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Abstract

The thesiss goal is to improveour understandin@f the interaction betweefrAMAM
dendrimer, dendrimer/DNA complex, dendrimer/DNA aggredatany dendriméDNA
complexespnd a soft particleke a cell or gorotein in salt solution.

The electrostatic interactionsetweensoft particles such as dendrimerof different
generationsor proteirs, orcells, have been studied and calculated by implementing a new
developed theoretical modéerivedby Ohshima It describeghe electrostatic interaction
between two soft charged spheres during three stdmgfere penetration, through
penetration, and after penetration.

It was found that thenaximum interactioriorce between two interpenetrating safpheres
occursin the second third ofegion of the full penetration(diameterof the smallest
sphere) The electrostatidnteractiondecreases by increasing the concentration of the salt
solution, but it is heavily dependemin the sizeof the particles whervarying the
concentration.

Interactiors betweendendrimer/DNAcomplexes aggregatesand other soft particlesare
affected bythe degreeof the DNA wrapping aroundthe denrimer and this wapping
length increases by the increasing of dendrimer generation.

This analytical studyexpandsour understanding of the interaction betwe@mious soft
particles in gene therapy.
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Introduction



Chapter One

1.1Introduction

Over the past few decades, there has been greaest in developing biodegradable
nanoparticles (generally vary in size from few to 1000 nm) as effective drug delivery for
medical applicationsOne of the related experimental techniquesgsne therapy,which

uses DNA(deoxyribonucleic acid) as a dtagreat disease by delivering therapeutic DNA

into a patient's cells.

A delivery vehicle (vector), of either viral or nenral origin, must be used to carry the
foreign gene into a cell. Viral vectors take advantage of the facile integratibe géneof
interest into the host and high probability of its ldagm expressiarbut are plagued by
safety concerns. Newiral vectors, although lessfficient at introducing and maintaining
foreign gene expression, have the profound advantage of beirgaih@mgenic and non
immunogenic Polycation DNA complexes are patrticularly attractive for raral gene

therapy(Thomasand Klibanoy 2003).

In gene therapy techniquidne packing pathway of DNA inside the nucleus of a cell is still
matter of great debatRecentlymany effective materials inano scale have emerged for
delivering DNA including several nonviravectors, namely liposomes, lipospermines,

polycationic lipide e t Eichmdnet al.,2000)

Dendrimeris one of these materialsapable ofcondensing DNA to nanoparticles with
radii of 20100 nm. Dendrimercan have a positive chargethe negative DNA wraps
aroundthe positive dendrimeto form dendrimer /DNA comple Qamhieh ancco-
workers provided further insights into the formation and structure of complexes and
aggregates of different generations by applying a relatively simple analytical model

( Qamhieh et al2014).



In nature, important ions and nanometeed proteins are transported across the lipid
bilayer throughspecialized membrarteansport protein channel§ he efficient passage of
drugs through the plasma membrane remains a major herdtirug delivery.Cellular
uptake is a complex mechanism and involves sevempbrtant factors that include
concentration of penetratingnaterial across the cell membrarsmyrface charge, and
hydrogenbonding with the cell membrang@atil et al., 2008) Good cell uptake often
requires the administration of high quantitiesdofigs in order to obtain the expected
intracellular biological effectTheinteraction of nanomaterial with cells and lipid bilayers
and how the nanoparticle surface (in addition to nanoparstlape and size) impact their
interaction with lipid bilayers andells were studied Vermaand Stellaccj 2009. Other
researchers have beatudying the mechanismof dendrimemmediated cellentry and

simulationsof dendrimers with lipid bilayeréEichmanet al.,200QLeeand Larson2009).

If dendrimersare to deliver drugs and other useful molecules into cells, they must first
interact with thecell membranendthen interactnside thecell. Herg to improve thegene
delivery into cellsand into thenuclei, the interactionsust beunderstoodn intervals

before penetrationduring the penetration process and after the penetration

1.2 Dendrimers:

Dendrimers are branched polymers that consist of a central cofemasonia and
Ethylenediamine coresepeated building blocks, and many surféeeninal groupsas

shown in Figure 1.1( Leeand Larson2009)

The first dendrimers were made by divergent synthesis approathes g convergent

synthetic approach was introducéBuhleier et al. 1978 Hawkerand Frechet1990)



Dendrimers have a&ontrolled mass, uniform structure, surface functionality, and good
water solubility Dendrimershave been studied for many biomedical applications such as
antitumor therapeutics and drug delivery as previously mentioizdigs sensingand
molecules can be attached to the dendrimer, and those complexes can be targeted to the
specific cancecells (Leeand Larson2009) Dendrimers are classified by generatian

which refers to the number (n) of repeated branching cycisatle performed during its
synthesisfor example if a dendrimer is made by convergent syntlassiaFigure 1.1,

and the branching reactions are performed onto the core molecule three times, the resulting
dendrimer is considered a third generation demel "O. Each successive generati@

results in a dendrimer roughly twice the molecular weight of the previous gené@tian

