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Concentration of Analytes in Clinical
Samples

L EATIMING A e |
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biomarker concentration in blood serum (M)

Typical concentration range of clinically relevant biomarkers in blood serum. The green bars
indicate reference values for healthy persons, whereas the red extension to the right indicates
elevated values associated with disease. LDH: lactate dehydrogenase, CRP: c-reactive

protein, NGAL: neutrophil gelatinase-associated lipocalin, PSA: prostate specific antigen, BNP: B-
type natriuretic peptide, PCT: pro-calcitonin

Mayo Medical Laboratories; www.mayomedicallaboratories.com, accessed 19-5-2017.
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Concentration of Analytes in Clinical
Samples
Molecular concentration (M)
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Kelley, S.0.,2017. What are clinically relevant levels of cellular and biomolecular analytes? ACS Sens. 2 (2), 193-197. 6



Single Molecule Detection

»

»
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Ultimate sensitivity enabling counting
of individual molecules

Single molecule detection possible with
miniature sensor transducers or by the
detection in tightly confined volumes.

Single molecule detection sensors typically operate high
concentrations, and themselves do not provide ultrasensitive
detection in terms of minute concentrations of target analyte
on macroscopic volume of a liquid sample (tyranny of slow
diffusion)

Possible solution is compartmenting the sample volume to
many smaller volume interfaces with individual sensors.
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B Arepresents the average number of target molecules per one microcompartment
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DOI: 10.1021/acs.analchem.6b04290

Concept of the digital bioassay. A schematic comparison between analog measurement and digital counting
is shown. In digital bioassays (bottom part), the bulk reaction solution is partitioned into extremely small
compartments to rapidly concentrate the reaction product. In conventional tube-based assays (top part), the
reaction product diffuses very quickly, making a highly diluted product difficult to detect. The exemplary
concentration is calculated on the basis of a microcompartment volume of 1 fL (corresponding to height,
width, and depth of 1 um). 8



Statistics of Bionomial Trials P | p—

» The probability “P” of event A occurring k times among n molecules obeys a binomial
distribution, which is denoted as X ~ B(n, p):

1

P(X=k) = (k]pk(l — p)in—k) (k=0,1,2,..n)

» The binomial distribution converges toward the Poisson distribution:

ny g k A
lim (Fc)P (1 - P}{"_ ) = L (A= np, k=20,1,2, ., n)

n— co,p—0 k!

A=n/m=c-v-NA

p=1/m

n —number of molecules in the whole volume

m — number of compartments

v —volme of compartments

k — number of molecules in the compartment

¢ - bulk molar concentration of the target molecule

10.1021/acs.analchem.6b04290

B For low concentrations, Py gy = 1-P(X=0)=1 - e ~ A



Compartmentalization Methods
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Fill Cartridge Thermal cycle Read Droplets
& Generate Droplets

€= Sample

BioRad

s e T
Q S N = - ! = ‘ 22 :::ets Droplets
] "

Fill chip with samples Generate Droplets Thermal cycle & Read Droplets

Raindance
Droplets

Fluidigm
Reaction chambers
6 nL

Fill chip with sample Thermal cycle Read chip
Applied
Biosystems

Reaction wells
33 nL

11



:***:* Eé;%ﬁs'g%%{nm”“ﬁ - I\@r _ AIT AT ST
Lithographically made Arrays of Wells

a # | b

- Photoresist
l I so

oA
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10.1038/nbt1072

B Prepared by using soft lithography from a mold with arrays of pillars. Transferred
to a Teflon-based materials.

12
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Microdroplet Generators

Load samples and oil into disposable
droplet generator cartridge

A B C D E F G H
oo — OO0 000000
e — 5 55 &
Droplets = ({0} (IC ?“ 71 W (O ©) (€
@ Generate droplets
Qil AP Droplets

Sample —=

dx.doi.org/10.1021/ac202028g
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10.1039/C2LC40632B

» Arrays of wells with volume of fL (scale bar 10 micron) for trapping of magnetic
beads carrying target analyte.
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Lithographically made Arrays of Wells

I b
oresist

10.1038/nbt1072

®» Prepared by using soft lithography from a mold with arrays of pillars. Transferred
to a Teflon-based materials.

