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Industrial | and Manuf: of Bio: s

Dr. Wing Cheung MAK (Martin)
Biosensors & Bioelectronic Centre, Linkdping University, Sweden

Email: wing.cheung.mak@liu.se
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Why we need bioanalytical devices?

1) Health,
2) Environments,
3) Food and water,
4) Process monitoring,
-

5) Law enforcement,
6) National security...etc.. fRaig Sl =

or by
p g an lytical tools (e.g. bi for rapid monitoring, and thus to
take effective actions for better management.

ho
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To improve the quality of health,

Standard method for detection of food
pathogen (Example)
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- Based on cell-culture technique, required 4 days cultivation

- Required skillful person to perform cell-culture, expensive laboratory instruments
and space

.
LINKOPING
ll.ll UNIVERSITY Bhomiafet iner

Biosensors for detection of pathogens

Rapid Testing N
Singlepath® Campylobacter lbIAERCK

Singelpath® Campylobacter X
_ Similar to preghancy test
+ Only Lateral Flow Test available woridwide design based on Lateral
« Testdetects thermophilic Campylobacter jejuni / coli from food Flow Immunoassay
+ Low detection limit: 10%-108 cfuiml. depending on serotype
* Ready to use after enrichment in Bolton Broth (+ blood) Singlepam
+ Procedure after envichment: - heat 1 m of sample By

- transfar 150 pl
- result within 20 min
3
°
D
What are the ad of the Singelpath® Campylob bi d

to standard cell-culture method? (assay time, portability, procedures...etc)

LINKOPING .
II UNIVERSITY foaryion o Morch




Industrial development of biosensors

Specifications meeting the applications

« Sensitivity »  Utility

+ Low detection limits + Field portability

« Cost * Robustness

« Simplicity * Reproducibility

« Reliability + Ease of calibration Is it portable?
« Speed « Stability

* Accuracy

* Precision

:@: There is not a general design principle for
bioanalytical devices

LINKOPING Lab-on-a-chip / Chip-in-a-lab ?
L UNIVERSITY

Biosensors of health monitoring
Two major biosensors for health in the market:

Tatargan ooy mannclipa s

Ui ey
2= ap
-
Glucose monitoring device (for diabetes palients) Pregnancy test
Measure glucose in blood sample Measure human chorionic gonadotropin

(hCG) in urine sample

Consideration of the design specifications
Good sensitivity, accuracy, fair stability (often single used), low-

Il.u mmﬂg% cost, rapid, portability (home-use/clinics) ....user interfaces etc...

Biosensors for process monitoring

Fermentation process

- Real time quality control

Sewage water treatment process

- Improve the water treatment
efficiency

Monitor the discharge of the treated
sewage water not about the
regulatory level

II LINKOPING
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Biosensors for process monitcring

Examples of biosensers for process monitoring &eé:2V:::gT;g‘£;ZZZZ?)Q fime

Analytes ~—_

Consideration of the design specifications
Good sensitivity, good stability (long operation time), real-time
monitering vs extracted sample measurements, cost and
B LIPNE,  assay time?.. et
UNVERSITY Y ---ele. seurna 9 (1) 163172

Environmental monitoring

Sources

The main classes of environmental pollutants:

- Inorganic compounds (e.g. heavy metals)

- Organic compeunds (e.g. sewage, petrochemicals, synthetic drugs)
- Micro-organisms (e.g. pathogens, genetically modified organisms)

Challenges for detection:

Pollutants pour into the environment will be diluted
by the sea water, fresh water or air

(Finding needles in haystacks)

Consideration of the design specifications
Excellent sensitivity. field portability,

stability (continue-monitoring vs extracted sample
measurements), cost consideration...etc...

Healthcare products often afford 3 higher price
I compared with environmental producls

LINKORING
UNIVERSITY

Design of bioanalytical devices

An bioanalytical device (e.g. biosensors) is consisted of a biological
sensing element ir within a physi: ical transducer. The
usual aim is to produce a digital electronic signal which is proportional to
the concentration of biochemical analytes.

®, [
KPed ¢ B=
> Faers
‘04'»_ Nodec Acd : prcnge > semeonduats | | wenes
+ Bacteria = Heat => Termistor » w
. @: Cet = Light > Photodetector Converters.
x {-% Tisue | Mess Change > prezosectic Unearizers
@ D oromne =
Sample Broreceptors or Signal Signal
Anaite  Molecuiar Transducers Conditoning
Recognizers Circuits

Il LINKOPING
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Bio-recognition elements

Choosing of bioreceptors

Natural biorecognition elements
« Enzymes

« Antibodies

« Nucleic Acids

« Aptamers

« Cell receptors

. Synthetic Recognition elements
« Molecular imprinted polymers

II.“ LINKOPING
UNIVERSITY

Choosing bioreceptor for biosensors
(catalytic enzymes and micro-organism)

Metabolic disorders, metabolites in bioprocess, fermentation processes,
waste water treatment etc.