Higher generation dendrimeiisave more exposed functional groups on the surface, which

can later be used to customihe dendrimer for a given applicatiohldJisteret al., 2003)

’I‘Nl NnI Mé
,;1 fﬂ Hid . P .
" ot The Dendritic Structure
,N"“\.-NFrBH J\Q‘I&Q
“{ e;"" r}mﬂ"h’ bHighII]yd Branching
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c}-/"" z S - N
L L'O \LP Hhs
¢ %fr' i Globular NN
e M Closely-packed
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a) b)

Figure 1.1 Structure of(a) Polyamidoamine (PAMAM) dendrimer, aifo) Generation("O) of
dendrimer Image reproduced frofttp://nano.med.umich.edu
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The dendrimers are also named by the core grdable (1.1) shows two types of
dendrimers and some of their theoretical properties

Tablel.1 Theoretical properties of Ethlenediamine Cored and Ammonia Cored PAMAM
dendrimergq Bruckmanet al, 2013.
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1.3 Gene Therapy and Dendrimers :

In gene therapy and drug delivery figldfendrimers have been used as vehicss
transportersto increase their targeting efficiencyheinteractions of dendrimers with lipid
bilayers, DNA (deoxyribonucleic acid)andother molecules and particlésive beerthe
subject ofmany studiesAlthough experiments have provided vital information on the
largescale interactions between dendrimers and other molecules, many -Eeshic

guestions that cannot be answereckgeriments remain to be solved.



Therefore, theoretical and computational modeling methods have been applied to
investigate the atomiscale insights into the interactions of dendrimers with other
molecules and particles (Leand Larson2009) such as iteraction of dendrimers with
DNA. Native DNA consists of double chajrsach chain consists of charged repeated
groups One of them is a phosphatgoup and has a net negative charge and there is
spacing ) between phosphate groupps 0.17nm Like other poly ions in aqueous
solutions DNA interacts with oppositely chargegably-electrolytes(dendrimers) DNA
wraps on the positive dendrimers to form interpolyelectrolyte complé&adsafiowet al.,
2000)as shown irFigure 1.2g and complexetogether produce aggregastructure as

shown inFigure 1.20.

DNA + Dendrimer

\

Figure 1.2 (a) Complex structurgFerenc et al., 2013)(b) Forming aggegate(Ainalemand

Nylanderet2011)



In cell nucleus DNA is wrapped around positively charged protein krasrvhistone and
forms the nucleosome structutbese nucleosomes forigher order structure like beads

on a string and produce chromatin struc{iernbergand Lorch,1999) (sed-igure 1.3)

Electrostatic complexation of the negative

Nucleosome structure

charged DNA chains with polyvalent cations

the primary mechanism for DNA compaction

H1 protein attached
to linker DNA and
nucleosome

gene therapy field Evans et al.,2003), for
i mproving and d egene
transfer into eukaryotic cells (transfectic

ef yci ®enoigand Dgncan2002).
8 histone
proteins

Some theoretical models have been propose
provide further understanding of the structure
DNA chainspolyvalent cationslike Mateescu's
Protein scaffold

model and Schiessel's modelMateescu et al

1999;Schiessett al., 2001)

Chromosome in its condensed form
(the form it's in during cell division)

© 2011 Pearson Education, Inc.

Figure 1.3 Nucleosome structure (Image reproduced from Pearson Education ,Inc. )

1.4 Previous studies

Qamhieh andcoworkers applied a theoretical model developed by H. Schiessel, who
considered complexes of positively charged hard spheres and a persistent linear

polyelectrolyte. They provided further understanding of the formation and the structure of



Dendrimer/DNAcomplexes bytudying the effect of dendrimer size on the optimal length

of the DNA chain adsorbed by the dendripmiEnen Qamhieh andKhaled devel oped a
mod el for Sphere/ DNA compl e xHSciilmsiell ar btua twh
i onenetrable sphere (soft g mpeme)t riams edad o
more realistic to expr @ anthiehtehat2008; Qanthiechiande r / D N £
Khaled, 2013). The f f ect of sipop&, thbadgeddemsrtfyand
the structurwerod datmedicendmplaeneprcatiat ed prev
by anal ytical stud®, '@A®One abg PRBIMKMI d B n-d oir mer
DNA compl gQamhieghand Khaéd, 2013) One of The first studies about
interactions between colloidal particieas publishedn 1991 Both Ducker(Duckeret al.,

1991) and Butt have replacethe normal forcesensing tip with a small glass sphere, to

obtain the first experimental measurements of the interaction between a colloidal particle

and a glass or mica surfac@Duckeret al., 1991) Butt, 1991) Then in 1993 the

i nteractions forces ver snudiameteri pslystgrane sphelege t we e
immersed in electrolytes containing up to 1 M KCI were measukedt al., 1993)then

thousands of studies were done after which related tont#r@ctions between two small

colloidal particles.