15
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L|thograph|cally made Arrays of Wells

10.1038/nbt1072

® Testing of sealing of compartments by fluorescence tracking of individual
molecules and photo-bleaching of emitters.

16
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Microemulsion

-\
L

Biotinylated ® o @
Oligos , Templates ,

shepiavian-  Bind Form
Coated  Oligos 1 Micro-
Maognefic o Beads emulsions
Beads
+Mcgneﬂcally
Flow @@y Sequence ¥ PurifyBeads
‘ Cytometry .!.. l.. Differentiation_\.. ~ 4
- %% ¥ & /N o
| © S Ko, © X I
.. .“‘. d ] //',, o

www.pnas.orgcgidoil0.1073pnas.1133470100

®» Microemulsions — prepared by stirring a mixture of oil and aqueous phase (sort of
mayonaisse?)

17



Detection of Nucleic Acids
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Polymerase Chain Reaction - PCR

Polymerase chain reaction(PCR)

o IO femptate-ona
NRINAE 0 Denaturation,
o T primer hybridization
Thermostable DNA
1 polymerase
L] ) 0
_y Primer elongation
o _ IEEINRN
JRENINN| - Q
-
2 ( INRNENN| Denaturation,
3 primer hybridization
and elongation
il
a = e
I > 0
B ——————
anunnn ; Denaturation,
3  —— primer hybridization

and elongation

U._ Raischl '35

Templs Strnds Terrplate Srara
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Thermocycling Qonsturing ~ Anpegling
- Tay Paiymerase
LS e e L S
.
£
— e Extension
Terplate ™20
dNTPs
Primer
5
b 2
3 5
Template New DNA DNA
DNA strand polymerase

Karry Mullis was
awarded the Nobel
Prize in Chemistry in
1993 for inventing PCR

19
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FIuorescence Resonant Energy Transfer -
FRET

Forster / fluorescence resonant energy transfer: dipole-dipole coupling of
two fluorophores which changes the emission spectrum. Efficient at

small distances, typically r <10 nm.

1
E = R, is Forster distance at which E=50%
1+ (T/Ro)ﬁ 0 A .

540 nm 590 nm -
Cy5 B itation Em kssion Mo EmEsion
Acceptor F-UBACS AUCUC UAAsAs oL LS
Cy3
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Cy3
Donor

T

B
540

nm
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Applications: conformation changes
studies, immunoassays, DNA

hybridization. .

Bocitation

Wavelength (nm)

Spectral overlap of absoprtion and
emission bands of donor and acceptor

chromophores
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A. TAQMAN probes

Forward R Probe Q)
primer

™™

HLLLLLLLLLLLL UL LD LTV

Template
P Denature M
Anneal Reverse
primer

I

LU LT L

TITTTTCT T T T LT T T T
ALLLLL

Polymerization
Signal generation

B. FRET probes

Excitation Transfer Emission

TEEEEETTTETrTT TETTETETTrrereT

MINISTRY OF EDUCATION,
YOUTH AND SFORTS

C. SCORPION probes

Probe

R) (Q TTT> Primer
LLLLLLULLULLULLLLLULLLULLLLLLLLLLLL Template

Primer extension

® @ rrrrrrrrrTTITTTTTITITTIT

Probe hybridizationl \1‘
Excitation Q‘E:;ion

& FTEEETrrrrerreT
i

EEE 7.
Readout of the PCR Product

®» Probes are loaded to

a droplet together
with sample and PCR
reagents

Without the analyte
they are dark and
when the target
analyte is present, are
turned to bright.

Based on

fluorescence and
FRET or quenching.

