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Affinity Reactions on Surfaces and
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limited reaction.

« Microfluidics in affinity-based sensors.
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Immunoassays and their characteristics.



Spatially Controlled Functionalization
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Contact Spotting
SAMPLE ASPIRATION  TESTING / SPOTTING CLEANING

Dilutor system to supply
with and remove
of system liquid

Wash Fluid
System Fluid
Sample ‘
D O
T ae BA
OO OO -
| | [

Sample Aspiration Optimizing Spotting Emptying / Washing Additional rinse
dispense parameter cycle with specific
and functionality test wash fluid (optional)

https://gesim-bioinstruments-microfluidics.com/microarray-printer/ Typ|Ca| Spot Size Of 100 IJ m.
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Soft Lithography

MAKING AN ELASTIC STAMP

€ Aliquid precursorto 10.1002/anie.200805179
polydimethylsilaxane (POMS]is
poured over abas-relief master
produced by photolithography or © The liquid is cured into a rubbery solid
electron-beam lithography. thatmatches the original pattern.

©) The POMS stamp is peeled off the master,
Liguid procurserto POMS

l.— POMS stamp

Master

MICROCONTACT PRINTING

© The thiols form a self-as sembled monolayer on the gold
surface thatreproduces the stamp's pattern; feature sin the
pattern are 35 small 3s 50 nanometers.

© The POMS stampisinked with 3 solution consisting of
organic molecules called thiols andthenpressed
against a thin film of gold on a silicon plate,

Seif-assombiod
monelayer

MICROMOLDING IN CAPILLARIES

AIT&??EEIM&%% el


https://dx.doi.org/10.1002%2Fanie.200805179

Nano-Fountain / Dip Pen AT -

Nanolithography

Fluorescence AFM

15
|

Microchannel

Reservoir
7.5

4

Writing Tip —
0nm
/% 4 um
Core / o f = Shell
L!QUld-alf Demers, L.M., Ginger, D.S., Park,
g
mterface S.J., Li, Z., Chung, S.W.,

Mirkin, C.A.: Direct patterning of
modified oligonucleotides

on metals and insulators by dip-
pen nanolithography.

Science 296, 1836—-1838 (2002)

F = 9 ;} .e — Menlscus

Substrate

*10.1109/INEC.2010.5424494

https://doi.org/10.1007/978-90-481-9751-4_282


https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1109%2FINEC.2010.5424494?_sg%5B0%5D=UHmbq24x6qMkZcV7ILfsjpSe3Bl8gptAM6VryRRpcpnGuZE5vCFFQgM7n8kyFkCiJkufx47iSOUEojy-VAQ9dKJMhg.ZBtSPPoHa9bn31dnobTJYXbzbXTGZgHTW1Or0tVw4Q2H7b9Ydk32CGzcz2CfLXuRc5Clbu36CmxYROaZtDpDFg
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Microfluidics — based Functionalization

Target sample flow in PDMS
y o

(a)
u-channel i Gold
from PDMS POM V%rrl?x s substrate
Au MUAM MUAM and SSMCC probes <— Probe
— — . DNA D
Probe
<TDNAC
Remove
SPR
PDMS orT
PD@I add PEG Imaging TONA B
— —_—
4 5
(b} pDMS—= u-fluidic channel
11| fromPDMS
10.1021/ac010762s Au—IEZ77 7777  forsample
analytes
®» Spatially controlled delivery of % O
% ’% Prism P
'%0@03‘@0 &
9%, Q

reagents by flow channels contacted
with the surface.



Diffusion Mass Transfer-Limited
Reaction Kinetics



EUROPEAN UNION
European Structural and Investment Funds ‘ o\ FZ U ::r}sttlil?lt:ez :cf :hysil:s A I T
Operational Programme Research, ’
Academy of Sciences syigM%S&TUTE

. MINISTRY OF EDUCATION,
Development and Educaton VL S S aronTs

Langmuir Adsorption Isotherm:
Assumptions

» All adsorption sites identical

« Adsorbed species interact only with adsorptions sites, not with each
other

« Adsorption limited to a monolayer




EUROPEAN UNION
European Structural and Investment Funds ‘ o\ FZ U Lr}stt'::eu‘t:ea:cf hPhysil:s A I T
Operational Programme Research, ’
Academy of Sciences sgigm%%ss‘vmﬁ