Recently, nanoparticieell interaction has become increasingly important for improving

our current understanding of how varionanoparticlg, like some drug substanges

interact with cells, including the interaction during three stagefrepenetrationduring

penetration (uptaking)and after celimembranepenetrating (engulfed) stag@here are

many factorghat dfect the nanoparticleell interactionnamely size shapenet, and type

of the chargesurfaces ofparticles (substancegnd other factors associated with the
interactio® smedium have been studieduring the last few year®/ermaand Stellacci,

2009 Leeand Larson2009).



1.5 Theoretical model(Three stage modet)

Ohshimaderived a model for the electrostatic interaction between two soft spheres
(penetrable spheres) embedded in a neutral salt solatithmee stageas inFigure (2.1)

( Ohshima2013)

stage 1 1. Interaction before contact of th
Before
contatact two spheres.

Spheve] Sphere 2
stage 2 o - .
Penetration : 2. Partial interpenetration.

Sphere 1
Stage% ) sphere 2 3. Full interpenetration, engulfin
Engulfing

Sphere 1

of one sphere by the other.

Figurel.4: The three stages of interaction between two soft charged spheres

Analytic expressions for thelectrostatic interaction between two interpenetrating weakly
charged spherical soft particles (spabarged porous spheres) in an electrolyte solution
was driven on the basis of the linearized PoisBmitzmann equation for the electric

potential distributior(Ohshima2013)

1.5.1Electrostatic interactions between soft particles:

Electrostatic interactions between soft particles are quite different thhose for hard
particles without surface structures in that the electrostatic interactions between soft
particles are governed by their spat@rges distributed within the particles or the Donnan

potentials, while those for hard particle are determinedth®yr surface charges or



potentials. Theoretical studies on the interaction between soft particles have so far been
confined mostly to the interactions before contact of the surface layéng ioteracting

particles(Ohshima 2009.

1.5.2 Linearized PoissonBoltzmann equations for two interacting charged porous
spheres (soft spheres):

Consider two charged porous spheres of radandd carrying fixed charges of Constant
volume densitie$ and ” , respectively, at separation R between their ceriteand
O in an electrolyte solution containing N ionic species with valenge and bulk

concentration (number density) (i = 1, 2 ...N) (in units oft ) in three stages, that is,

(i) interaction before contact, (ii) interpenetration, and (iii) engulfsegifigure 1.4) .

If dissociated groups of valence are distributed at a uniform density in spherg (j =
1, 2), then the fixedharge density in sphergq is related to the density by” =& e
0 (j=1, 2). Without loss of generality, we may treat the case in which the radiwus

sphere 1 is larger than or equal to the radiu®f sphere 2,

0 W 1)

Ohshima assumed that the relative permittivity in spheres 1 and 2 take the same value
- as that of the electrolyte solution and that the electrical potentiallow enough to

allow the linearization of the Poiss@woltzmann equations for.

The linearized PoisseBoltzmann equation in the respective regions can generally

be given by:

v — @)



j
Wwith |l —B aQ¢ (3)
Wherell is the DebyeHiickel parameterfahnertand Rodenbeck1994),and1/l) is the
Debye lengthmeasure of a charge carrier's net electrostatic effect in solution, and how far
those electrostatic effects persidepends o thebulk concentration and the valence

of ions

By using eq.3 Expression for a symmetrical electrolytike NaCl solution) of valence z

and bulk concentratiof is given by

z=1 for monovalent solution, z=2 for divaleahd for trivalent z=3

The fixedcharge density in the respective regions in the three stages is shown in

following:

Stage 1:
Interaction before contact

Qe QQWE €
” Qe QTQWECE (4)
m Q¢ QQWECGO

Sphere 2

Sphere 1

fig. 1.5a



Stage 2: Interpenetration

” Q¢ i QQWE & e
” 081l Q QW © —— W
" 08 QQTECEO

T Q8 T QO TE

fig.1.5b

Stage 3 : Engulfing

Sphere 2

? "QENT QQWE ¢
" ” TQENT QQMECE (6) Sphere 1
T Q¢ il QQMECGO
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Figurel.5: The fixedcharge density in the respective regions in the three sta@@sStage 1
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The boundary conditions are :

1) Y 0 at points far from spheres 1 and 2 (7)

2) e M Q¢ arecontinuous at the surfaces of spheres1and 2 (8)

The derivative of being taken along the outward normal to the surface of each sphere.

