Biomolecular Needling System
for Medicals

Painless Transdermal Drug Delivery &
Self-testing Diagnostic Bio-sensors
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Today, Topic




What is better for your Drug Delivery system?

D Patch/oint t
Oral Inoculation \\ rug ratch/omtmen /
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Microneedle Array

e Microneedles (MNs), MN array
micrometer sized needles made of various biocompatible materials.

> can create the pathways into epidermis or dermis layers to transport drug molecules.
> minimally invasive, no medical professionals, convenient in storage as well as logistics

Representative MN array patch

No Pain, Patient-friendly
Non-invasive

Less space
for storage

Solid

Coated Hollow  Dissolvable Swellable  Porous

siwlaQg siwepidgy

siwlopodAH

No biohazardous
waste

Different types of MN array
» Solid
+ Coated

* Hollow

+ Dissolvable
« Swellable

* Porous

No medical staff
required



Conventional Micro Needles for Drug Delivery System

Solid MN Coated MN (Dissolving MN\ Hollow MN

stratum comeum =1 -
viable epidermis |

dermis

Refs: Y.C. Kim, et al., Advanced Drug Delivery Reviews 64 (2012) 15-
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BNS

Various Types of Micro Needles for DDS

Silicon

Metal

Polymer

Hollow Micro needle

MEDICALS

Refs: Y.C. Kim, et al., Advanced Drug Delivery Reviews 64 (2012) 15471568 |




Micro Needles : Dissolving Micro needle (Biodegradable)

) .o::'.o..‘.o..
active compounds Caesete)e %
(]
» Chemical compounds, functional natural extracts :‘:’:
* Functional proteins, peptides, hormones, DNA v's : e backbone materials
* Nanoparticles, liposomes, and etc. .
* Applicable to biopharmaceuticals such as vaccines, insulin, and etc. . e ©® * Water soluble polymersVP, PVA, etc.
®

° ° ° * Non-water soluble polymers: Chitosan,c.

)
® : 2 -
& ®ece * Water-oil emulsions: polymer + water + oil

Water-oil emulsion

500 pm

HA+Dye Maltose +Dye PVA + Water + Oil
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MEDICALS BNS (Bio molecular Needling System) Medicals @ BJ . Kim Lab., IiS, The University of Tokyo



Existing conventional Dissoluble Micro Needle Patch for DDS
ERPBEETA OO =Z—FLEZRW=FS 9T TN =R T LDEG EFHEFZDER

100 % transdermal local delivery of high molecule API (Active Pharmaceutical Ingredient)



Commercialization Dissolving Micro needle

EGF (Epidermal Growth Factor, £ &R K& F)
and Hyaluronic Acid
+ Argireline (Acetylhexapeptide—3)

Prof. Stanley Cohen
Nobel prize in Physiology &
Medicine to discover EGF (1986)

Cosmetic



Top 10 Emerging
Technologies of 2020 ‘1) Microneedles for

SPECIAL REPORT Painless Injections
NOVEMBER 2028 and Tests

Fewer trips to medical labs make
care more accessible

Experts highlight advances with
the potential to revolutionize industry, "‘ 1
healthcare and society

BINS
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Microneedle Array 12

e Microneedles (MNs), MN array, Microneedle patch (MNP)
micrometer sized needles made of various biocompatible materials.
> can create the pathways into epidermis or dermis layers to transport drug molecules.
> minimally invasive, no medical professionals, convenient in storage as well as logistics

Representative MNP Solid  Coated  Hollow Dissolvable Swellable

Different types of MNs
- Solid

+ Coated

* Hollow

+ Dissolvable

« Swellable

- Porous

No Pain, Patient-friendly Less space No biohazardous No medical staff
Non-invasive for storage waste required



Currently, Dissolving Microneedles

Commercialized only in Cosmetic, skin trouble care £ &, —

products

Still very few in DDS (acne care, influ vaccination,
research levels for medical applications)

Minimally invasive manner - still inevitable pain

Limitation of Low-cost, Mass fabrication of
microneedle with arbitrary shapes, various
dimensions

BNS

Recently, only few works about ISF extraction sensor u

applications
\_} C. G. Lietal., Lab on a Chip (2017)

J. Zhu et al., Small (2020)

MEDICALS
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Conventional MN fabrication technology

1. 95% competitors @

Micromolding

 Filling in mold- vacuum, centrifuge

TTW » w « Drying in mold- long time, Heating or UV

» Detach from mold- surface treatment, cleaning

w (CO rium .'-i TheraJect F UJ E‘FI LM ED&O A TraNotoaIs

Korean Companies: SNvia Co., Ltd., Dermajet, Small Lab., Endoderma, Karatica Co., Ltd , QuadMedicine..

