence coupled plasmonic infrared sensor for the detection of structural protein biomarkers in neurodegenerative diseases” Science Advances 2023



ImmunoSEIRA for protein structure analysis

= Sensing scheme

Infrared objective
== R light o}
9]
c
©
I l ‘g -
N 2 -

Inlet Outlet 3 T g e T
: - o NS T\ S S
: . % IS T\ &\ <
: ”L ge. &

i ()
: U
©
! | | £

S — w I/ Amidell  Amidel U (é

\/ II ) 1
Au U ASYN 1500 1600 1700 6151635164316601667 685 1688-1696
[I]IPDMSceII CaF, [IBuffer Wpaytes T YAntibody %speées Wavenumber (cm-)

- Real time label-free optofluidic setup
- Immunoassay captures target proteins : a- syn, with highest specificity irrespective of their conformation using antibodies
- From the Amide | absorption bands (1600-1700 cm-') of the a- syn species, their distinct secondary structures are retrieved

30
Kavungal. D et al., “Artificial intelligence coupled plasmonic infrared sensor for the detection of structural protein biomarkers in neurodegenerative diseases” Science Advances 2023
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= 2D microarray SEIRA design

s B B B 600um

= Optofluidic SEIRA signal

=== Experiment
=== Simulation

.\‘

o
L

©
IS

V

Reflectance (a.u.)
o o
N

e
e

[

: . 0. : : : :
Chipcell Micro-flowcell 1000 1200 1400 1600 1800 2000
Wavenumber (cm™)

Kavungal. D et al., “Artificial intelligence coupled plasmonic infrared sensor for the detection of structural protein biomarkers in neurodegenerative diseases” Science Advances 2023
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Gonformational profiling of different alpha-synuclein protein forms

= Monomers o

EY | O
RMRRRARAAR ' ym«/xm

Absorbance
---------- Absorbance fit
20 20 30
_ 5 B-sheets
@) 7 257 L
o151 Q 15 o a-helix/disordered
£ = £ 20- 49%
U g >
%10 §10 § 154 B-turns
g 2 g ;
o 8 5 5 101 27%
251 2 e
) & =
0 : 0 0 S o
1600 1620 1640 1660 1680 1700 1600 1620 1640 1660 1680 1700 1600 1620 1640 1660 1680 1700 But, how can we
Wavenumber (cm™) Wavenumber (cm”) Wavenumber (cm) T
guantitatively separate
- = = the pathological
3 go1 = 0.01+ 502
T 0.014 © o H
L v v aggregates-oligomers
> = = J . . . .
2 g 5 %0 e and fibrils in a mixed
£ 0.00; s 3 sample?
i) 1626 2 1680 S-027 v !
'g 16781686 -g (V] C 1666
S S -0.01 1649 o
9 -0.071 @ 1660 0044
wn 1655 v 1620 v 1628
1600 1620 1640 1660 1680 1700 1600 1620 1640 1660 1680 1700 1600 1620 1640 1660 1680 1700
Wavenumber (cm-) Wavenumber (cm) Wavenumber (cm™)

32
Kavungal. D et al., “Artificial intelligence coupled plasmonic infrared sensor for the detection of structural protein biomarkers in neurodegenerative diseases” Science Advances 2023



Early stage Intermediary stage Late stage 100
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% Accuracy = 94.66 %

Predicted fibrils concentration (%)

N
<

Concentration (%)
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A Actual fibrils concentration (%)

W, 4 hidden layers, 26 nodes each

Testing data
20%

Training data X0 ---
80%

. 133 inpul nodes

33
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Multiplexed Detection of Structural Biomarkers with Inmuno-SEIRA Microarray —=P;-