The solution to Eg. (2) can be expressed as the sum

(9)

Where and are, respectively, the unperturbed potentials for spheres 1 and 2 in the
absence of the interaction between the two spheres.

This is becausef:

() Eq. (2) is linear with respect to and (ii) when the boundary conditions at the sphere
surface are given by Eg. (6), the unperturbed potential of one sphere automatically satisfies
the boundary conditions at the surface of the other sphere.

The potatial distribution for the system of two interacting igrenetrable spheres are

thus simply given by linear superposition of the unperturbed potentialeind

produced by the respective spheres.

Thus one needs to solve only the potential distiginufor a single isolated sphere.

Consider the unperturbed potential produced by sphere 1, for which Eq (2) reduces to

+- =1 fori & (outside sphere 1) (10)

+- =1 -— form i & (inside sphere 1) (11)



i Omasi 9k (12)

& & (13)

S = (14)

Wherei is the distance measured from the cedtesf spherel.

The solutions to Eqgs. (10) and (11) subject to Egs-({4®)are:

¢l o €0 AW O

U e i & 0i i omm @ (15)
Where
i =— Al Q& &) (16)
and i =—p p —0OQ —— 17)
Similarly, Ohshimaderived thepotential produced by sphere 2 in the absence of

sphere 1which is obtained by replacingwithi and® with @ in Egs. (15)(17). The

result is
. el & €01 AW Q (18)
! PQET 1 & QEGIORD Q
Where
i =——— AT @& ) (19)
i =—p p —OQ — (20)



wherei s the radial coordinate measured from the ce@geof sphere 2, which is related
to i

i Y i cYi AT-O! (21)

The prefactors of Eqgs. (16), (17), (19), and (20) are equal to the D&atantials
and in spheres 1 and 2, respectivgi@hshima 2010)

— Q plt (22)

1.5.2.1 Stage 1: Interaction between two porous spheres before contact
Consider two spheres 1 and 2 of radiiand at separatioR before there contact
with each other, i.,eR2 @ + @ . In this stage there are three regions | (inside sphere 1 and
outside sphere 2), Il (outside sphere 1 and inside sphere 2), and lll (outside both spheres 1
and 2) geeFigure2.239. Note that the fixed charge densities in the respective regions are
" for region I,” for region I, and zero for region Il (Eqg. (4)). The potentials in the
respectiveegions are given by
i i Q¢ QQuE ¢
= i 1 Q¢ Q QW (23)
i i Q¢ QQW@ECO
The interaction energy* (R) between two charged porous spheres 1 and 2 at sepdRation

can be obtained from the free eneF{R) of the system of two spheres 1 and 2 minus that

at infinite separationRY =), viz., V*(R) =F(R) - F( ®) . F(R)énrstage is given by

oY - - (24)

Where integration is carried out over the volursieandVIl of the respective regions | and

l,andF( B) i by gi ven

Ok -7 - o) (25)



which is the sum of the electrostatic siedfe energies of spheres 1 and 2.
W'Y OY Ok -" X - Qo (26)
By substituting Eq. (16) and (19) into Eq. (26)3shimaobtained after some algebra

oY —— Al A& Al de —— —

forY @ o (27)

The interaction forc@® 'Y =- da Y ¥QYis then given by

'Yy ——— Al d® Al d&

C

forY @& ® (28)

1.5.2.2 Stage 2: Interaction between two partially interpenetrating charged porous
spheres

Consider two partially interpenetrating spheres 1 and 2 of radéind & at SeparatiolR

(0 W<R<®+®). In this stage there are three regions | (inside sphere 1 and outside
sphere 2), Il (outside sphere 1 and inside sphere Znsitde both spheres 1and 2), and IV
(outside both spheres 1 and 8¢éFigure2.2b. Note that the fixed charge densities in the
respective regions are for region I,” for region Il, ” +” for region Ill, and zero for

region IV.