2. Others
DAB(Droplet- born Air Blowing) l “ —
Inkjet (Mushashi Eng.) HA = T

_—7
-

Raphas Ltd. Co. @Korea

k} @ (Prof. H. Jung, Journal of Controlled Release., 170, 2013)

« Limitation of APl components J

BNS_ - Difficult to fabricate various shapes/lengths of needle
MEDICALS
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We Can improve

@ « Larger area of uniform microneedles with faster process time

Dissolvable and flexible
thin-film substrate

Microneedles patch

inkjets Shadow mask
> D i

N

=—Fpr

T
7&&';\
|

. _
EFLRUER [ |

Direct Micro needle type

Dispensor usage or micro stamping I pvm»i I I I I

Patents by Raphas. Co., Ltd. (collaboration with UTokyo, BJ Kim one of inventors)

+ WO02017/200213 “METHOD FOR MANUFACTURING MICRONEEDLE” (PCT/KR2017/004058)

+  (8BE)$E510-2016-00619035 HEEH2016E5H20H, 20175128298 &4%) AL . v/ U0 -—FILEEHE

« (E[E)#5510-2016-00619095 HFEH2016E5H208, 2017F9A 148 &4}) FHELM . v I/O0—FILEERMEYEHRGEE

BNS
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New fabrication methods by Kim Lab. ¥ EEPCT/JP2018/035899

« Use the 3D printing to easily get the batch fabrication of MN array
» Make the dimension of the 3D printed needle shrink to micro-scale
» Active Pharmaceutical Ingredient (API) with MN for drug delivery

—.

» Design of arbitrary shapes of needles
» Various lengths of needles
» Various materials & APIs loading

BNS Microsystems & Nanoengineering 7:58 (2021)

MEDICALS
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Drug Delivery MNP (poke, and deliver) DDS group | 17

e Objective
Deliver active pharmaceutical ingredients (APIs) into skin in a non-invasive & effective way
>> Innovate & Substitute conventional drug delivery using MNP technology

e Keywords: vaccine, sustained drug release, dissolvable MN, droplet-embedded MN

e Current targets: COVID-19 & other vaccines, antibiotics, sclerosis

Microneedle patch , Target

Gelated microdroplet embedded

Epidermis [ dissolvable MN array
200 pm Drug o
> Dissolution of MN arrays
-8 ‘ --® > Immediate release
Dissolution % / (15t drug release)
Dermis ’ Diffusion of microdroplets
o Sustained tended rel
2000 pm f >(2ntjsd flzrg;erezg gg)en ed release
Average diameter: 26.5+5.1 um
COVID-19 Vaccine delivery MNP using vaccinia virus vector MNP with HA microdroplets embedded!?!

[1] The 13th Symposium on Micro-Nano Science and Technology, 15P2-PN-5 (2022), [2] JSPE Spring Meeting, G103 (2021)



Light (Optical) Therapy MNP (poke, and irridiate)osicaorous

e Objective
Develop MN array to treat skin-related diseases directly >> Realize fast, simple, and low-
cost treatment / Establish novel light therapy (Photodynamic Therapy, PDT) using MNP

e Keywords: light/optical therapy, photodynamic therapy (PDT), skin diseases

e Current targets: melanoma, acne, telangiectasia, hair removal, and so on

PDL 595 nm [

Blue LED light

131 ]ghl MN

Blue light + MN

“ 3 - - - -
hase
contrast
\

[1] Biomedical Optics Express, Vol.13, Issue 2 (2022), [2] JSPE Spring Meeting, G0101 (2021)

Il

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

L a/“.

Optlcal MNP to treat melanomal!! Optical MNP to treat telangiectasial?!