%

Microarray Selective functionalization of Bioassay flow for injection of ASyn & Tau fibrils mixture
" = om sdomm sensor units by spotting tool
K HT?7 / \ SYN-211
400 pL ad ‘
drop volume =+ = &% z .
dog: Blocking buffer H = | Tau & ASyn T Sl
/ \ / \ fibrils / \
Signal obtained on antibody functionalized unit Signal obtained on HT7 antibody functionalized unit
~ 2.0 = 3.0
) g
o o
Q 1.5
£ % 2.0
g g
|:| 5 1.0 g
Q S
Butter wash § § 1.04
<05 3
g 2z
% 0.0 ‘;?oo-
|:| £ 9 50 100 150 200 =g N o0 o e
Blocking wash Time (minutes) Time (minutes)
10 15
(=)
[ 8
Tau & ASyn fibrils injection ‘é’ 5
5
G
8
<
0_
1500 1600 1700 1500 1600 1700
H H Wavenumber (cm) Wavenumber (cm™)
Confldentlal e — ‘ | 34
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% L=1.5um
<«—>E,

2000 2500 3000 3500 4000 0.0 -0 . . : = . . . . .
Wavenumber (cm™) 4000 3500 3000 2500 2000 1000 2000 3000
Wavenumbers (cm ') Wavenumber (Cm'1)

N
)2
o

s
(&
1

Absorbance (-log[l/l,]
5

\
\

A
A

PRL 101, 157403 (2008) J. Am. Chem. Soc. 135, 3688-3695 (2013) Nat. Commun. 9, 2160 (2018)
State-of-the art in SEIRAS - plasmonic antennas [ )
‘ * What can we do differently with sharper resonances?
limited by broad resonances * How can we harness them for new functionalities?
11.0
el reference high-Q ! 11.0
¢ 2 © resonators y reference
molecular e h 3
layer 8 : c
10.5 § 0.5 3
fo '™ e
o molecular ¥
layer
1400 1600 1800 - - =g
Wavenumber (cm') 1400 1600 _11 800
L Wavenumber (cm) )
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Mid-IR imaging biosensor with high-Q dielectric metasurfaces
i

1500

mid-infrared imaging With protein
monolayer

electric near-field
enhancement |E/E |?

pixelated :
0 d:‘?lleegsr,frface ________ R Two-dimensional
SxA_\%/_S . . ] ._ _-_ _-J Molecular barcode
—éﬁ g}\Sx i I . Imaging based
— 4 | chemical
S P O : fingerprinting
= :
Symmetry-broken N [l:f
high-Q silicon resonators —il
gh-q s=13 S=1.0
—l absorpM
Resonance tunability by 10F
scaling factor ' 1.0t
S
= 3
= c
1-to-1 correlation S 05¢ » g
between spectrum & % ;;.:'j
chip position o . : oY
0. S S aS—

1600 1800
Wavenumber (cm™)

1400
Tittl et al., Science 360, (2018)

Wavenumber (cm™)
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Resonator scaling 100 pm
< —— ; B
$=1.00 ENEEEENR S
i EEE
s=1.09 HEHEEEENE - f
EEEEEEEEEN .
T [ I
$S=1.117 INNENNEEEEN .
o I T . ..
EI0 [ 0 0 G0 R AR N N O 5 A
(EED LT VT D T EED D WD L
S=1.34 HEENENENNER 40 um
100 metapixels,
total size: 2.25 mm? P,
linear scaling of
e “ resonator size, S p
Fabrication method: y
- A=1.96 um =
* hydrogenated amorphous silicon layer B €
deposition via PECVD B=0.96um 26 2
P,=3.92um o
* MgF, substrate P,=2.26 um 22 o
. 18 &
* electron-beam lithography Fixed height = 0.7 um 1.0 11 12 13 =
- ; - 9200 Scaling factor S
* fluorine-based dry plasma etching Fixed tilt angle § = 20 .