. MINISTRY OF EDUCATION,
Development and Educaton VL S S aronTs

Langmuir Adsorption Isotherm

Equilibrium of a reaction: Solution

A
K, k
A+Bz= AB K =2
3 K,
Kinetics of the reaction Substrate AB B
on a surface:
d)/ . . . _
E =k a, (,B _ 7/) —k,y Describes the interaction for:

a) ldentical monovalent receptors B

b) Constant concentration of A in the solution

a, Concentration [A] ([A]>>[B])

g Concentration [B] (Possible to describe more complicated
interactions e.g. multivalent receptors)

y Concentration of [AB]

11
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Two Compartment Model

L

N
v

Sample flow D — diffusion coefficient

lefu5|on T
(@) QO i D z kBT
’ ° h 6ran
a — molecule A hydrodynamic
L) vav YYYYY e YRR
v <“\\/sp

In SPR biosensors, analyte molecules A in a liquid samples are flowed over
the sensor surface.

~

n - solution viscosity

Due to the friction, at the surface the flow velocity is v D? 13
max

v=0. Approximation that the analyte mass transfer km = 5
rate occurs across an unstirred layer through hL
diffusion:

12
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Full Model

A) Description of laminar flow and diffusion in a flow-cell
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da (X, y,t) D[aza(x,y,t) aza(x,y,t)j_wmaxy(l_yjéa(x,y,t)

- +
ot 0°X 0%y h OX

B) Binding to receptors on the flow-cell bottom

ani"t) =ka(x,0,t) B-7(xt) |-k (xt)

C) Boundary conditions :

D@a(x,h,t) 0 Daa(x,o,t)zay(x,t)

oy oy ot
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Mass Transport Limited Klnetlcs

d
,Corrected Langmuir equation®: % =k (,B —<7/>) —ks" (7)
Valid when the diffusion parallel o K,
the sensor surface can be omitted a
1+k
(diffusion is much slower than [’B <7/ }
the flow through the flow-cell) et — K
2 Tk [ B-(r)(1)]/k,
Pe = Vi1 >>1 2 \3
v D
DL Ky z1.378(%]

Mass transport can be omitted
when Damkohler number Da<<1.:

2 -1/3 ” f
Da-k,B( m;]XLDj «1 m=> ki =k, ki =k

J. Stepanek et al. in J. Homola (Ed.), Surface Plasmon Resonance Based Sensors, Springer (2006) 45-69.
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Surface Reactlon with Mass

Transfer
Reaction kinetics become a function of mass transfer rate k...
dy K = ks
=K (B=7) ke : 1+ka[ﬂ—y(t)@

kd o~

k. —
o 1+ka[ﬁ—y(t)@
Fast diﬁw diffusion

Km>>K,0 k. <<k,
Reaction is affinity-controlled Reaction is diffusion-
and k=K, , K=Ky controlled, k,,=k,8* and

koffz km kd(ka:B)_l

(low probe / ligand density, high flow rate)

15
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Properties of biomolecules:

Affinity constants: k,=103-107 M-!s't and k,=104-0.1 s for majority of
protein-protein interactions.

Diffusion constant;: D=2.4x 107 cm2s! for water, T=20 °C and a
molecule with the diameter a=10 nm.

Fluidic system parameters:
Flow-rate: =100 pL/min

Flow-cell parameters: width w=5mm, height h=0.5mm, length
L=10mm

Peclé number: Pe~400 (>>1 needed)

Damkohler number: Da~10-3 (<<1 needed) for =10 ng mm?, MW=160 kDa,
k,=107 M-1s-1, D=2.4 X 10> mm?s, h=0.5 mm, Pe=400
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Flttlng of the Sensor Klnetlcs

3.5 3.5
';:' 3.0—_ <« Injection of 'S 3.0 % <« Injection of
.‘% 25 buffer 5, 2_5_- buffer
5 : 5 :
8 20- S 2.0-
S ] =
O 15 S 5]
8 - [ 6 ]
@) 0.5—_ f+ Injection of A % 0.5—- « Injection A
0.0+—= '
0

300 600 900 1200 0 300 600 900 1200
Time [min] Time [min]

SPR biosensor output R(t) is proportional to 7/('[), one can fit k, and k, as:
R, =(R,, -Ry)e™ W +R, R (1)=(R,  -R,)(1-elen )ty R

k! K. .,

a
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Example — DNA Hybridization

Example: investigation of
peptide nucleic acid (PNA)
probes for the detection of

DNA single nucleotide
polymorphism (SNP).