£ Institute of Industrial Science, The University of Tokyo
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Porous Microneedles@B.]. Kim Lab. L

Sensor — sampling by “Porous Needles” g“;

:

Porous MNs

-
1cm \Naked-eyes observation \
: IgM
Negative |gM+ ISG: IgG+
,’I \ oM D
; 19G — —
” Paper-based immunoassay | control —
cm ) )

Scientific Reports, 12, 10693 (2022). https://doi.org/10.1038/s41598-022-14725-6



mailto:Microneedles@B.J
https://doi.org/10.1038/s41598-022-14725-6

Biosensor MNP (poke, extract, and analyze) Sensor group| 20

e Objective
Develop MNP to extract interstitial fluid (ISF) & analyze ISF for sensing & monitoring the
change of body functions >> Realize fast & simple diagnosis on site as healthcare device

e Keywords: porous MN, capillary action, interstitial fluid (ISF), colorimetric sensing

e Current targets: glucose, antibodies, cholesterol, cortisol, hormones, and so on

IgM solution IgG solution
e | a—" Paj r
, i~ J -
/ JE 7 - P b d IgM and IgG solution Control (PBS solution) vv \/V v\, vv vvv
P aper-base Bt o T Disposable Type
S Colorimetric | ¥ |
Sensor &’—— — F—J = = P -
A : % 000cecee
L Ef - / o 200 mg/dL 240 mg/dL
2: w, , (1.14mM) (137mM)  Time Smin
Porous MNP ingl1] Sensing COVID-19 Sensing Cholesterol
ucose Sensing o€l _
(PLGA or PLA) antibodies & concentration!?! Levell3]

[1] Medical Devices and Sensors, Vol.3, Issue 4, e10109 (2020), [2] Scientific Reports, Vol.12, 10693 (2022), [3] ISPE Autumn Meeting, G31 (2021)



Biosensor MNP (Porous MN details) Sensor group | 21

Microparticle preparation using microfluidic technology

Continuous phase

o il : Microdroplet e
— s S . Polyvinyl alcohol
= ! Solvent @ yvy
- 2
[}

= = rereval—»>

n
: ——— —
Dispersed phase: - - < - - R A/
.7 ﬂ RN " Ho © o " Polylactic acid
-7 Continuous phasé ~ Microdroplet solution Microparticle solution Microparticle solution 1) n o

Micro

molding

PLA porous MNP composed of
bonded microparticles

16kl #1,56808 18nm BEEE Z1/JULAZEZ

Fabricated PLA microparticles



ISF (Interstitial fluid) & %

CGM (Continuous Glucose Monitoring)
FGM (Flash Glucose Monitoring)
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Tissue Fluid Blood Vessel

BNS

MEDICALS

BNS (Bio molecular Needling Syste

Capillary Microcirculation

Blood flow
\ Interstitial fluid

=

Hydrostatic pressure

Osmotic pressure

Capillary

~— Yenous end

Concentration range of Glucose
blood plasma: 2- 40 mM
ISF: 1.99-22.2mM
Saliva : 0.008-1.77mM
Sweat : 0.01-1.11mM
Tears : 0.05-5mM

Insulin Entry Point

Continuous i
Glucose

Insulin Pump Monitor

22



Prevention, Remote medicine, Digital healthcare

Our Mission Health

* We believe that prevention is better than cure.

* Preventive solutions should be widely
accessible, convenient, and accurate.

* Preventive medicine
* Regenerative medicine

1 Beauty

Successful Aging

BINS
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Measuring “People”

Clinical grade Accuracy critical

« Patient monitoring, diagnosis & therapy

+ CT, X-ray, MRI, Ultrasound, Terahertz imaging

« Vital sign monitors, disease state, fatigue, hydration, etc.
+ Implantable-neural implants, pacemakers

Occupational

« Factory or harsh conditions

Extreme Performance

« Military, Public Safety/Homeland Security, Professional Athletics
+ Mentally & Physical demanding settings

Wellness/Fitness

General personal use (information only)
Non-critical relative accuracy

[ | B = B —

BNS Hierarchy of accuracy

MEDICALS
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Wearable sensors

Motion-Tracking sensors

* Accelerometer, Gyro, Magnetometer
+ GNSS( GPS, Galileo, Beidou, GLONASS)