Enzymes are involves in
metabolic reactions or biocatalytic
process

Enzymes are often use as bio-
recognition element for detection of

metabolites
cresaine
Micro-organism can be used for Enzyme biosensors sometimes | ¥/
catalytic biosensors by measuring  required more than one enzymes . - Gresne
the cellular respiration (i.e. cellular (e.g creatinine biosensor) e
metabolism) = Sarccains
| O~ S
Analyte (e.g. organic e
Cellular respiration A

o Femasany
500 o

-7 drugs)
Energy

Choosing bioreceptor for biosensors
(bioaffinity molecules)

Immuno-diseases, genetic diseases, detection of microorganisms, drug-related
h ics biop , protein-expression p etc.

Bioaffinity molecules e.g.
antibodies and nucleic acids has
specific binding affinity to identify
target molecules or proteins

Single stranded complementary DNA
is a used of detection of target
nucleic acid sequence

Synthetic bioreceptors can be
designed and fabricated via
molecularly imprinting polymers (MIPs)

Aptamer is a promising
alternative of antibodies for
affinity detection for non-nucleic
acid target molecules or proteins

Enzyme database
% BRENDA ||

The Comprehensive Enzyme Information System

Search for enzyme for
metabolites or
applications

p cussic view
Futex search
Avanced Searen

manon @ How
KCaUKM [mhvs]

°
II LINKOPING
UNIVERSITY http://www.brenda-enzymes.org/

Choosing bioreceptor for biosensors
(bioaffinity molecules)

Immuno-di: genetic di: ; ion of mi i drug-related
pl ics bi , protein- i etc.

Bioaffinity molecules e.g.
antibodies and nucleic acids has
specific binding affinity to identify
target molecules or proteins

Single stranded complementary DNA
is a used of detection of target
nucleic acid sequence

Synthetic bioreceptors can be
designed and fabricated via
molecularly imprinting polymers (MIPs)

Aptamer is a promising
alternative of antibodies for
affinity detection for non-nucleic
acid target molecules or proteins
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Antibodies database

Search by antigens,
proteins or disease
applications

Sedrchfor o

envIswee

5
| #®

Tom S e
II." LINKOPING
UNIVERGITY « ones o o » e,

Genetic database (Genbank)
[Summmiene e

[y — - e
= Search for genetic sequences
. Pick primers
@ S ——
a o e e e o CEAT o s

fang non-coding RNA
e S Yo

v

Aptamers are arfificial nucleic acid (RNA/DNA) ligands that can be
generated against amino acids, drugs, proteins and other molecules
and even whole cells.

Name derives form the Latin word “aptus’, which means 'to fit".

They are isolated from complex libraries of synthetic nucleic acids
by an iteratve process of adsorption, recovery and amplification.
called systematic evolution of ligands by exponential enrichment
(SELEX) .
Aptanar

Aplamers are proposed as alternatives lo antibodies as
biorecognition elements in analytical devices with several advantages

Aptamers interact with their specific target via structural and
physical phobi ic i {
electrostatic interaction, hydrogen bond, van der Waals forces).

Il." LINKOPING
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Aptamers bio-recognition mechanism

Aptamer folded into secondary structure with affinity
interaction with the target molecules

A & y 2 s B
GOTTEGTGIGATIGG %
g s
Biotin binding ANA
Thrombin Aptamer
binding DNA (Pseudoknot
(15me-, Quadruplex) 2

C
dIGMP Rioaswitch
(Theee way junction)

II LINKOPING
UNIVERSITY

e —— ]
Finding aptamers: Systematic Evolution of
Ligands by EXponential enrichment (SELEX)

SELEX is a process for the
selection of aptamers Library (ssDNA/ssRNA)

o
Concept is similar to adaptation ‘@3@

and elimination process
(like in evolution)
sl
3. Amplififation  &1-rPcRanc WNEE
enscrgten S/5 1. Binding

mmr e SELEX cycles awm

Recovery Discard

2. Partitioning M %‘

Ru_nm oo i

Example of aptamers for analyte detection

ligand  Reeognition element
TP ‘Adenosine aptamer in duplex Global Aptamer Market Revenue
&y Region, 2017 (USSR}
Adenosine  Adenasine aptamer in partial duplex
Adenosin Adenasine aptamer in partial duplex
Mdenosine Adenasine aptamer in partial duple CAGR20.9%
denasine aptamer in partial duplex @y 2017-2025)
i thrombin n [
@
Thrombin aptamer in duplex n
@ o
hrombin ed thrombin apamer 5| |8
Cocaine singlesstranded cocaine aptamer ¥
Thrombin  Singlestranded thrombin apamer  NorthAmerica e