21
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Post PCR Droplets Fluorescence Detection
Qil AP Droplets

Spacer Qil

o Apply amplitude thresholds

o Transfer droplets to 96-well PCR plate and calculate concentrations

o Thermal cycle to end-point FAM+ VIC- FAM+ VIC+
12,000
o Read droplet fluorescence
10,000} S
: " 3 s000f: .
® Droplets are assigned as positive or > h ; g
negative based on their fluorescence 2 so00f CUUTAeE
amplitude. Calculated the concentration E ' :
of the target and reference DNA T s i
sequences and their Poisson-based 2000p S
0 : i - e b
95% confidence intervals. > She N
2,000 4,000 6,000 8000 10,000 12,000
VIC intensity (a.u.)
dx.doi.org/10.1021/ac202028g
FAM- VIC- FAM- VIC+
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Single DNA Molecule Sequencing

®» Using zero-mode optical waveguides, light probing is confined to
about 0.1 ym. Monitoring of assembly of individual nucleotides
carrying specific fluorescent tags.

Aluminum

Intensity mmp

. ,_

Excitation

\

Emission

Time mmp

S. Real-Time DNA Sequencing from Single Polymerase Molecules. Science
2009, 323 (5910), 133-138.
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Single Molecule Interaction ) -

Analysis

®» Labelling of bases with different dye molecules allows monitoring in real
time assembly and prolongation of the duplex base by base.

Expected: TCT GAtGTC G t CTIGAIGIrA C G TC CAT' T
600+ 1o 0 ' A i o .

— 500+

85 G

53

@ 2

Lp

38

[T =

: 25 50 75 100 125 150
500 Bases 1 1 | | I 1

— i —— AS55-dATP
3 —— A568-dTTP
400 —— ABAT<IGTP

—— ABBO-dCTP

300

. f§§§ Ll i W ’ Jikl LA .L.m'%".ll .Hll

0 30
Time (s)

Fluorescence
intensity (a.u

L M“

I
60 70

Pacific Biosciences: S. Real-Time DNA Sequencing from Single Polymerase Molecules. Science
http://www.pacb.com/ 2009, 323 (5910), 133—-138.
24
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Zero-Mode Waveguide

https://doi.org/10.1038/s41598-020-61856-9
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b
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https://doi.org/10.1038/s41598-020-61856-9

Detection of Protein Analytes
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Enzyme-Linked Immunosorbent
Assays

Sandwich ELISA

1 2/ © 4/ 5/

TMB Colored
Substrate Product

Biotin Labeled o
Detection Antibody ~ StrePtavidin-HRPO

o M LY Sod
Antigen
Capture Antibody m m ﬁ,ﬁﬁ ﬁ

y .f - 4 -

Blocking Buifer
https://www.leinco.com/sandwich-elisa-protocol/
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Enzyme-linker Immunosorbent
Assays

112|134 5|67 8|9 [10]11]12
A [90/00000000ee s | . .
8020000000000 S
cCPP0000000000 ¢
DWW 000000000
E000000000000 ::
F 00000000000 ;.
1070000000000 <
HE 000000000 o » v
standard DT:F[:)-aZOO 0 SNI:AOcoi?: ”50 100 Concentration of BoNT/A (ng/mL)
081 (ng/mi) (ug/mi)
https://www.nanopartikel.info/files/methodik/VIGO/I_ELISA A549.pdf https://doi.org/10.3390/s19194081

®» ELISA replaced radio-immunoassays in 1970ties, still routinely used and
other enzymatic reactions exploited for faster and more sensitive readout.

28
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Fluorescence — More Sensitive
Readout

mirror

DNA origami

‘ fluorophores
80 v

How m |0+
Sensitive '

optical axis !

1
145°

smartphone
camera

DOI: 10.1021/acsomega.8b03136
ACS Omega 2019, 4, 637-642

® Fluorescence readout can be implemented also with cheap optics, not
only high end fluorescence microscopes.