Bodily Function sensors

* Heart rate, Pulse Oximetry
« Temperature

+ Chemical/electrical: RF communication

Programmable
Multiprotocol SoC Bluetooth Output Voltage Ultra-
256 Mbit (32 MB) built around 32-bit MO CPU Low Power Buck

non-volatile memory Converter

5
=

30 ! Lithium Polymer,
o Rechargeable
3-axis MEMS E Battery (15mAh)
accelerometer + g
Temperature
Sensor
Wireless
Six-Axis (Gyro & Low-Power, 2-Channel, 16- Chaging Ui

BNS Accelerometer) MEMS Bit Analog Front-End for using 13.56 MHz
MEDICALS Biopotential Measurements

power transfer

Hold your finger on
the crown.

@MC10 BioStamp

-




Bio markers -> Fluidic Biomarkers for smart bandages

Measurement Input Needed Connection Continuous
Temperature Electrical Voltage Skin Contact Electrodes
Electrocradiogram Electrical Passive Adhesive Electrodes
Photoplethysmograph Optical Light Adhesive Sensor
Electrolytes Potentiometry Wicked Sweat/Blood Wick
Blood Gasses Amperometry ( Capillary Bm Microneedle
DNA Markers DNA Nucleic Acid AmplificatiomﬁSam ple | Swab/Tissue Sample
Protien Markers Eletrochemical/Optical| Swabbed Blood/Sweat/Urine/Sweat Swab Maybe
Biomarkers examples

* Neuropeptides (NpY, Orexin A..), Catecholamines
« Cytokines, Corticosteroids

+ PSMA/Antigens

* Glucono Lactone (glucose oxidase)

* Saccharide (boronic acid)

MEDICALS 26



Our Solution

We make self-monitoring sensors for everyone.

Paper-based colorlmetrlc biosensor

\4 — Stratum corneum &
— epidermis

Dermis

PLA porous MNs

Biomarker
(e.x. glucose,
cholesterol, cortisol)

/“',/‘\\

0 .
Biomolecules
— in ISF Human skin

S l

Cortisol

Glucose

Colorimetric analysis

Healthy Caution Go to hospital_'_.g

MEDICALS
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It is estimated that 415 million people

3'&551.5@ —=2| are living with diabetes in the world

Diabetes is a leading cause of death and
disability worldwide.

GLAUCOMA

MEDICALS
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GROWING DANGER

Type 2 diabetes increasing in every country every year.
78,000 children develop type 1 diabetes every year

GOVERNMENT NEEDS

Diabetes caused at least 465 billion USD in healthcare
expenditures in 2011.
(11% total healthcare expenditures in adults)



More
Problems

LIMITED DIAGNOSTIC SOLUTIONS

Current devices are expensive and obtrusive for pre-diabetes and
diabetes patients. The blood collecting process is painful, requires
administration, and nobody has the time for it these days.

80% ARE NOT AWARE

Approximately 88 million American adults— —have
pre-diabetes. Of those with pre-diabetes, more than 80% don’t know
they have it.

80% CAN'T AFFORD

Nearly 80% of people with diabetes live in low and middle-income
countries. Current mass glucose monitoring solutions are expensive for
governments .




Why Now?

Worldwide diabetes can be treated and its
consequences avoided or delayed with diet,
physical activity, and medical treatments but
most importantly: Regular Diagnostics.




in
Porous Microneedles for Sensing

i d
ch: Biodegradable, interconnecte

Innovation- Bio sensor patch:
Micro Lateral Flow chip to interface porous MNs

SEM picture of PDMS Porous
MNs coated with HA

WO02019/176126 PCT/JP2018/020224
KE. B BE. BER, PE~BIT

Biodegradable

sphere(emulsion)-type

MEDICALS BNS (Bio molecular Needling System) Medicals @IIS, The University of Tokyo




Application of device

Preparation

With adhesion t - i
th adhesion tape Attach and analysis Disposal

BNS
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Results of fabrication

~ MNside ——Sensor side —

Entire view of
the device

Color development
Glucose analysis

~

’ .
5 mm

Research object 1 : porous MN Research object 3 : Integration with paper-based sensor

Research object 2 : PLGA biodegradable polymer
BINS

MEDICALS BNS (Bio molecular Needling System) Medicals @ BJ . Kim Lab., IiS, The University of Tokyo



