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Mathematical modelling of biological systems

Some problems:

* Multidisciplinarity *(biology, medicine, theory of

lysosome

oscillations, theory of elasticity, rheology, non-

linear dynamlcs)

* Complexity of biological systems- simplification

 appropriate approach

* The principle of phenomenological mapping
* Accuracy of the model-how to verify the

theoretlcal model

e Limitations of the model
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TdT & EGFP

TdT & EGFP

o

Adequacy of the model

10.05
10.05

* High-cell density tumour compartments were created
using a custom-designed fabrication system and

* standardized oligomeric type | collagen to define and
modulate ECM physical properties.

10.05 + CAFs

b

a 3D tumor-tissue
invasion model

(i) —— —

10.05 + CAFs

Tumor Tissue
compartment compartment

Well-plate guide . . A " . o . . " .
Figure 5. CAFs enhance invasiveness of patient-derived PDAC cells. The 3D tumor-tissue invasion model

c was prepared with 200 Pa Oligomer for both the tumor and surrounding tissue compartments. Tumor
(i) (i) 2 T T compartments were created with 10.05 alone or 10.05+ CAFS (at 1:1 ratio) at 1 x 10 cells/mL in Oligomer
EEEEEEEEEE NN J I [ - l I I 5 I 8 l 5 l 8 I l 8 l I : l L and cultured 4 days. (a) Images represent nine fields of view, each of which is a maximum projection of a 400
Pipet Oligomer-cell suspension onto Invert and incubate at 37°C to polymerize tumor pm confocal z-stack. Red = tumor cells (TdT) and green = CAFs (EGFP). Scale bars =200 pm. (b) Images
posts. compartment. represent maximum projections of 10 pm confocal z-stacks from cryosectioned constructs. Confocal reflection
(iii) (iv) @ microscopy (white) was used to visualize matrix microstructure. Yellow arrowheads denote matrix alignment

and remodeling; scale bars =20 pm. (c) Images represent maximum projections of a 20 pm confocal z-stacks of
cryosectioned constructs stained for E-cadherin (yellow) and vimentin (blue). Final panel represents a 3X zoom
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Pipet tissue matrix (Oligomer) into well- Lower prefilled wel|-pl;ate ont6 pc;\sts. of boxed region in overlay panel. White arrowhead denotes direct interaction between tumor cell and CAF;
plate. scale bars = 50 pm.
Ty i(vu)ll“l”l”lll
Flip upright and incubate at 37°C to Remove fabrication platform and add medium. X .
polymerize tissue compartment. Taken from SCientifiC RePorTS | (2018) 8:13039 | DOI:10.1038/s41598-018-31138-6
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Lublin University of Technology Doctoral School, November, 2021



Adeqguacy of the model

* Tumor-on-a-chip
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Fig. 2 Microfabrication techniques for tumor-on-a-chip. a, b Use of photolithography and soft lithography to fabricate a simple PDMS

microfluidic culture device, conformally sealing it to a flat glass substrate. Adapted with permission'*®. Copyright 2013, RSC. ¢ Use of microcontact
printing to generate a protein pattern for cell culture. Adapted with permission'**. Copyright 2000, Wiley.

\

photolithography and 3D bioprinting

* Gure polymer

in cancer biology and anticancer therapy research?

Taken from Liu et al. Microsystems & Nanoengineering (2021) 7:50 Microsystems & Nanoengineering https://doi.org/10.1038/s41378-021-00277-8

Politechnika Lubelska, Lublin University of Technology Doctoral
School, November, 2021



3D bioprinting of
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meaningfulness of scientific results

Replicating results is crucial BEienim
. ] ) . CaCIZ suspension droplet
Testing, validating, retesting
S 3 = Ba ions outflow
aCl, perm rich
Saturated solution -l- fraction
F |tti ng th e d ata L Algmmate/barum interface
: progressive gelification
* example -
;Na_alguiat% Barium algmate wall

Sperm encapsulation =

Taken from https://www.semanticscholar.org/paper/Enhancing-insemination-performance-in-pigs-through-
Faustini-Vigo/496b12b10e52f4cb85f757fcObfbba838b16bc9e

Politechnika Lubelska,
Lublin University of Technology Doctoral School, November, 2021



Adequacy of the applied mathematical model

* Modelling of patient specific tumours' vascularisation
(Huston research group)

* what is the purpose of the research
 |s it useful for doctors and clinitients?