The potentits in the respective regions are given by

o i I Qi QQWE ¢

_ 1 1 Qe QQMECE (29)
rp i i "Q¢il Q QWECGO
Vi i 1 "Q¢il QQMARNE

The free energi(R) of the system of two spheres 1 and 2 in stage 2 is given by

oY - w -t M - 7 L (30)

Thus the interaction energy’ 'Y between two charged porous spheres 1 and 2 at

separatiorRin stage 2 is

W'Y OY 'Ok

- Q  -" x»w  -" Qx» -" Qo
for (0 QO<R<O+®). (31)

By substituting Eqgs. (16), (17), (19) and (20) into Eq. (8)shimaobtained after some

algebra

W Y p —Y O @ — Y O ® Y
¢ ®Y o & p —Q Al B & —
—Q OENB & p — p —Q OE Il Br

For & & Y & & (32)



The interaction force)” Y = - do’ 'Y TQ'Ys then given by

ov'yY — p — p — I'YpQ Y pQ

p — p — 1Y pQ p — p — 1Y pQ

hroowo p —p — — 1Y p —Y & O

Fordod @ Y ® ® (33)

1.5.2.3Stage 3: Interaction for the case where sphere 2 is engulfed by sphere 1

Consider two spheres 1 and 2 of radiiandd at separatiofR for the case in which
OCR¢w « sothat sphere 2 is engulfed by sphere 1. In this stage there are three
regions | (inside sphere 1 and outside sphere 2) , Il (inside spheres 1 and 2), and llI

(outside spheres 1 and 2) ($égure2.2c).

Note that the fixed charge densities in the respecegions ane: for region |,” " for

region Il, and zero for region lll. The potentials in the respective regions are given by

i I QEl QQWE ¢
= i I Qi QQWEC (34)
i 1 Q¢ QQWECGO

The free energy F(R) of the system of two spheres 1 and 2 in stage 3 is given by

(oA LI o A L N oA (35)



Thus the interaction energy 'Y between two charged porous spheres 1 and 2 at

separatiorR in stage 3 is

@'Y "OY Ok

=" Qo =" Q-7 Qo (36)

By substituting Egs. (17), (19) and (20) into Eq. (8h)shimaobtained after some algebra

W Y p —Q Al aé& OE Il BY
for 06RED & (37)

The interaction forc@® 'Y =- d&’ 'Y ¥Q'Ys then given by

0°Y —— II'YAT AEy OENE p —0Q Al &

— for0¢REH & (38)

(Ohshima2013;2010)

The threestage model of the electrostatic interaction betwesvo charged
interpenetrating charged spherical soft particles withoup#ngcle corein an electrolyte
solution is presentedby H.Ohshima. That is, (i)interaction before contact of the two
spheres(ii) partial interpenetration, and (iii) full interpenetration, i.engulfing of one
sphere by the other H.Ohshimaderived the interaction energies and forcefor the
respective stages on the basisthe linearized PoisseRoltzmann equations for the

electric potentiatlistribution.( Ohshima2013



1.6 Statement of theproblem:

The aim is to understand the nature of the interaction between [Exep
(DNA/dendrimer) andathersoft particles (such as cells) introducing the genetic material

into cells, whichis still a great challenge in gene therapy.

We used the threstage model derived by Ohshima (OhshirB@13. By applying this
model we obtained some mathematical functionsgbpplyus withvaluableinformation
aboutimportant parametedsaffect on the electrostaticinteraction between softharged
particles As an example, we obtainefiinctions that describe the effect on the maximum
electrostatic interaction fordeehavior byarying certainparameterspamely,charge, size,

permittivity, temperture and concentration of the salt solution.

Throughout this analytical studghesefunctionsgive us an ability to control the conditions

of the interaction to get the most desired transfe@fboiencyin gene therapy.



Chapter Two

The Model and Method



Chapter Two

2.1Introduction

The electrostatiénteractions between smdfhano particles)soft charged particles were
studiedby usingthe threestagemodelthat describeghe electrostatic interactiobetween
two soft chargedphereghroughthreestagegOhshima 2013) The following equations

have beemaken andimplified to be suitable for applyirtg this model.
2.2 Electrostatic interaction energy and force before the penetration

The electrostatic interaction energy between two soft charged spheres before the

penetrations

WY —— Al @& Al s — — (21)

The electrostatic interaction force between two soft charged spheres before the penetration

CN
<
p>]
o
gr

Al A& (2.2)

(Ohshima2013

2.3 Electrostatic interaction energy and force during the penetration

The electrostatic interaction energy between two soft charged spheres during the

penetration igjiven by

Y P —Y & O — Y H &H Y
CHO OY o® O p ——Q AT dEY & —
— Q OENM®E p —p —0Q OENE (2.3



The electrostatic interaction force between two soft charged spiherag the penetration

ov'yY —— p — p — IYpQ Y pQ

p — p — I'YpQ p — p — IYpQ

lroo p —p — — 1Y p —Y ® o (2.9)
(Ohshima2013

2.4 Electrostatic interaction energy and force after the penetration

The electrostatic interaction energy between two soft charged spheres after the penetration

IS given by:

W 'Y p —Q Al d®& OENE (2.5

The electrostatic interaction force between two soft charged spheres after the penetration