—— - -

\ PNA/DNA

streptavidin B Relevant to e.g. diagnosis of
genetic diseases such as
thalassemia.

w
=
=

g

®» Instrumentation: combined
SPR and surface plasmon-
Polarizer enhanced fluorescence

N\
/ spectroscopy (SPFS).
Photo diode Laser

H. Park, A. Germini, S. Sforza, R. Corradini, R. Marchelli, and Knoll W. ,Biolnterphases 1, 113 2006. 18
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DNA Hybridization — Number of Bases

A Fzu

Institute of Physics
of the Czech
Academy of Sciences

NMT s
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probe:
targets:

K. Tawa, D. F. Yao, and W.
Knoll, Biosens. Bioelectron. 21,
322 2005.

T2:

T2(14):
T2(10):

5'-biotin-TTT TTT TTT TTT TTT
3L

F

TGT ACA TCA CAA CTA-
ACATGT AGT GTT GAT+
3'-CA TGT AGT GTT GAT:

3’-T AGT GTT GAT:

3!
-Cy5-
-Cy5-

.Cy5-5'

""\-

'JI
T
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DNA Hybrldlzatlon Mismatch Detectlon
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RR-15 Cy5 5’ AAGCTGACTCTAGCA:3'
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H. Park, A. Germini, S. Sforza, R. Corradini, R. Marchelli, and Knoll W. ,Biolnterphases 1, 113 2006.
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Flttlng of the Sensor Kinetics

Sesnor output R [a.u.]

12

8-
10 M

4 -
R 4 njection of target (o)

4 Rinse with fresh 10 mM PB
09 -~ +1 M
0 300 600 900 1200 1500
Time [min]

Response AR [a.u.]

RN
N
1

oo
1

AN
1

o
1

- -
-
-

®» By fitting the dependence of equilibrium sensor
response R on the analyte concentration a the
association affinity constant K, can be fitted

from a function:

T T T T T T T T T

20 40 60 80 100
Concentration o [nM]

AR = const 1&

21



Global Analysis

Response units (RU)
8 3 8

o

Steady state

Dissociation

Response (RU)

Association

Time (s)

Fitting 1 Kinetics

0 200 400 600

800 rime (s)

AITS??EEML RYTUTE

®» Association and dissociation binding
rates (k, and kg, respectively) or more
complex parameters can be determined
by fitting with a model.

®» Analysis can be performed through

specialized software (e.g. from BlAcore,
Scrubber ) or by another tools allowing
fitting with non-linear functions (e.g.
Origin).

Response

0 L0 100 150 200
Tirne

http://www.biologic.com.au/scrubber.html 29



Example of Non-Langmuir Kinetics

E 10"'.' )
P power spechum
10 S’ PR e

I oralants

J
10 1

10 107 10 107

= ” frequency |Hz)
+8 v v ' R ]
g Ha)
| ASL A n
+ B ol T 11 L mr 1 .
§ ol nr“ uy' U Al Ly | squttiun
é 4!!]9-';1& maKcuc fuzhatons - W Lr
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3 3 2 © % & 7 [ g 10
time [10000 s] time [10000 s]

Figure 1. (a-e€) Nanoplasmonic LSPR sensing of single-molecule equilibrium fluctuations. (f) Simulated
response of a nanosensor to binding of analyte molecules (blue) and the corresponding average over
many sensors (orange). @) A nanorod covered with a receptor layer is exposed to flow of analyte
solution. (2 Analyte molecules bind to the receptors and surface coverage eventually reaches
equilibrium (3), at which time-averaged numbers of associating and dissociating molecules are equal.
However, molecules continue to @) dissociate and (5) associate at random times. This causes short-
time-scale fluctuations of the surface occupancy around the mean. (g) Once equilibrium is reached,
molecules associate and dissociate stochastically with rates determined by k.., k., and p, causing
single-molecule fluctuations around the equilibrium signal. In this regime the system ceases to be
mass transport limited. (h) Analysis of power spectrum of equilibrium fluctuations yields accurate
values of rate constants.