* Isit bring the new value to the science?

Politechnika Lubelska, Lublin University of Technology Doctoral
School, November, 2021



Publishing negative experimental results

* Some journals PLOS One , Journal of Negative Results in
Biomedicine.

* in which a scientist conducts a careful experiment and finds nothing

Politechnika Lubelska,
Lublin University of Technology Doctoral School, November, 2021
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Biological Oscillators

non-linearity

* The principle of phenomenological mapping
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Simple harmonic oscillator

k

d°z -

F =ma = md_i = mi = —kx. T{ﬂ = A ﬂﬂﬁ(wﬁ + ﬂ.ﬂ'}-, W = — . undamped angular frequency
L m

Damped harmonic oscillator *k is the spring constant

dz d’z d2 dx g — C

F = ~kx - ¢c— = m——-, . 2 — : :
dt di? d:2 + 2Cwo 4t +wjz =0, 2k damping ratio

Driven harmonic oscillators
2(t) = Ae ¢! sin(v 1— Cuwgt+ tp) \

F[t]—km—cﬁzm%+ or & (& +ax+ Bz*) =0
d’z 2, F(t) Undamped = % 3@)° + joa® + 82" | =0
e +2(,"qu +“’6$:?+ — :t»%[:it)g—%crmz—i—iﬁm‘i:H,
Duffing oscillator
i+ dd + ax + Br = v cos(wt) & (& + 8¢ + oz + fa’) = 0
pamped = % [%{5:)2 +Laa® 4 gﬁm*‘] — _§(2)?
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Synchronisation of biological oscillators
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Synchronisation of biological oscillators

e Cell division

* Embryonal development
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Oscillators in reproductive biology
/P as dynamical 3D structure

IV. Domain-Specific

INNNR
OUTER LAYER

After fertilization =

5th International Congress of Serbian Society of Mechanics, Arandjelovac, Serbia, June 15-17, 2015



Labeling of mouse
embryo with silicon chips

From: $. Duran, $. Novo, M. Duch, R. Gomez-Martinez, M. Fernandez-Regiilez,
A. San Paulo, C. Nogués, ). Esteve,a E. lbaifiez and ). A. Plaza. Silicon-nanowire based
attachment of silicon chips for mouse embryo labelling. . Lab Chip. 2015, 15, 1508-1514.

5th International Congress of Serbian Society of Mechanics, Arandjelovac, Serbia, June 15-17, 2015



Mechanical properties of ZP

indentation rate 10 pms~!
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From:Boccaccio A, Lamberti L,

Papi M, De Spirito M, Douet C, Goudet G,
Pappalettere C. A hybrid characterization
framework to determine the visco-hyperelastic
properties of a porcine zona pellucida. Interface
Focus 4: 20130066, 2014
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From: Papi M., Maiorana A., C, Douet C., et
al., Viscous forces are predominant in the
zona pellucida mechanical resistance. App
Phy Lett Vol 102, 043703-5, 2013

5th International Congress of Serbian Society of Mechanics, Arandjelovac, Serbia, June 15-17, 2015



theoretical models of the
oocyte :

Mechanical models of ZP

half-space model

layered model

shell model

Biocapsule Elastic Models
 the contact mechanics

Models: Hertz’s model,
Sneddon model,

* micropipette aspiration
model.

* Biomembrane Point-Load
Model ( Sun et al, 2005).