29
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Fluorescence Readout
Comparison

DOI: 10.1021/acsomega.8b03136
ACS Omega 2019, 4, 637-642

sm-microscope monochrome SBFM

same brightness brightness adjusted same brightness contrast adjusted

74 Fluorophores
A

49 Fluorophores
B

34 Fluorophores
C (Il

16 Fluorophores
D il

10 Fluorophores

30



e EUROPEAN UNION
: ‘; European Structural and Investment Funds
* * Operational Programme Research,
ok Development and Education MINISTRY OF EDUCATION, SESTRINISEYTVTE

Fluorescence-Based Probing

{A) Analyte-modified beads are used as the competitor

biotin-labeled antibody

g ir_rg_; T
R magnetic separation b ,,‘L ‘o .
Lol gl = - pry ——— > il
2Oo ¥ ﬁ, + , SBG

Qe

analyte .
|| =

analyte-BSA coated MBs

(B) Analyte-labeled galactosidase is used as the competitor Fluorescein di-B-galactopyranoside,
detection antibody nonfluorescent
& H [«]
b [ Mo a0 0 @
g 9 iz =t O O 0 o
h 0 [ e . & | ) L s}
o = anti-mouse 1gG coated MBs

analyte-galactosidase

analyte ‘*
B—Gala}-sidase

B Beta galactosidase hydrolyzes fluorescein-di-b-D-
galactopyranoside to fluorescein.

Fluorescein, Em: 514 nm
B Beta galactosidase serves as a label in immunoassays. d0i-10.1038/nbt1072
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Single Enzyme Detection

b B [ 30 ng/mi
c D4 - 160 ngimi
80 2

2 enzymes ik 2 E %
~30} . * I i
3 @ 5 g
& o £ =
= o - 1 & I3 | POMS
@ s 4 lenzyme ol 4 @
3 i e I
2 6 [ain -«.r "'\"tkf‘““‘;.-. W w40 a55
é as&“’awa? 2
2 -‘é.'u".‘,s.' v g
g 29 Oenzyme =
i it ke |‘ -ﬂ__,-—w-\-.—-—w; X
I b doi:10.1038/nbt1072

- . - - - L O 9 ] 5 8 [ T
200 300 400 500 o 1 2 7
Time (s) Concentration increase (10~7 M)

®» Fluorescence-based detection in confined (30 fL) allowed for discriminating
single beta galactosidase molecules.
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https://doi.org/10.1016/j.aca.2018.02.011

Enzyme-conjugated
detection antibody

Protein Tau

Capture antibody
Magnetic particle

Immunocomplex formation on magnetic particles consists of two
steps: target capturing and subsequent target labelling

B Magnetic beads used for specific capture of target analyte and reaction with
detection antibody conjugated with an enzyme.
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Digital ELISA

B C

Direction of droplet a
movement * 0il Fluorogenic substrate
* ® ,;, ?
SRR R eieienene

Magnet-assisted seeding of individual Sealing with oil and formation of
magnetic particlesin the microwellarray  femtoliter droplets of the substrate

D

* ¥ o o g

Incubating with fluorogenic substrate until generation of the fluorescent
signal (left) and digital counting of single target protein molecules (right)

https://doi.org/10.1016/j.aca.2018.02.011

JAN INST|TUTE
HNOLOGY
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Digital ELISA

IAN INSTITUTE
HNOLOGY

25 -
20 -
15 - ' 'r-:’ontrol

104

% active particles

54 control

0 100um - < 100pm’ "

1E-16 1E-15 1E-14 1E-13 -
Protein Tau concentration (M)

® Tau levels in spiked blood plasma. A
similar LOD (55 *= 29 aM) was
obtained compared to the buffer
samples, which was 5000-fold more
sensitive than commercially available
ELISAs
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User control interface
(multi-touch monitor)

Input bays Reagent bay

Cuvette carousel
Sample bay
Tips and disc bay

System bay Bulk resource

supply and waste

LSI module

Washer ring (optical system undemeath)