AIT&?%EEML’%%V“T‘

10.1021/acsnano.8b0401

23
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Example of Non-Langmuir Kinetics

............................. . . 10 o e e 1)
.............................. . @
£ £ 40 2=
E M AN e il = i
% 1.7 0 :'J i i 305%
1 X ® >
2 g, l§ i S
v2 ¢ 10E
x * o
% 5 10 15 20 25 0 02 LT =R ET
fime [h] probability concentration [nM]
o o T ©] mgal . — | @
-gwﬂ o2 1 & _{L
5 | 2 9 1 & I
;ury %02 91 - 1% ‘ {
go*: 22 : 75 §'++ 3
=1 = U " o 4 1
o : . o
g { 3 g X ........ K] § prmmmmemaa e
IL lsmiand i T 0 0
S0 1 10 10 107 10° 1 10" 10 0 10 20 30 40 50 60 10.1021/acsnano.8b0401

concentration [nM] conceantration [nh) eq. surface coverage (%)

Figure 3. (3) Exemplary Anti-PEG binding time traces for concentration between 330 nM and 1.7 pM
and with at least 2 h of equilibrium fluctuations. The corresponding means are marked by dashed
lines. The histograms visualize the span of observed peak variability with the largest widths for 6.7
and 1.7 nM. The equilibrium signal width is the smallest for the lowest and for the highest
concentrations and increases toward the middle of the concentration range. (b) Equilibrium peak
shift vs concentration. Red crosses denote absolute positions and blue circles estimated monovalent
surface coverage. (c) Association rate constant (markers) obtained from fitting the kinetic adsorption
curves using a bivalent analyte model (see SI) and interpolated dependence for simulations (solid
line). Note, that for a large concentration range k..(p) is linear in the log-log scale indicating a power-
law-like dependence. This is typical for hierarchical systems and agrees qualitatively with the
association dynamics of Anti-PEG, which during binding enters partially the PEG brush necessitating
the latter’s rearrangement over the surface of the nanorod. (d) Amplitude of equilibrium fluctuations
vs concentration. The individual colored symbols (artificial horizontal offset for clarity) mark values
for individual traces and black ones corresponding averages. The dashed line marks the average
magnitude of fluctuations before adding antibodies. (e) Equilibrium fluctuations vs equilibrium peak
shift. The colors in panel (e) correspond to those in panel (d). The equilibrium fluctuations have the
largest amplitude at ca. 20% surface coverage, while for both low and high values tend to the
baseline fluctuations.
24
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Force Measurements - K
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Current Opinion in Chemical Biology

®» AFM used for studying of force-induced
disruption of affinity bound
biomolecules, molecular stretching etc.

B k=kyexp(vF/k,T), where ky, is the
unperturbed dissociation binding
rate, y is the characteristic
interaction length, Fis the applied force
and k,T=4 pN-nm for the room
temperature Assuming an interaction
length y of several nanometers.

T.A. Sulchek, R.W. Friddle, K. Langry, E.Y. Lau, H. Albrecht, T.V. Ratto, S.J. DeNardo,
M.E. Colvin, A. NoyDynamic force spectroscopy of parallel individual Mucin1-
antibody bonds Proc Natl Acad Sci U S A, 102 (2005), pp. 16638-16643 25



Microfluidics
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Lab-On-Chip and
Micro-Total-Analysis-Systems

https://www.gene-quantification.de/lab-on-chip-index.html

27
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Laminar Flow

®» Laminar flow: viscosity-related
effects are more important than
inertial ones.

®» Fluids mix only via diffusion,
which is slow mechanism and
makes reactions.

C 5m
®» Reynolds number Re<<1 q Fy

hexadecane

L Wa
Re = — ..-flq!&'zaer o t=t1

Re = reynolds number q l

P =density of the fluid ¥, ‘1
U = flow speed 1) | L
L = characteristic linear dimension - | ‘! | t=t2

K = dynamic viscosity of the fluid

https://gmwgroup.harvard.edu/microfluidics o8
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Laminar vs. Turbulent Flow

R
AN

turbulent flow
unstable streamlines

laminar flow
well-defined streamlines

T A "D 4
B alamy stock photo
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Microfluidic Micromixers

10.1109/SENSOR.2009.5285475

® Herringbone micromixer —
texture introduced to flow
channel wall that enable to
speed up reaction limited by
diffusion.

Fig. 1 The uniaxial flow in microfluidic channels often leads Lo a large percentage of analyte that

» The ﬂOW |S Stl ” |am | nar’ :no:iﬁy::)z;&lﬁrricl with the sensing surface. The inclusion of mixing can increase the efficiency of
based on mixing that modify https://doi.org/10.1007/978-3-319-64747-0_3
the regular parabolic flow

velocity profile

30
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Microfluidic Micromixers

100 = = = Prediction (r, = 9.6;m) 2muUh
e from Wang et al. [80)

Capture Efficiency (%)

107 10° 10" 10° 10'
Flow Rate (mL/h)