0°Y — II'YAT AEy OENE p —0Q Al &

E— (2.6) (Ohshima2013

2.5 Simplification:

For simplifyingthe electrostatimteraction enerigsand forcs equationswe can write the

prefactor (A) of interaction energy and force equationsa #se followingform :

A= 2.7)




where0 ‘Qa is the net charge on spherand @ is the number charge

by substitutingd and0 we thus obtain :

By multiplying with (—), we canget:

A=—— (QY (2.9

Whered is the Bjerrumlength & GFt“-i-:Q"Y (2.10

The Bjerrumlength is the separation distance in numit at which theelectrostatic
interaction between twelementary charges comparable irmagnitude to the thermal
energy scal@ 'Y whereQ is Boltzmann constardnd Y is theabsolute

temperaturén Kelvin ( Messina et al2013)

Bjerrum lengthis equal t00.7nm at room temperaturd & 3 0 Owheke thedielectric

constant of water = 80.

By using the last form of the Prefactor A and the interaction equatiotis’Y we can

get :
VIR=w YTQ"Y , Where VR) is the interaction energy in units & "Y

Here, by applying thequationsof interaction energies and forcesth the new prefactor
(A), Theelectrostatic interactiortsetween a dendrimernd acell couldbe calculatedand

studied


http://en.wikipedia.org/wiki/Electrostatic
http://en.wikipedia.org/wiki/Elementary_charge
http://en.wikipedia.org/wiki/Boltzmann_constant
http://en.wikipedia.org/wiki/Absolute_temperature
http://en.wikipedia.org/wiki/Absolute_temperature
http://en.wikipedia.org/wiki/Kelvin
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Chapter Three

Results and Discussions

3.1 Introduction :

We are studying the electrostatic interaction between two penetrable spteeing ta
model derived by Ohshim#o understand the effect of some factors on the behaitbe
interaction undecertain conditionshroughthree stages of the interactidrefore
penetratiorstage (equations 2.1 and 2.@)ring penetratiostage (equations 2.3 and 2.4)

and aftepenetration (engulfedtage(equations 2.5 and 2.6).

3.2 Effect of somgrarameters on interaction between twoaft spheres

The focus in this &se of our study has been on charge numbesiz8s of particles
permittivity, temperature concentration of thesalt solution and valence zof ions

parametersThe interactions ar&fected by those as shown in the following sections:

3.2.1 Effect ofthe particle's chargeon the electrostatic interaction:

By wusing Ohshi maés mo d el we have
between two sofspheres with constant radi =10 nm andw =5 nm with the charge
number of sphere 1fixed at ¢ = 10Q while on the other hand, spher¢aRes different
values of charge numkz® (1, 10, 20,50, and 100) The interactions were studieohd

calculated at room temperature into monovalent 10mM salt sqlutlooh corresponds

to Debye screening length off@rand Bjerrum length of 0.71n(eeeFigure3.1).

The measurednteractionenergies increase hgicreasing® , with the highest calculated

interaction being at @ =100 and the lowest at =1 (analmost neutral particle has

c al



charge of an electron) @s shown in Figure 3.IThe charge volume density of the last
paticle (0 = 1), is very small compared witithers.lt is clearthat the interactiomeavily
depends on the charge number Z , dhid may explain the strength of interaction of
polymers that have high branchedarge Z and high charge densities with other
charged particles and chady surfacesAs in many plyelectrolyte (PE) adsorption
experiments, thaighly charged PEs adrb strongly to oppositely charged interfaclss
affinity is primarily caused by attractive and repulsive electasforces acting between

the chargedPE and substraté Szilagyi et al., 2014)

Along the penetration region wheéseR<15corresponding to (g < R < a+&), whichis
bounded bythe vertical lines as shown iRigure (3.1), the interactions show active
changes for all caseBuring this interva) the energies increase more rapitiignin the
other stages of interactipthe interaction forces increasedaertain point (the maximum

point )andthen decrease

12 . . : 77— 1.2 oo 771
a . : - ’ - -
(a) . : == 72=10 (b) P == Z2=10
10 5 — - Z2=20 1 L —-Z2=20
; — -¥=50 i — = ¥1=50
g s s Fa=100 0.8 _ s 2 Z2=100
V s Pog N
h, o
R f L
4 : " A '
: W v ; it
o . N 0.2] S f L Vi
RN ' Yo, N A
ple===— il e 0 —— e e S i e
0 10 20 30 10 20 30
R{nm) R(nm)

Figure 3.1: Interactions measurements betwessft spherel(c =10nm, ® =100, and soft
sphere2® =5nm) where®d = 1,10, 20,50and 100 for each cas@) Interaction energy V as
a function of distance R(b) The interaction force as a function of distance R for each c&se of



The dstance’Y , wherethe maximum force occursvas determined for all cases by
derivation (% ). We foundthat noeffect of the charge numberwas observedin

other wordsall maximum force pointsccur athesame distanc€Y  =8.63 nn) for all

interaction force curves, independent atharge number ,As inFigure( 3.2).