(a) (b) BRI BN R (S

1. insertion

Aluminum foil Glucose oxidase, peroxidase ( 2 enzyme) and TMB dye

Sensorlayer

P

Glucoseoxidase

) Glucosedissolved Glucose + 02 ———2"2% , Gluconic acid + H203 H20
Microneedle layer A

agarosegel 4
omM 1mM 3mM S5SmM 15mM 30mM
2. Analyte absorption Fi

Cellulose powder
: H,C ) o O
HoN 140
y 20 ¢
3 TME§~.1OO i é
8 R
37 o Or o
£ el %
S uf
o)
* Capillary driven(E#IE 11)- 35 nL /min./—& O »l :
* Within 2 min. ol o
* Non—diabetic individual < 6.9 mM i
-20 1 1 1 1 1 1 1
Medical Devices & Sensors 2020 (July) 0 °> 10 11 20 25 30

Collaboration with Minami Lab. Glucose concentration (mM)



Comparisons with previous study on glucose monitoring

High

Device complexity

Sample : Blood (telemetry)
Metabolic heat conformation

Sample : ISF/ blood

\\ N Radiation i 3 Modifed .
\\ \/ Convection 3;*:,7;:"1 Di"“sece NelﬂLEDwss
Commercialized device

MN-base electrochemical
sensor

Sample : Sweat
Electric tattoo Smart contact lens -

SMBG kit

Sample : Tear

Urine test strip — Our device —

= Sample : ISF Concentration range of Glucose
blood plasma: 2- 40 mM
ISF: 1.99-22.2mM
Saliva : 0.008-1.77mM
Sweat : 0.01-1.11mM

| Samle:Urne Y Tears : 0.05-5mM
- Only for diabetic patient For non-diabetic patient_| I
Low . High
Invasion
BNS
MEDICALS
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Comparison of with previously developed glucose sensor

0.6
Paper-based
05 colourimteric sensor  _ Sensor-based on MN
ST without MM This work' (electrochemical assay)
04 : IIIIIIIIIIIIIIIIIII : IIIIIIIIIIIIIIIIIII: -II.E lllll : .................. i .................. :
N Gox/
’E\ - Starch/ HRP/MAOS
£03 'ﬁ-C[SFC’);/@Au Potassiumiodide 0.3 mM
E TMB /GOx
0.2F 0.12 mM
| GOX/Pt
. OPPy/ Au NPs/ 0.1 mM
01 ¢ GOx
0.04 mM i,
'-_-_._._._._-_-_-_._.I i g
0.0 : : : . : . : ;
GOXHRP/ GOXHRP/ FADGH/MWCNT Pt GOX/ PtNPs
TBHBA DHBS/4-AA 0.026 mM 0.05 mM 0.26 mM

0.047 mM 0.213 mM

B The fabricated and applied sensor in this work has a satisfying LoD compared to previous research

B The device proposed in this work has as an advantage in usability compare to other sensor
BNS

MEDICALS BNS (Bio molecular Needling System) Medicals @ BJ . Kim Lab., IIS, The University of Tokyo



Continous Glucose sensor patch:Microfluidic chip to interface porous IMINs

[0 Requirements
B Flat surface to support the porous MNs
B |Inlet ports to extract the interstitial fluid (ISF)
B Microchannels to transport the fluid

Microchannel

In vivo-animal test

Glucose sensor in
assay chamber
Open capillary pump

. Si substrate Punctuated pores
Microneedle L =

4 EFPCT/JP2018/020224
Biomedical Microdevices, 21, Vol.28 (2019)

skin

BNS

MEDICALS
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Porous Needle -> 3D Micro Fractal Pipettes for liquid sample handling

Capillary force

Approaching

Liquid sample

Two-photon 3D
Lithography

m O I w °

Filling

Capillary filling

to MFP

Displacing

Fabricated structure

Injection/
Releasing

!

Capillary filling
to Hydrogel

Comparison between fractal

Fractal Pyramid

Surface area > 8.5x

Volume/Mass < 0.3x

Absorbability > 28x
Porosity 78% (185nL)

Inlet opening

76% (1.32mm?)