* Discreet OSCILLATORY
spherical network model of
/P



Modelling oscillatory behavior of mouse zona-e pelucida-e
before and after fertilization

anpokcumaumje mogena:

Main idea: oscillatry ineraction of oocity and " CnoBoaue ocuunaunje
Sperm Ce”S MNpuHyaHe ocuunauuje
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Sperm number impact
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Weak spot /area in ZP structure
Deformation work in Zona-e Pelucida-e during process of fertilisation
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The effect of friction and impact angle on the spermatozoa-oocyte local contact

dynamics.
Contact preassure, Equivalent ZP strass, Total contact stress and
Frictional stress for different sperm impact angles
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From : Hedrih, A., Banié, M.; The effect of friction and impact angle on the spermatozoa-oocyte local contact dynamics. J Theor Biol. 393: 32-42 (2016).
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OcumnatopHO NoHawakwe ZP muia HaKOH onaoake

Table 1 Youngs modulus of zona pellucida

D l D Youngs modulus (kPa)
a 6 Cell stage Number (mean * standard deviation)
GV 30 228+104hb
° § MIT 74 8.26+522a
PN 66 223%1051
Q.mﬁ.‘... O Oss i 2 cell 41 158t 350a
&)=Fycos{Or+4,)
e 4 cell 19 126+3.34a
o v ¥ Lot 1344
(] @ e [ EB 4 330+ 186a
N N
aversus b (P < 0.01). EB, early blastocyst; GV, germinal vesicle;
e M, morulae; MII, metaphase-11; PN, pronuclear.
(&) O o z : A
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dpeKBeHLUMja CNO/bHE NPUHYAHE cune

Mojam Polyspermy block-a.

amplitude of excitation on main nod 33
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amplitude of excitation on main nod 39

P EEEE following sperm
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damping coefficient

From: Yasuyuki M. et al. Possible
mechanism of polyspermy block in human
oocytes

observed by time-lapse cinematography. J
Assist Reprod Genet (2012) 29:951-956
DOI 10.1007/s10815-012-9815-x.
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Zona pelucida as a mechano-responsive polymer

a new theory of fertilization based on
coupled chemical—electrical fields
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Figure 8. Zona pelucida as a mechano-responsive polymer. ZP is considered as a responsive gel that responds to external mechano-electrical stimuli that originate
from numerous spermatozoa impacting its surface in the process of fertilization. Oscillatory changing of external mechano-electrical stimuli upon ZP surface lead
to a local oscillatory phenomenon of rhythmical soluble-insoluble changes of ZP resulting in penetration by a spermatozoid via a mechanism of oscillations of
relaxation if the soluble ZP state lasts long enough. Local chemical oscillations of ZP gel could be controlled via external mechanical strain.
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oscillatory model of mitotic spindle
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* Introduction
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*What is mitotic spindle?
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14th International conference Dynamical Systems Theory and Applications-DSTA, December 11-14, 2017, t6dz, POLAND



OSCILLATORY ENERGY OF SISTER CHROMATIDS IN METAPHASE OF CELL DIVISION CYCLE

* Influence of mass chromosome distribution
* Centrosome frequency

chromosome arrangement-stochastic?
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I\/l th d Assumptions:
e O S Rheonomic centers equal, oscillate along

vertical axis,
a-relatively constant,
Inclination of LEE negligable

* Basic concept of the biomechanical singe frequency external exctation
° . . . In vacuum
oscillatory model of mitotic spindle ‘o eiastic moce
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Undesirable breakage

/ Leads to aneuploidy
g:% Desirable breakage
Mai2 Separation of homolog

chromosomes

L Qg = Ay =
o
M2 4 A
mitotic spindle as a system of coupled
oscillators relative and transfer velocity

ternational conference Dynamical Systems Theory and Applications-DSTA, December 11-14, 2017, t6dz, POLAND



Oscillatory motions of chromosomes

Square of absolute velocity of one homologue chromosome/ -th material
particle in each subset

2 2

. . ? . -
Vgik = (Xgik+nglcosagik) + (nglsIn agik)

Viik = (Xd tY402C08 iy )2 + (ydOZSin adik)z

Approximate value of elongation of standard light linear elastic
element that interconnect pairs of homologues chromosomes

Al = _\_(yg01+yd01)+ (XgikSin Olyig + Xgi SIN adik)J



Mechanical energies for each pair of homologue chromosomes in biomechanical
model of mitotic spindle

1 . . . . 1 .
Ex = Emuik (Xuik+yu01cosauik)2 + (yuOISIn auik)z]_l_ 5 Mu(yu01)2 +

1 [, . g SYE
+Emdik[(xdik_*_ydozcosadik)z +(V008in adik)2]+5 My (Yoo )