109 y =863

9
>
m = = - = -
£
x g

7_

0 20 40 60 80 100
Z2
Figure3.2:Y in nm unitversus Zwhere'Y is distance R at the maximum interaction

force valued

3.2.2Size effect on theslectrostatic interaction between two soft charged spheres:

Here,we summarize the impact of size on interactions betweemant particles The
interaction energies and forces of sadphere with radius =10 nm, and five soft
particles with diffeent radii (0 =1nm,4nm,6nm,8nm,and 10 nm) are immersed into
monovalent 10mM salt solutipmt room temperaturevere calculated andompared as
shown inFigure (3.3). Charge number of all particles was fixed at same value Z=10
hence the interaction increases with decreasiig (see Figure3.4a)during stages 2 and

3 but decreases during stagel'the increasingan be explained hgcreasinghe volume

charge density which depending om while Z takes fixed value for allgticles in this



section in other words the highest energy related to the particle has the highest volume

charge density The interaction forces curves being sharp with increasinéseeFigure

3.3b).
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Figure8.3: (@) Interaction energywhere (3 =10 nm and & =1nm,4nm,6nm,8nm,10nm in all

casesw =@ =10, & =0.7nm, and the salt concentration =10riNThe interaction force versus
distance R for each case

The shifts of the maximum force locations during fille penetration interval&g & ) were
observed and determinethe ratio (B) between the shift o¥  from the lower limit
(10- @) of the penetration regiobounded byy-a& and a+a (as shown byertical lines)
and the interval between the upper and the lower liaikways equal tog ¢d) was
calculated as shown in table3(1), and plotted versus the radius of spheres? @s in

Figure (3.4b). Here the yintercept represents the location tiké maximumpoint on the



penetration interval in other words the maximum forcealwaysoccurs during the
second third of penetration interval .

Table3.1: Theratio B represents the location of the maximum force pdffgty e, @) @
to the length of penetration intervét Q) where ® h@ are radii of sphere 1 and sphere2
respectively.

B=Ya oo O @ TWQ 0.310 0.358 0.347 0.350 0.355

@ (nm) 1 4 6 8 10
10.0 -
(a) | -
9.6 - y =—0.3x+10
9.0 -
"gx 8.5 -
EE S
8.0 S
7.5 4 -
7.0 - "
0 2 4 6 8 10
a2(nm)
(b) 1.0 -
0.8 - y=0.378x
0.6
o 0.4 - - - . u -
0.2 -
0.0 T T T T T T T T T T
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az(nm}

Figure3.4: (a) The distance R at the maximum interaction force ver@usn nm unit. (b)The
ratio B [distance ofY from lower term of penetration intervald¢ @) to length of
penetration interval (&) ),which bounded by upper terrd(* & )andlower term(o - & )], versus
the radius of sphere 2 in nm



3.2.3.1 Effect of monovalent salt concentration measured by inverse Debye length

(:

The dfect of the salt concentration on the interaction between two soft spihates
areimmersed in salt solution has been studied. We selected two main cases to study this
effect on theanteraction. Namelythe first case is the interaction 60, 'O, "O,and"O of
PAMAM dendrimer and a charged spherenamo scale has a radiusuad|to 10 nm, and

the second caséhe interactiorwith a charged sphere in micro scale (1 micro radius)
Thetwo cases were included in our study because there are several scientific studies in the
fields of gene therapy and drug deliverthat are relatedwith PAMAM dendrime$
interactions with particles in micro scalike silica particlesbiological cells, and particles

in nano scale likgrotein and gold nanoparticles. The particles could be soft like cells and

proteins, and hard like gt and gold particleslepending on the degree of penetration.

In this part of our studyBjerrum length & corresponds$o 0.7 nm at room temperature,

the calculations have been performed for interactions in an aqueous solution. The
interaction energy of each case has been calculatedt seemed to increasasthe salt
concentratiordecreasd (Debye screening length becomes larger) as it showignes
(3.5,3.8). In stage 1 (before the interpenetration) at separation Fo&Y() for Casel,

and R > {000+Y ) for Case2, whereY is the radius of generation of dendrimi@r, n is

an integer number refers to the order of the generatbithe whole of this separation the
interactions show the same behavior in each case of the large and small sphere. (See

figures @.5), (3.8)).
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Figure3.5: The interaction energy V( R) of a sphere with radied0Onm and Z=1000
immersed in monovalentaqueous solutiof =0.7) takes different concentration values 0.1,
0.4,1.1,2.8,5.6,10.1mM interacts with (a) 'O (b) "O (c) 'O (d) "O.