Review of Scientific Instruments, 91, 086104, 2020
https://doi.org/10.1063/5.0018456

41
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Porous Microneedles

Diagnosing
COVID-19

Tool for Painless, Rapid Detection

Scientific Reports, 10.1038/s41598-022-14725-6, 2022
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scientific reports

OPEN. Anti-SARS-CoV-2 IgM/IgG
antibodies detection using
a patch sensor containing porous
microneedles and a paper-based
immunoassay

Leilei Bao, Jongho Park, Boyu Qin & Beomjoon Kim**

Infectious diseases are among the leading causes of mortality ide. A new irus named
severe acute respiratory syndrome corona virus 2 (SARS-CoV-2) was identified in Wuhan, China in
2019, and the World Health Organization (WHO) declared its outbreak, coronavirus disease 2019
(COVID-19), as a global pandemic in 2020. COVID-19 can spread quickly from person to person. One
of the most challenging issues is to identify the infected individuals and prevent potential spread
of SARS-CoV-2. Recently, anti-SARS-CoV-2 i in M (IgM) and i in G (1gG)

il ing it ic methods have been used as a complement to current

Z and have provided it ion of the course of COVID-19 infection.
However, blood sampling causes pain and pos&rsksoﬁrfecbonatmeneedepmmsntz In this
study, a novel patch sensor integrating porous mi and ani assay
(PMNIA) was developed for the rapid detection of anti-SARS-CoV-2 IgMIIgG in dermal interstitial
fluid (ISF), which is a rich protein bi such as antibodi porous
microneedles (MNs) made of ic acid were i d to extract ISF from human skin by
capillary effect. The ISFwas imiﬂowedmﬂleiﬁx:d immunoassay
blosensw where spe(lﬁ( il ould be on-site. Anti-SARS-CoV-2 IgM/

within 3 min in vitro. Moreover, the limit of detection
ofanu SARS-CoVZlgMandlgﬁtomamnswasasMasBaM7nmnl, respectively. The

device i ing porous MNs and is is
enable minimally invasive, simple, and rap'd anti-SARS-CoV-2 IgM/IgG antibody Imng. Funhermom
the compact size of the MN and bi device is for its wik use.

The proposed device has great potential for rapid various infectious di: in additi
to COVID-19 as an effective complementary method with other diagnostic tests.

At the end of 2019, a novel severe acute d coronavirus 2 (SARS-CoV-2), was
d d, which causes ¢ disease 2019 (COVID l9] It spread worldwide within 3 months owing
to its high infectivity'”. In March 2020, the World Health Organization (WHO) announced the COVID-19
outbreak as a global pandemic’. A COVID-19 infection spreads quickly from person to person and its symp-
toms Include fatigue, cough, fever, dyspnea, anosmia, and ageusla; more severe symptoms include respiratory
insuffictency, which can be life-threatening**. Furthermore, the rate of asymptomatic infections Is reported as
16-38%, which brings in all the with SARS-CoV-2 infected®. COVID-19 vac-
cines are effective in reducing infection risk and virus however, the prop of the pop
fully vaccinated against COVID-19 remains less than 10% in several low-income countries™. Therefore, one
of the current global challenges Is to identify both symptomatic and asymptomatic patients as soon as prevent
potential spread of SARS-CoV-2.
Currently, real-time reverse transcription polymerase chain reaction (RT-PCR) is the predominant detec-
tion method and remains the gold standard for COVID-19 diagnosis’. However, there are certain drawbacks

Institute ial Science, Thy isty of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153-8505, Japan. “‘email:

bjoonkim@iis.u-tokyo.acjp

Scientific Reports|  (z023) 22063

nature portfolio
10.1038/s41598-022-14725-6, 2022
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SARS-CoV-2 & Diagnosis

[Ke, Z, 2020]

Current COVID-19 diagnostics

-« Viral detection

(RNA, antigen)

Samples from

Membrane protein

Small envelope protein

Nucleocapsid protein

Nucleocapsid

A New coronavirus was identified in Dec, 2019:
Severe acute respiratory syndrome corona virus 2
(SARS-CoV-2)