Broadband & Imaging-Based Spectral Detection : Molecular Barcodes

-

\

1.0 F o N O TN N TR R TR TR T T Ro protein
molecular barcode
05}
AN AN SARV ISR VARA T ARE
0.0 —
’ff ‘%ﬂ protein A/G
g % | physisorption BEEREEREEEEENE . smidel

L . .t ‘-

. L ST RS
e i A - |
ﬂ [ CEEEEEEEEE - amidell

Normalized reflectance

0.5¢

1400 1600 1800 imaging-based readout of
Wavenumber (cm) total reflectance signal

38
Tittl et al., Science 360, (2018)
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Tittl et al., Science 360, (2018) image-based pattern matching



Broadband Mid-IR Metasurfaces for SEIRA Spectroscony & BioSensing

iy,
- Pixelated Metasurfaces: = Gradient Metasurface Concept:

- pixel size >100um * resonances tolerate perturbation

- discrete spectral sampling * scale every column slightly
> large area required —> continues spectral coverage

-~ much less area required

Resonator size scaling - S
mid-infrared imaging a ‘«'I’—'X P.
i y
STl — 2
pixelated .
R . QL

dielectric

metasurface . .

b Field enhancement 1 T coorﬁlmat? X X

o 30 1N, 1A, spectral position S V7 S VW

"”mm /A us’u""ﬂu" (i "‘f f M ) \f } [blank metasurface]

WA Tl /\ u‘ll'w‘ll“'ﬂ ‘lc"‘ﬂ\-‘l‘”l“ (i :""..\‘

*“’*W‘JWL ..,4‘ "" “‘m‘w )‘,‘ )

S=13 $=1.0 ‘\ : | i ara

g g g . |extrac nalytebsorptlon|
‘c;o: 0.5 ﬁj
2 J g

.0 WA L L

i Wavenumber, cm! Wavenumber, cm™
Wavenumber (cm™)

Tittl et al., Science 360, (2018) Richter et al., Advanced Materials (2024)
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Continuously Scaling up

Extracted Spectrum
h " —)
Y \ Optical image of Resonator size scaling
\Wavenumber, cm' _ - =
® 9
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Detector o -
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-
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L
—
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i
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0.05 . 1.0
Reflecitvity

Position, mm

Gradient Metasurface

Richter et al., Advanced Materials (2024)
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Broadhand Gradient Metasurface for SEIRA Spectroscopy & BioSensing

-

Single-Analyte: Detection

Metasurface is coated with a polymer,
such as PMMA, PS or PVA Wavenumber [cm‘1]
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Broadband Gradient Metasurface for SEIRA Spectroscony & BioSensin

-

Single-Analyte: Detection Multi-Analyte: Decomposition

Metasurface is coated with a polymer, Metasurface is coated with a polymer mixture
such as PMMA, PS or PVA
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Flexibilities Offered by Gradient Mid-IR Metasurfaces
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Wafer-scale fabrication of mid-IR metasurfaces EPF
e

* 90% transmission over an ultra-broadband spectrum [from 2 to 20 um]
e Ultra-low effective refractive index down to 1.04

2. metasurface 1. ALD of Alz0s
material deposition

3. DUV lithography

4. Dry etching
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Wafer-scale fabrication of mid-IR metasurfaces
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BioNanoPhotonic Systems Labotatory

Ongoing Research Directions

v

Live Cell & Single-Cell Technologies

» Cell screening & profiling, e.g. for
immunoengineering applications

» Real-time & label-free secretion analysis
from single cells

 Cell-cell interactions & incorporation of
biomimetic surfaces

Lab on a Chip

Since Lab-on-a-Chip 2017 ..:
Recent highlights:
ACS Sensors 2018
Small 2018
Science Advance 2021
Biosensors and Bioelectronics 2022
Nature Biomedical Engineering 2023 ...

Surface Enhanced IR Spectroscopy

+ Chemical-specific & fingerprint detection
» Monitor conformational/structural changes
* Real-time measurements in aqueous solution

6.25

» . oeo0eeee
o ol

] %9900
1

Cytosol

Since PNAS 2009 ....
Recent highlights:
Nature Communications 2013 2 patent granted
Science 2015
Nature Communications 2018
Science 2018
Science Advance 2019
Advanced Materials 2021 & 2022
PNAS 2023 ...

Q

Point-of-Care Diagnostics

» Low-cost, portable, rapid & multiplexed
microarray technologies.

* New device schemes including lens-free
microscopy, hyperspectral imaging ...