NOXXON

PHOARMA
gen @SomaLUgic Aptamer are still mainly at the R&D stage

A 4 aptamer Commercial aptasensors are very limited
@BasePair *.;"group
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@ MIP
Diagnostics

Molecularly Imprinted Polymers from MIP Diagnostics

NP s roust &

Manufacturing of bioanalytical devices

Advantages:

- High throughput
- Low cosl manufacluring
- Robust instrumental

1 | R ¥ swvarate
0w

Limitations:

- Required a mask or screen

Potmey socem privie - Need precise alignment for
layered-deposition of
II." LINKOPING different materials
UNIVERSITY

hitps:iiyoun be/FwEesjqBJ_4

Ink-jet printing for electrode manufacturing

Pump Piezo element

6 - Charge electrode

Deflector

Advantages'

Does not required a mask or screen
Easy to modiify the design of electrode
Required less printing reagent

Multiple print heads of different materials

T
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Slower speed, medium scale production
Relatively higher manufacturing cost
Less robust instrumental (clogged printing head)

II.“ LINKOPING
UNIVERSITY hitps:/iyoutu.bei2G3BUMBUS_o

hitps:/idol.org/10.3390/mIB060194

Printed Electronics Arena at Norrkdping

Automatic sheet based screen printer (< 240 sheetsih)
Solvent, waler and UV inks

Automated sheet handling with liner Inkjet  variety of print heads)
50 - 500 um sheet thickness

Rollto-Rall printer for display and
cireuitry manufacturing

LINKOPING
UNIVERSITY

Other immobilisation method (dip-coating)

Biosensor for single use vs continuous monitoring

eg. An amay of ITO glass electrodes were

i s 5 treatment by sequential dipping info the

More stable immobilisation techniques resction  chambers  contain  different
chemicals and bicrecognition molecules

Sequential surface treatment processor

Use for layer-by-layer coating / chemical
treatment for covalent immobilisation

Stability may further improve by using
synthetic receptors e.g. MIP

Il W LINKOPING




Membrane-based affinity biosensing devices
The market competition

(A) Flow through format (1980'S)
N

— Vertical flow

— Multiple manual steps and reagents

(B) Lateral flow format (1980’S till Today)

— Laterally flow across reactive zones, ion of labeled
on test and control zone generates a measurable signal

— “One-step” test concept

Discussion: Who is the masket winner and why? c-!\

LINKOPING
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Membrane-based analytical devices

Sample Poxt

B) Biocharnical corjugation
v siotin-avdin nteracton

Nano-goid 1A
) Physic canjugaton (RERTERS
via molocuk interaztens

A) Chemical conjugatio
via cisufice bong
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Components of strip tests

Sample pad: For sample loading and sample pre-treatment

o
Conjugate pad: To store the biolabels and promote the mixing and
flow of biolabel with the sample

Assay membrane: To immobilize the capture antibodies and perform
affinity assay

Absorbent pad: Provide a reservoir to absorb fluidics and drive the
capillary flow

Antibodies conjugated biolabel: Detector antibodies coupled with an
optical label

Test line/zone: Formation of target specific immunocomplex and provide
an optical signal

Control line/zone: Control to validate the function of the strip tests

II." LINKOPING
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Principle of lateral flow strip tests

Conugate pad Capturenest lrn" W Cantrel line
Sk o\t
Samph pod s s 4 W 5 / [ —
NP-sntbody conugates /. N )

Nevoceruose membrane -
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—
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Fabrication of membrane-based strip tests

([ Membrane coning | Wiy [ Membraaedving ) g [ Lateralfow device )

and cutting assembly

M. A b

roller

Start with a long membrane, followed by
cutting into test strip

e

Immobilisation of biomolecules (membrane)

s u
o~y

*

Testline Control line

Nozzle

Nitrocellulose membrane

High-throughput immobilization biomolecule onto membrane surface
(0.5 meter per minute)

Contact mmobilization method (nozzle in contact with membrane)

II LINKOPING
UNIVERSITY nttps:/fww.youtube.comiwaten?v=Lt9KgVt mBs




DNA chips and microarrays

! of the expression levels of of genes sim

Small size allows for multiple experiments for high-throughput screening
Employs the complementary binding of DNA strands

To probe the genomic DNA of an organism for an identified specific sequences

[ I XXX KX oo
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Fabrication of DNA microarray

Small, solid supports (glass, silican chip or nylon membrane) onto
which the sequences from thousands (tens of thousands) of genes are
attached at fixed locations.