After penetration interval (R<1® ) in Casel, which is boundedby vertical lines the
interaction force decreases to the minimum value almost linearly for low concentration
values (sed-igure 3.6) while the force during the third region (R<16¥0 in Case 2

decreases exponentially and rapidly we increasé¢he concentration (séagure3.9).



(ajw o' — 0. 1mM 300 — 0.1mM
A% — —D.4mM (b) — = D.4mM
70 ; ‘n.lt- — - L.1mM —-1.1mM
o — - 28mM = - 2.8mM
\
&0 ;{{ -,1.‘\ - &.AmM - 3.6mM
50 ,af;f, *ﬂ = 10.1mM 200 - 10.1mM
i CAN
M :
P II,,"JI.-'J . \\ P
g AN
ETH "r“'.-’ et AN
AN 1
20 I,J';r .jIE '.'x_'.‘x\.\\:\_
- Y ", .
10{ ) - N
ol : TR P o L = :
0 10 20 30 0 10 20 30
R(nm) R(nm)
1200 . 4000
. : — . 1mM {[l} — . 1imM
(L} : — = 4mM — = 4mM
1000 ;{,f\\\ —- 1.1mM — - L.1mM
= =2 Emh — =2 EmM
3000
a00 e \Y -~ 5.6mM 5.6mM
il \ - 10.1mM = 10.1mM
,.I'I.l': ™ '.'in
P 600 .fzai’ y A P 2000
A I3
[PERR RN
400y TN
;” FONAAN 1000
200 ' L AN
v . "-\..__\_' o — N
0 — 0 ==
0 10 20 30 0 10 20 30
R{nm) R(nm)

Figure3.6: The interaction force P(R) of a sphere with radoss10nm and Z=1000 immersed
in monovalent aqueous soluti¢i =0.7) takes concentration values (014,1.1,2.8,5.6,
10.1mM interacts witlfa) "O (b) "O (c) "O (d) "O8

Here we focused on the interaction force between some generations of PAMAM
dendrimer andhe nano and micro soft spheresve can see from figure (3,6Juring the
stages of interactigrit is clear that the shape of all them@ves isunsymmetrical and the
interaction forcechanged more rapidly in tHest stageside (before contact),that could be
explained by the screening effect of tkelution's ions the maximum force values

behavior wih varying the concentration has been studfed, Casel (nano sphere)



the interaction force changes by the relation ‘Qw (seeFigure 3.7), while the
interaction force in Case 2 (micro sphere) is shown to be changed by the relation
cw (seeFigure3.10), where, a, b, ¢, d, and m are factors relatethe generatiofiO

of dendrimer From Figures 3.7, 3.10) we can see the magnitudes of m anfhatiors
decrease while c factor increases with increasing number n ( the order of geri@hption

on the other handa and b factors increase with increasing n.
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Figure3.7: The maximum interaction forcd)  versus Concentration C in mM unit when a
sphere with 10nm radius and number Charge D8D0interacts with(a) O (b) "O (c) 'O
(d)"O.



Herg the gapsbetween the interaction energies and forces are increased cle2alel

compaed with Casel, as shown in figures3(8), (3.9).
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Figure3.8: The interaction energy V( R) of a sphere with radas<,000nm and Z=1000
immersed in anonovalentaqueous solutiof@ =0.7)with concentration valuesf 0.1,0.4,1.1,
2.8,5.6,10.1mM interactng with (a)"O (b) "O (c) 'O (d) O.

In this casehe interaction force curves being symmetrical, shargd sharper witfO, "O
(seeFigure 3.9), in other words the behavior of interaction forces before and after

penetration seemed to be reflected during the short penetration intetvabuld be



explained bythe following, the sphere'shargedensityrespondgo the close proximity of
thesecond chargesphere O by becoming displaced away from the point of contact but
after contact the structure of inside the sphere sagereening ofelectrostaticforces
effect seems likethe screening effect of the ionsoutside before contact)the

interpenetrating particlés charged spherwith radius ¢ =1,000nmand "O .(Stace and

Bichoutslkaia, 2012)
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Figure 3.9: The interaction force P(R) ch sphere with radiugd =1,000nm and Z=1000
immersed in anonovalent aqueous solutigtx =0.7) taking concentration values 0.0,4, 1.1,
2.8,5.6,10.1mM interacts with(a) 'O (b) "O (c) 'O (d) "O.