Fig. 12 Comparison of the data in [80]. SHM dimensions were reported as W =1 mm, H =
100 wm, L = 880 mm, h, = 35pum, w, = 35um, and A = 100 pm. The reported groove depth of
h,/H = 0.35 was used to estimate U,/U = 0.02 [55]. where we assumed Sh,, = (PeU,H/UW)'/.
Predictions of capture efficiency were calculated as JLW /QCo - 100, where J was calculated using
Egs. (20)(22). The dashed line pertains to predictions regarding cells of size r, = 9.6 um. The
upper and lower bounds of the shaded area pertain (o cells of r_ = 5.4 and 13.8 um, respectively.
Diffusivities were calculated via the Einstein-Stokes relationship at 25C, where the viscosity of the
DMEM medium was taken to be g = 0.94 cP [84]. Data representative of [80] is shown in the red
symbols
https://doi.org/10.1007/978-3-319-64747-0_3
31


https://doi.org/10.1109/SENSOR.2009.5285475

EUROPEAN UNION

European Structural and Investment Funds o\ FZ U lol}sttliteuf:i :cf :hysil:s

Operational Programme Research, : Academy of Sciences ‘Eﬂ“w‘ —
J OF TECHNOLOG

. MINISTRY OF EDUCATION,
Development and Education JOUTH AND SPORTS

Real-time concentration
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Diffusion of target Sensor electrode
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o™ \_|Drift hag i
I I 1
Whole | e :D' " d'fI
blood | I o dri
S[*._ -] ot Time
Time

10.1126/scitransIimed.3007095

® Diffusion coefficient is dependent on the size of the molecules, can be used
for separation of small molecules (e.g. therapeutic drug) from large
molecules constituting blood (that would impair the sensor surface by
fouling).
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Direct/
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@ Anayte
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Competitive
Inhibition -N N—

J. Homola (editor): Surface Plasmon Resonance Based Sensors, Springer, 2006.
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Example of Direct Assay

Direct detection of |luteinizing hormone (LH, triggers ovulation). Protein with
molecular weight of 29 kDa.

Sensor response [nm]

1 1% HCOOH
3,2 1 1%11%%0“ 1.5min
1 LH
2,8 - in BSA
E 1000ng/ml BSA
24 ] 1% HCOOH 'c
204 1% HCOOH 1.5min BSA <
] 1.5min %
1,6 g
1% HCOOH LH o
1,2 - 1.5min in BSA BSA 3
1 LH 300ng/ml :
0,8 in BSA . LH 8
4 50ng/ml in BSA c
0,4 150ng/ml ()
. l l BSA n
0,0 " 85 BSA A
1BsA SA
-0,4 - BSA
T T T T T T T T T T T T O 0
0 30 60 90 120 150 180 , T T T T T T T T T T T
Ti [ . ] 0 200 400 600 800 1000 1200
ime [min

LH concentration [ng/ml]

Binding kinetics for increasing concentrations of LH and regeneration between
detection cycles (left) and the calibration curve (right).
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Staphylococcal enterotoxin B (SEB) — toxin that commonly causes food
poisoning, with severe diarrhea, nausea and intestinal cramping. Molecular
weight 28 kDa. Response amplified by secondary polyclonal IgG with
molecular weight of 160 kDa.

1.0 81
E | 50ng/ml — /[N | 50ng/ml
L£.08¢ E 5l e®
o | < S, [ 8448 lBSA
£ 0.6 I% Q O '
a 25ng/ml § 4| 25ng/mli
n I m
® 04t 2 3 L
- ;:) ﬂ ) -‘BSA »
§ 0.21J "I 13ng/ml & 4 '_‘ ® 13ng/ml
O . A i 5n @ 2ng/ml
D (5 0 s e “&'I#“%MMWWH gng/ml S 0 0.5ng/ml

. Sl

L I A ! -1 1 L . L . L
0 10 20 30 40 50 40 50 60 70 80 90
Time [min] Time [min]

J. Homola, J. Dostalek, S. Chen, A. Rasooly, S. Jiang, S. S. Yee: Spectral Surface Plasmon Resonance Biosensor for Detection of
Staphylococcal Enterotoxin B (SEB) in Milk , Journal of Microbiology, 75, (2002) 61-69.
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Example of Inhibition Assay

Atrazine — pesticide with
molecular weight of 0.2
kDa. Too small to be
detected directly and thus
inhibition or competitive
assays are used.

Analyte

Antibody Mixture

Dostalek, J. Pribyl, P. Skladal, J. Homola, Multichannel SPR biosensor for detection of endocrine disrupting compounds, Analytical and Bioanalytical

Chemistry, (2007) 389:1841-1847
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