The DNAis printed, spotted or dircctly synthesized onto the solid
support.

The spots can be DNA, cDNA or cligonuclectides.

howics

Spotting technology

stool
spatting pin

b7

1 ranolice spots
90-120 um diamete,
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Direct on-chip synthesis of oligonucleotide
probe (Affymetrix)

An array of nucleic acid probes is fabricated in-situ by light-directed chemical
synthesis process which enables the synthesis of high-density probes in
precise locations

ught
(deprotecton)
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Spotting vs Direct on-chip synthesis

Spotted Micro-arrays Direct on-chip synthesis
Advantages: Advantages:
- Flexible and cheaper - High quality with little variable
- Can be easily tailored for experiment - More stable (covalent immobilization)

- Maximum of 500,000 feature per array
Limitations: - For quantitative and qualitative analysis

- Vaiiable belween spols-lo-spols
- Less stable (physical immobilization)  Limitations:
- Maximum 24,000 features per array - More expensive
- Only qualitative analysis - Lessflexible o
- Required photo mask and chemicals

Sample-to-device fluidic ifterfaces




Sampling Microfluidic interfaces

Clinical samples:

- Whole blood, serum, urine, saliva, in}erstitialﬁuid, tear
- Sample extraction, invasive/non-invasive

- Sample volume (relatively small)

- Sample complexity (blood cells, mucus ete)

Enviranmental samples:

Waste water, fresh water, sea water, soil, air

Sample extraction, pretreatment and pre-concentration

Sample volume (relatively large)

Sample complexity (particles, organic, inorganic, other unknown)

Il W | NKOPING

Fabrication of PDMS microfluidic chips Fabrication of printed microfluidic chips

high-resolution Stereolithography (SLA) 3D printing Fused Deposition Modeling (FDM)
Jwmy |~ vempemcy

T—

‘photoresst

8. Pour PDMS over master;
cure 3t 70" C for 1 hour

l . Pael POMS from mastec itps:/dol org/ 10, 1038/541598-018.31576-2
Advantages:
- Well established method Advantages: ) Advantages:
- High resolution (photolithography) - High resolution (stereolithography) - Highly flexible and simple to use
l D. Seal against a st surtace Limitations: = ;'93'&/ ﬂexll;{e and simple to use - Low cost and affordable
meroane - Tedious procedures - Medium co - Rapid prototyping
_ P - Clean room and light controlled environment Limitations: Limitations:
- Less flexible and required mask - Less resolution compared with PDMS - Low resolution
- 2D fluidic channel
Printed sensor-to-reader interfaces User interfaces
Smartphone Test Strip
A Adapter B

Strip
. Adapter

How to win the market?

St it Lanet
Aot sty Ronen [

=2 % %

u Newly designed user-interfaces:

e
= - Integrated lancet to prick the finger
] Sy - Data storage and USB interface for

data transfer

Lens Holder

- Fashion design

LINKOPING
II." UNIVERSITY https:/iwww.youtube.com/watch?v=08EWwxYwvO8

hitps:fidol-org.e.bibl.liu.sei10.1030/CEAY0" 384H




User interfaces

What are the target user group?

Data readout, accuracy and interpretation i

1) Not peognant
2) Prevguant wits crcarricn 1-2 sk 430
3) Presgrt wits conceion 2-3 weeks 333
4 Pregnant wit concesricn »2 weeks 830

Design for home-used Desiga for hospital and clinical used

Il LINKOPING
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Smartphone coupled analytical devices

Electronic components, power, display, communication interface
enable for electrochemical biosensor

Optical detacton of lateral fiow strip test Opical detection of lab.an-a chip blosensar

Camera as optical detector, power, display, communication interface
enable for optical biosensor

Smartphone coupled analytical devices

Mobile phone based SPR biosensor

Screen illumination as light source (multiple excitation wavelength),
camera as optical detector, power, display, ccmmunication interface
enable for SPR biosensor

Commercial design (examples)

Cartridge (microfluidics) +
Electrochemical transducer

Abbott i-Stat system

Membrane strip +
Optical transducer

Alere Triage system Membrane strip

II." LINKOPING .
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Commercial design (examples)

Multiple electrodes array +
Handle electrodechemical transducer

Multiple electrodes array +
autosampler + bench size
electrodechemical transducer

Bu_nm o,

Commercial design (examples)

US Army Field Tests Sporian Biosensor Buoy Network, Funds Phass lil

BioOverseer® sensor for detection of
multiple pathogens. The sensor network
was controlled and communicated by
wireless wifi.

hitp:/nwww sporian.comvpress/Sporian_Press_Reiease_2010
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