1 2 1 2 1 _ - ,
Ep = ECUikX uik T E Cdikx dik T ECik [(yuol + ydOl) + (Xuik SIN e + Xy SIn 4o, )]

1=12..20

ET,ik — Ek,ik T Ep,ip
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Pairs of coupled fractional order differential equations could be solved
independently from other coupled pairs of the mitotic spindle oscillatory system

O 2 ~2 =2 ~2 . . a _
xgik+(a)gik+a)giksm agik)xgikJr(a)giksm i, SIN agik)xd,k+a) Ik(D [xg,k])

:(Qgho,gik glkhOglk)COSQ t Sikh O,gikCOSth

o ~2 : _
Xd|k+(a)d|k+a)d|ksm adlk)xd|k+a)d|k(D [glkD_(a)dikSIn A ;SN adik)xgik_

~

~ ~

2 ~2 Y 2
= (Qd hy gk + @i O,dik)cos Qut + @y h g i, COSQ t

l
l

2 Cgik ~2 _ EEgik - _
Q.= d aEK aEK n a(EP+EPE) n 8PW o™ Myi o™ Mgi Mo =Y5oC08
o~ | A - a| [
: dt 5}/901 5'}’901 angl a(Dt ly901J) , Cair ~
Daik = j éadzik = % hO,dik:ydocosadik
d(oE, ) 0B, OE.+E..) P, . .

Qu=—;| = - + + a a’éik:m_'k a’dzik:m_lk Mg gic=Y,qoSiN
t aYdoz ayoloz aydOZ a(Dt [yd01]) gik dik Ot T aomT Tk

h 0,gik= Y d0SIN Ay h 0,dik=Y goSIN i



Particular solutions of modified ordinary differential
equations

Xpgi= D congt+I5 cos(2,t

gik gik

Xpgix= Dygi €05, T+ Dy;, oS

2 22 i 2 2 ~2 i ; 2 ~2
[(a)gik + @43 SN agik)_Qg ]Dgik +(wgikSIn gjx SN agik)Ddik :(Qgho,gik — og;h O,gik)

gik

~

2 ~2 ain2 2 |~ ~2 . : ~2 ~
[(a)gik + @, SIN agik)_Qd ]Dgik + (a)giksm Qi SIN agik)Ddik = _wgikh 0,gik

~

2 A2 2 2 —~2 . ~2
[(a)dik + @y, SIN adik)_Qg ]Ddik + (a)diksm i SIN adik)Dgik = wgh 0,dik

~

2 ~2 L2 2 |~ ~2 : N 2 ~2
[(a)dik + @y SN adik)_Qd ]Ddik +(a’dik5|n Qi SIN adik)Dgik = (Qd hO,dik +ayh O,dik)



Numerical analysis
Data:

Chromosomal mass for mouse chromosome
were taken from ref (Ortega et al, 1957). |
From 4.5/2*10kg to 1.6/2*10"kg TuTuLLLEEEEY
Rigidity of eukaryote metaphase

chromosomes:  cc=1.413 « 1073N/m
Calculated from formula:

Cc= Ecr®m/lc

Young modulus of metaphase chromosomes
elasticity:

Ec=103Pa

r=3um

lc=20um

taken from (Houchmandzadeh et al, 1997)
Rigidity for microtubules at 37° C:

Calculated from: cm= Em(R 2 _ z)n/lm Tubulin dimer
a-Tubulin
Young modulus of rrelcro%ubgle%(?t%z; C: G B-Tubulin 4
m= * m 8 i
Em=1,9*108%Pa :
Ri=18nm n/40 | |m/40
R0=3Onm 00000000 00 00 0 @ 0000

im=100umdata taken from ref (Kis et al, 2008) o Zn Microtubule



Numerical analysis

Data:

Rheonomic centers circular frequency
was calculated according to the data for from (Maly,
2013) (2m/T, T1=20s, T2=15s).