Since PNAS 2011 ...
Recent highlights
Light Science and Technology 2018
ACS Photonics 2015 =2 patent granted
ACS Nano 2018 2 patent filed
Nature Photonics 2019
Small 2020
Nature Communications 2021 ... 48



Importance of heterogeneity

s

Cells present heterogeneity in various
characteristics

Homogenous
population

A
' Heterogeneous
/ \.. population
A

Metabolic markers Protein markers Genetic markers Phenotypic heterogeneity

Highly heterogeneous

' population

Ensemble measurements can mask the variations in responses 49

Signal
Growth rate




s

e Closely related to physiology and disease

progression

* A precisely regulated dynamic process
* External stimulation
* Gene expression
* Exocytosis

* Involved in biological functions,
interactions & communications

* A variety of secreted substances:
e Cytokines
* Antibodies
* Extracellular vesicles ...

Exocytosis  //
v ;’f/cell membrane O ©
transport vesicle U
oV,
» released LA \Y*
N soluble proteins (€7 S ) )

constitutive =~/ O\

secretion ? < -

unregulated
embrane fusion

cell membrane
proteins

secretory vesicle

\ secreted proteins

00
regulated '.W ?
secretion @ @ regulated -
membrane fusion 4 secretory
@ ([ proteins

receptor -
-
\ e e

2\ signal transduction o
|igand/ Golgi apparatus O

© 2010 Encyclopaedia Britannica, Inc.
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Customized upright arm

Customized incubator Light Source
for live cell culture

Andor Spectrometer
& CCD camera

nature
biomedical
engineering

High-throughput imaging
of single-cell secretions

(July Issue 2023)

Ansaryan et al., Nature Biomedical Engineering | 51



Nanoplasmonic single-cell microwell arrays =Pr

it

Plasmonic substrate |

Customized upright arm — ~

with LED Customized incubator

for live cell culture Integrated biochip:

Andor Spectrometer - Maintains live cells

& CCD camera

S

= 'a‘ " a —
Ly ™ i il 1
-l —-

' Single-cell
microarray 1 mm

I X XX XXX XX |
I X KX XXXX X!
PDMS microwells :

e0000000O0® | . - Compartmentalize
000000006060 sing wells single cells

CMOS—
camera

Plasmonic nanoholes
- Enables label-free
detection

52




Label-free Detection Principle - NanoPlasmonics

w !! ‘ few 10nm

Plasmonic Gold Chip with Nanohole Arrays

L - - - L -
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d GO\Id
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Confined near-fields within <50 nm from surface enables:
AN - Strong analyte-light overlap

500n Optical F|e|

- High sensitivity

Al

Transmittance

>
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Wavelength 53
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Deterministic single-cell loading in the microarray =Pi-L

. @O @O0

i Non-contact & low volume dispenser
' --Single-cell row (400 pL drop volume)
-Single-cell row
(3] &)
- Single-cell row
_____ I\
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I |
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Specific detection of target analyte - surface functionalization

. @O @O0

plasmonic substrate with

) Analyte
--Single-cell row k Y 30 Streptavidin
¢ Biotin
antibody
. BSA
- Single-cell row
- Single-cell row o ¥ m Sensing area
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Water-scale manufacturing of nanoplasmonic sensors with DUVL process

. @O @O0

Plasmonic chip » Substrate is typically glass or silicon

* This example is based on glass:

4-inch wafer Coated with 100 nm thick gold film

~50 1x1 cm? nanoplasmonic chips

Plasmonic
nanohole array

Nanoholes

=PFL ;


Presenter Notes
Presentation Notes
We fabricate our nanoplasmonic chips at low-cost using wafer-scale Deep UV Litho.
The photo on the left shows a patterned 4 inch glass wafer yielding around 50 1x1 cm nanoplasmonic chips.
 