Wash stations Incubation rings

System wash
buffer
[undemeaih}\l\
Chemistry | 8 — Pipettor 1
module — E & overhead gantry

Pipettor 2 e ’
& overhead gantry WG/

v Dt
A_ ,L. Cuvette input

,.\ Disposable
= tips

=
i

Reagents Reagent input Sk Sample inputracks ~ Discand
racks lgﬁ_mﬁ’pm input racks (?|sgosable
input depicted) tip drawers

EEEN

Commercial Implementation

® Digital ELISA was
implemented in a
commercially available
devices by the company
Quanterix

DOI: 10.1177/2211068215589580
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Commercial Implementation

®» Implementation of the assay
in small compartments and
loading of the wells with
magnetic beads.

L4 )] Disc platform &

el | S ® Fluorescence readout with

beneath disc Optical fiber L.
R Grer i additional wavelength
e Camera mounted to gripperctbs H H
e multiplexing for parallel
reaction readout in each well

216,000-well
array

arrays

fluidicinlet
port

500 wm-deep
channel

vent port

DOI: 10.1177/2211068215589580
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Table 1. Summary of Simoa HD-1 Immunoassay Characteristics.

MINISTRY OF EDUCATION,

YOUTH AND SFORTS

Commercial Implementation

Sample

Volume, Range, pg/ to-First-

Upper

Time-

Mean, pg/  Within-

Between- Between- LoD, pg/ LoQ, pg/
L

Plex Assay pL mL  Result, min Sample mL  Run CV,%Run CV, %Day CV,% mL m
I-Plex  PSA 25 400 62 Low 3.04 6.6 a8 0.0 0.020 0.037
High 60.2 5.0 4.1 69
Ap42 25 400 77 Low 237 39 10.7 38 0.034 ND
High 51.8 5.7 6.7 23
Tau 8 400 77 Low 228 6.0 14.0 0.0 0.019 0.023
High 109 38 9.1 0.0
TNFx 25 200 77 Low 277 34 4.1 0.0 0.014 ND
High 29.9 28 48 0.0
IL-2 42 400 62 Low 0.589 9.3 78 22 0.011 0.100
High 537 a8 9.2 5.6
IL-6 25 120 62 Low 1.54 5.8 0.0 27 0.0031
High 24.0 6.1 6.0 0.0
IL-8 25 1200 62 Low 14.5 3.8 5.3 0.0 0.0560  0.0921
High N 4.7 5.2 4.1
IL-10 25 120 62 Low 1.68 3.5 8.2 0.0 0.0059  0.0047
High 29.1 5.3 5.7 44
IL-13 25 300 62 Low 4.94 5.8 8.0 1.3 0.0031 0.0114
High 48.1 6.0 32 39
IL-15 25 40 62 Low 0.346 4.6 4.0 0.0 0.0030  0.0062
High 5.79 4.9 7.1 2.0
IL-17A 25 120 62 Low 0.505 44 4.0 0.0 0.0055  0.0041
High 26.1 42 74 0.0
GM-CSF 25 120 62 Low 0.198 6.1 9.6 9.1 0.0035  0.0079
High 26.2 5.0 a8 0.7
IFNa 85 17 62 Low 0.056 9.0 7.2 0.0 0.0014  0.0031
High 3.03 6.8 1.2 4.4
C-Peptide 25 400 77 Low 1.80 8.2 0.0 29 0.0130  o.0210
High 57.2 5.4 6.0 0.0
p24 144 30 62 Low 0.088 34 23 L1 0.0025  0.0076
High 8.92 5.3 3.8 1.6
Troponin | 42 1200 45 Low 255 76 5.1 72 0.010 0.079
High 115 5.4 8.1 9.7
3-Plex TNFu 25 120 77 Low 1.80 57 3.7 6.2 0.0120  0.0505
High 433 79 5.5 4.7
IL-6 24 Low 0.966 5.0 6.0 6.4 0.0060  0.0107
High 236 75 6.3 5.6
IL-10 60 Low 0.492 5.7 5.3 3.9 0.0019  0.0073
High 1.4 46 6.8 72