0, =0419 1/s Q,=0314 1/s

Centrosome mass

was calculated from centrosome volume
1,5um3 from http://www.proteinatlas.org/humancell/
and centrosome density - (density was taken
approximatively as data for density for cell organelle-
mitochondria 1,05g/ml)

1.575*10 kg (Milo and Phillips, 2016).
Centrosome amplitude oscillations

was taken from (Kuhn and Poenie, 2002)

(2.1um=2.1/2*10"°kg)
Ange of mitotic spindle
Take as /2, equal distribution angles

14th International conference Dynamical Systems Theory and Applications-DSTA, December 11-14, 2017, t6dz, POLAND


http://www.proteinatlas.org/humancell/

ReS U |tS Total mechanical energy of 10 pairs of homologue Case
chromosomes in the system of mitotic spindle

Same frequency of
rheonomic centers 2, =0419 1/s
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ReS U |tS Total mechanical energy of 10 pairs of homologue Case
chromosomes in the system of mitotic spindle .
I
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From :Hedrih, A., Hedrih, K.: Kinetic energy of dyads of sister chromatids in a biomechanical oscillatory model of the mitotic spindle. RAD Conf Proc. 3: 225-230 (2019).
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 This difference in energy distribution could be of importance for the
stability of the system of mitotic spindle and its energy balance.

* Also this difference in energy distribution during metaphase may
carry additional epigenetic information and could be important for
process of differentiation and genesis of cancer.

International summer school “School on Information, Noise,
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CYTOPLASM AS A VISCOUS MEDIA WITH VERY
SMALL REYNOLDS NUMBERS

F= udx low Reynolds numbers d=3 um,
L=20 um
:1 3 (0]
length of the cylinder velocity p=1000 kg/m>at 37 °C

Reynolds number for a cylinder _
M=0.7mPas - pe-1.3.107)

— \L /_v 2 \ u=30 nm/s
Wg = 4mpLlue(l — 0.87¢7), Odu

| Rm = O\ ¢
5:[——y—ln(—)] .

) 8 dynamic viscosity

y = 0.577216  Euler’s constant
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FLUID RESISTANCE FORCES OF EACH SISTER
CHROMATID

Fw,uik — _muik'[l\/|:().(uik +y wo1 COS &, )2 + ( y uol sin Pk )2]
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ENERGY OF MOVING HROMATIDES

ET,ik = Ek,ik T Ep,ip

1 2 1 2 1 I - 2
E, = 5 Gt i 5 Caic X+ Ci [(Yuor + Vaor) + (K SIN i + X SIN )]

1 . : . 1 :
Evi= Emuik (Xuik+yu01cosauik)2 +(yu015|n auik)2]+§ Mu(yu01)2 T 1=12...20

+ %mdik[(xdik+ydozcos adik)z + (ydozsin adik)2]+ % My (ydOZ )2

Anaphase

1 . 1 . 1 . 1 .
b, = 5 mgik:uXSik + 5 mdikzuxgik + > M g/u(ngI)z + > M d/u(ydOl)Z

Rayleigh function of energy dissipation

ISEP Porto-Portugal, June 27 - 29, 2022



RAYLEIGH FUNCTION OF ENERGY DISSIPATION

d(E ._|_E i ) System is non-conservative
K ik Pik)

dt — _ZCDik

1 . . L. 1 :
b, = E Myt [(Xuik+yu01cos duik)z + (yu01SIn auik)2]+ E M glu(ngl)_I_

1 . o LMl
’ 2 mdiklu[(xolik"‘yo|ozcoS adik)z t (ydozsln adik)z]_l_ 2 Md'u(ydOl)z

ISEP Porto-Portugal, June 27 - 29, 2022



Some conclusions

The Rayleigh function of energy dissipation is used to model oscillator;m
behaviour of moving sister chromatids in anaphase of mitosis

Using the presented methodology, it is possible to numerically solve the
cases when the sister chromatids are still connected, but also the case
when their final separation occurs during anaphase Il.

In that case, each sister chromatid bound to the rheonomic center
represents an oscillator with one degree of freedom of movement.

we are free to suggest that chromosomes and sister chromatids use
relaxation oscillations as a possible mechanism of movements through
the cytoplasm as a viscous fluid.

It is also possible that citoplasm Is acting as a fluid that passes through a
sol-gel transition phase during mitosis, and that this transition can have
different speeds.
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Thank you for your attention!

handjeka@gmail.com
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