* 1gG from hybridoma cells

XX XXX N\

» Cell area excluded with machine learning-
assisted image processing

Time-lapse optical

» 4D spatiotemporal map
* X,Y, intensity, time

t=17:50" w()t%“\f)t4%0t“50t6\{)t7*\0t8w0t9

Intensity (a.u.)

e

4-D spatiotemporal
secretion map
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Statistical analysis of a population with single-cell microarray

- @ @ @O OO @O @O OO OO OO0

Hybridoma Protein transport inhibited (PTI) hybridoma
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=PrL Cell secretion during mitosis

- @ @ @O OO @O @O OO OO OO0

* Non-destructive monitoring of secretion during cell division

%108 x103

1.5= Before Mitosis After 2= Before Mitosis After
4 Mitosis Mitosis Mitosis Mitosis
L.2% o
& 8 2500 s 1.5 =
L = =
= - = &
(¢ = e
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_ v =
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Downregulation of the ER-Golgi pathway before mitosis
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- OO

] healthy cell \ _
apoptosis necroptosis

ah -

- increase in cell volume
- loss of plasma membrane integrity
- leakage of cellular contents

- cell shrinkage
- plasma membrane blebbing
- formation of apoptotic bodies

4 N\
Different forms of cell deaths:

- Programmed/regulated vs unregulated

- Apoptosis vs necrosis
- J
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« Apoptosis is immunologically “silent”
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P 6686686868666 Bursting behavior of necroptosis could
mnl - mediate:
gﬂ‘@@@@@@@@ e -

5 « “long-distance” cell communications
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= P=|_ Photonic hiosensors & bioimaging platiorms for cell screening

- O OO OO0

Cancer cell

g e « Cell-cell interactions for cytotoxicity analysis
o i: Cytokines

Peptide-MHC complex
(PMHC)

T cell receptor (TCR) S « Spatio-temporal secretion analysis

e oy

T cell



Gytotoxic T cells in anti-tumor immunity

. @ O O O OO O OO0

Cytotoxic T cells
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High-throughput biochip for real-time analysis of cell-cell interactions

i

e Each PDMS chip contains 21’384 microwells

* Each well has only 65 picolLiter volume

* Confinement allows close interaction between
T cells and tumor cells

18 rows

12 columns

Science Advances 2021 -

cPrL



- - Hori i = =1=
sSingle Gell Microarrays For Monitoring of Gancer Gell Killings =
Tumor-specific Tumor cells
T cells PKH26 Absence of

Time-lapse imaging with CFSE violet “cell death”
4 simultaneous channels
(1 bright field & 3 fluorescence) @ + o \ *°, Specific “death”
| Caspase 3/7

pathway

Bright field image T-cells Tumor cells Cell death (lysis)
=7 _.'.‘a-"'].»‘:;.'-;. :

Killer T-Cell

67

Science Advances 2021



“Cytotoxicity” Effect of T Gells on Melanoma Gancer Gells

i

Bright Field CD4*T Cell  Melanoma Cell Lysed Cell Merge

~~~~~ -EEAR
~EEED

Acg. Time: 00.0 hours

1

o

s

-EEANE
~-EHEEE

Technology generates a large set of spatially and temporally resolved data
=» Images of each cell from multiple channels (bright-field & fluorescent channels) over a long time period (i.e. 24 hours with 15 min intervals)

68
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Deep neural network:
R hput
7

apid and quantitative analysis of single cell killing events at high-throug
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A\ umor cell
(A) 1 Network training 3 2T 2 umor cells
Extract frames to label Train DNN Deconvolutional layers
SCREENING
2 T, & ANALYSIS
/ @ Lower left corner
T ® Upperright corner
Alive tumor cell
> i Alive T cell DNN caspase 3/7
® Lysed tumor cell detections ' image
® Lysed T cell
v~ Lysis kinetics
Input: Deep Neural Network Output: v Percentage of lysis
Time-lapse images (DeepLabCut 2.2) feature coordinates v Time of lysis
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BIOS: BioNanoPhotonic Systems Labotatory

Mission
Develop science and technology for powerful optical bioanalytical devices that can have impact on
areas ranging from basic research in life sciences to real-world applications such as disease diagnostics.

/ | \

. . . Imaging
&p hoton/cs’ Microfluidics Hyperspectral & Lens-free

Data Science

Our Toolkit

Antibody

Protein

SAM

I
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