MW=21 kDa

¥
corresponding
to 0.1 fM

¥
For analyzed 25
WL detected about
103 molecules

DOI: 10.1177/2211068215589580
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Quanterix Application Fields

'§}:§_ Oncology
Immunology/

Inflammation

Neurology

Infectious /@
Disease =

ﬁ Cardiology

DOI: 10.1177/2211068215589580
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N itch ELISA (NL'SA)

A B

Create DNA Mix nanoswitches Gel electrophoresis
nanoswitches with sample and imaging
. * Analyte Bound
( ’ +?,<+ Y _ |_:| ; )'3'\
¢ [ ] L'( —— /"'-J U
D o A R R
\:/-a ~— ‘L;nboun‘;ir

— &
Fig. 1. Schematic of the DNA nanoswitch detection technique. (A) DNA
nanoswitches are created by hybridizing antibody-oligonucleotide conju-
gates and tiling oligonucleotides onto a linearized M13 scaffold. (B) DNA
nanoswitches can be stored at 4 °C, and then an aliquot can be added to the
sample. The resulting mixture is run on an agarose gel and imaged, with

positive signal given by the intensity of the slower migrating band that
corresponds to looped nanoswitches that have analyte bound.

www.pnas.org/cgi/doi/10.1073/pnas.1708148114
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Fig. 3. DNA nanoswitch detection of human prostate-specific antigen (PSA)
in complex fluids. (A) Representative gel image of human PSA spiked into
20% FBS, with concentrations ranging from 6 x 10""° to 6 x 10°'° M and a
control lane lacking any PSA. (B and C) Log-log plots of average bound in-
tensity per lane as a function of concentration for PSA in (B) 20% serum or
(C) 20% urine. Results are for 4 pL of serum or urine (i.e., 20 pL of diluted
sample) run in one gel lane (blue), 8 uL of serum run across two gel lanes, or
100 pL of serum run across multiple gel lanes. (B, Inset) Limit of detection
(LOD) as a function of sample volume. LOD was determined by extrapolating
the concentration from the signal equal to background signal plus 3 SD of
the background signal. Error bars are the SD, with the background given by
the dashed line, with four replicates per data point, except for None, which

has 20 replicates.
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Figure 1: A) Scheme of upconversion microscopy. An inverted wide-field epiluminescence microscope is
equipped with a fiber-coupled 980 nm continuous-wave laser diode and a sensitive sSCMOS camera. B) Scheme
of sandwich upconversion-linked immunosorbent assay (ULISA) involving (1) immobilization of the anti-PSA
capture antibody, (2) binding of the analyte PSA and (3) analyte detection by a UCNP-antibody conjugate.
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Figure 4: Upconversion microscopy images of serial PSA dilutions 1n 25 % serum: A) no PSA: B) 10
femL™"; C) 100 fg mL™"; D) 1 pg mL™"; E) 10 pg mL™"; F) 100 pg mL™"; G) 1 ng mL™"; H) 10 ng
mL™"; T) 100 ng mL™. PSA is captured on microtiter plate wells and detected by a UCNP-antibody
conjugate. A small section (3 600 pm:) of the analyzed area (210 x 263 um®) is shown. J) Calibration
based on a 4-parameter logistic regression model shows a test midpoint (ECs;) of 1.8 ng mL™" for the
digital readout (green line) and 5.9 ng mL™" for the analog readout (black line). K) Linear regression
after logit transformation yields an LOD of 1.2 pg mL™ in the digital readout and 20.3 pg mL™" in the
analog readout. The hatched lines are the background level defined either as mean number of spots

(green) or upconversion luminescence (black) without PSA + 3x standard dewviation. Error bars
indicate the standard deviation from three replicate wells. 43
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