* High Transmission rate
» Severe symptoms
+ High asymptomatic rate

+ Real-time reverse transcription

polymerase chain reaction

Presence of virus

(RT-PCR)
+ SARS-CoV-2 antigen lateral-flow

immunoassay (LFIA) test

Respiratory secretion

-« Antibody detection =——>

Determine infection stages
& Measure antibody level

Blood
sampling

« SARS-CoV-2 Abs LFIA test

« Enzyme-linked immunosorbent
assay (ELISA)

« Paper-based electrochemical
biosensor

Global challenge

Diagnose & quarantine
positive viral carriers

PR}

Nasopharyngeal Transportatiol nh Sp m Iy
swabs samples to the I borat I 1me RT PCR

[Safiabadi Tali, S. H.,2021]

Sul ecol libody —
wi
0
/ “An in sample
Incubati ELISA plate reader
SAR: V-2 antigen

[Dhamad, A. E.,2020]



Porous MNs for SARS-CoV-2 diagnosis 7" 7om oo

Scientific Reports, Vol.12, 10693 (2022)

e Developed a portable and self-applied device for minimally-invasive & rapid detection of anti-
SARS-CoV-2 IgM and IgG in dermal ISk

e Integrated immunochromatographic assay for target Abs detection using porous MNs for
painless ISF extraction.

Lateral-flow PMNIA

Porous MNs
Porous MNs
(self-admin. &
minimally invasive)

1cm | Naked- -eyes observation

Negative [gM+ IgG+ IgG+

ek

Lateral-flow
Immunochromatographic Assay
(detection & quantification)

Sample pad Paper-based immunoas

ISF extraction
(antibodies’
sampling)

® Biomarker (antibodies)

' —— ISFin human skin



Antibody detection via interstitial fluid (ISF)

® [ISF sampling

Human Sl\(m / ~Stratum corneum (15-20 um)
/ . | Epidermis (130-180 ym)

\

" | Dermis (2000 pm)

E ¢ o
g ] C 2 -
égv el %.% )\
b e - VN
R \ ¥ {2 [/

}Hypodermis

&

" M. Leone, 2017]

Anti-SARS-CoV-2 IgG level in blood {
(Target IgM level is similar to 1gG)

Dermal ISF is formed by blood transcapillary
filtration and primarily located in epidermis and
dermis layer

Abundant biomarkers in skin ISF: proteins
(e.g. human antibodies) M. Eigenmann, 2017]

Onset of symptoms: 331 ng/mL—-25.7 pg/mL [barrondo, F. J., 2020]

Convalescent serum: 7 ng/mL-2100 ng/mL [T X 2019]

15-25% antibody level in ISF [J.Heikenfeld, 2019]

Anti-SARS-CoV-2 IgM/IgG level in ISF: 1 ng/mL-6.4 pg/mL

-

Target: anti-SARS-CoV-2 IgM and IgG in ISF



PLA Porous MNs s

PLAn
Water phase dichloromethane

Dimension (pm)

Fabrication using single emulsion method

AN

W
Organic phase . ‘liﬂ
—_— -

Organic solvent evaporation

After Drying With heat treatment

50 °C 170 °C 180 °C

MN

Pouring into MN Oven PLA microspheres
PDMS mold Peel off filled in MNs

v r
_______ S o T W Cross-
» PLA » * AL - \ » m.l section | 3

microsphere T —— Porous PLA MNs

1 QD]D\rpm

- \
PVAiin DI water Magnetic stirrer

Drying Heat treatment

Schematic diagram of fabrication process SEM images of PLA porous MNs

Evaluation results of PLA porous MNs
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Porous Microneedles & immuNochromatographlc Assay -

Working principle of lateral-flow PMNIA

3.5cm

&

9
~

g % —— ISFin human skin
@ Porous @ Sample ® Conjugate @ NC ® Absorption
MNs pad pad membrane pad
1 : ® o
4 Excess

%/ Human Anti-SARS-CoV-2 IgM

%/ Human Anti-SARS-CoV-2 1gG °

: COVID-19 antigen-conjugated AuNPs
Rabbit-IgG-conjugated AuNPs (for Control check)

Interpretation of results

Negative IgM positive

IgM
Control Control

Recent infection with
COVID-19 (~1 week)

IgM/IgG positive  1gG positive

IgM
IgG lgG
Control Control

Recent infection with Previous infection
COVID-19 (1~3 weeks) with COVID-19

Capture bioreceptor

\I' Mouse anti-human IgG antibody

%’ Mouse anti-human IgM antibody % Goat anti-rabbit IgG antibody




Evaluation of lateral-flow PMNIA 80

Anti-SARS-CoV-2 IgM & IgG detection

(a) IgM positive (b) IgG positive (c) IgM & IgG positive (d) Negative
‘igm  c N I9G C ’ --------- Tigmige ¢ j c
i .ovil — Si—_— e o i — ‘ ——

a. 5 pg/mL anti-SARS-CoV-2 IgM antibody; b. 5 pg/mL anti-SARS-CoV-2 IgG antibody; * Scale bar: 5 mm
c. mixture of 5 pg/mL anti-SARS-CoV-2 IgM and IgG antibody solution; d. PBS solution

Limit of Detection (LoD)

LoD for anti-SARS-CoV-2 IgM (n=3) LoD for anti-SARS-CoV-2 IgG (n=3)
10 pg/mL 1 pg/mL 100 ng/mL 10 ng/mL 1 ng/mL 100 pg/mL 10pg/mL  1pg/mL 100 ng/mL 10 ng/mL 1 ng/mL 100 pg/mL
IgM line S LoD: 3 ng/mL LoD: 7 ng/mL
1gG line === — 180
Control line 60 | Control line __ 10t
~T .2
55 50 55 140t
G &9
292 w| 28 120 |
8 2 & 100 |
g2 Se
o %7 o sof
235 2
£8 2t} =3 60 -
bl ? s
@ O @ 40
= é 10 L I M Fao 2
T L
1 LoD LoDx
! ! 1 1 1 1 0 - i Tt 1 i !
100 pg/mL 1 ng/mL 10 ng/mL 100 ng/mL 1 pg/mL10 pg/mL 100 pg/mL 1 ng/mL 10 ng/mL 100 ng/mL 1 pyg/mL 10 pg/mL

Concentration of IgM antibody Concentration of IgG antibody



Comparison with previous researches (LoD) |

[ | Anti-SARS-CoV-2IgM [ | Anti-SARS-CoV-2I1gG [ | Anti-SARS-CoV-2 antibody

E Other biosensors
100 pg/mL E LFIA (blood) PMNIA (ISF) (blood) ELISA (blood)
> te o N E
'g 10 pg/mL E  Commercial Kit, b
2 B AuNPs
-g 1pgimL £ i 350-ng/mL 400 ng/mL 280 ng/mL
~ C 100 ng/mLi  Selenium NPs L?Iteral-
1 ! H ow
(&] ] ;
& 10 ng/mL 7 ng/mt Gold

E 3 ng/mL .
5 F nanospikes 2 ng/mL
¥  1ngimL ' 0.5 ng/mL
S § S|02@Ag
Do 10 pg/mL /
- 1 pg/mL i |_1 pgfmL

E ' ‘l ‘\ Il _| ' Il Il " \‘ Il

20 ng/mL 5 ng/mL 0.14 ng/mL 0.96 ng/mL

Comparable or higher sensitivity than currently available commercial kit

>> Demonstrated that the proposed lateral-flow PMNIA can be a promising device for
painless detection of SARS-CoV-2-specific antibody in ISF



Comparison of complexity of diagnostics

c

% Sample: Nasopharyngeal/throat swab Sample: blood
n
O
-
7]
8 Medical technicians + PCR equipment ELISA
(@)
®© Sample: Nasopharyngeal swab/saliva
©
Y— . X\,\
O 6‘ \1 / ‘A"\
= —ay
el LFIA for antigen detection LFIA for antibody detection
&
8 7Sample: ISF

|
This study | = % _
§ - PMNIA Antibody detection
Low Invasion High
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Summary

B Assessment and characteristics of proposed lateral-flow and vertical-flow PMNIAs

B Antibody detection results of proposed PMNIAs can be observed by naked-eyes rapidly

B LoD for anti-SARS-CoV-2 IgM and IgG was measured and lateral-flow PMNIA revealed
high sensitivity compared with commercial LFIA kits

The proposed lateral-flow PMNIA is a prospective diagnostic tool to painlessly detect
SARS-CoV-2-specific antibody in ISF and obtain information regarding the infection stage
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