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PART |

LIQUID -LIQUID PHASE TRANSITION OF
POLY(AMIDO AMINE) DENDRIMERS IN

AQUEOUS SOLUTIONS




Chapter 1. Background




1.1. Introduction

Liquid-liquid phase separation (LLPS) in macromolecular solutions is a type of phase
transition. In LLPS, a change of conditions such as temperature causes an initially
homogenousolution of macromoleculg (e.g. proteins,polymerg or colloid particles(e.g.
inorganic,polymer nanoparticl@do reversiblyform two separate coexisting liquid phases: a
macromoleculegich phase and macromolecule pptrasé™. This phenomenon is of great

interest in the fields ofthermodynamis of liquid mixtures’ materials sciencé®>,

7

separation scient®’ catalysis®*®

and medicing®®®“. In the case of protein solutions,

LLPS has been implicated idiseases such as catafdéfand sickle celanemig*®*%

With respect to separation sciendd.PS finds applications irthe purification and
concentration ofnacromoleculesolutions®?®°. For example, mtein purification can be
achieved by usinthe two-phase partitioning method. In this methadditives (e.g. salts or
polymers) are added tbe protein aqueous solution to induce phase separation. After phase
separation, a proteiconcentrategohase(up to 50% w/w in waterjs formed which canbe

easily separated from the other pha&seiched inmpuritiesand additives

LLPSfinds also applications in homogeneous catal§$isSpecifically,a catalyst can be
separated from the reaction product and recycled by inducing LLPS of the initially
homogenous reaction metfl. Typically, LLPS is reversiblyjnduced by either increasing or
lowering the temperature of the syst&ntor example, e catalystand the substrate are
initially dissolved inthe reaction mediunat high temperatureAfter the reaction is carried

out, the temperature is lowered to induce the formation of two phases that contain the product



and the catalyst, respectiveljhese reaction media are typically formulabydadding two

solvents with partial miscibility.

LLPS often occurs through the reversible formation of spherical liquid droplets rich in
macromolecules (coacervat®s Since these droplets are highly viscous, with aligel
behavior, a chemical crosslinker can Heen added to the suspension sthat the
macromolecules within a droplet can be covalently bound to eacht?offfér Thus, the
coupling of LLPS with crosslinking gigaise to the formation of microspheres. These find
applications as therapeutic and diagnostic agents in the field of médiginehermore, in
the case of enzymes, the obtained product (crosslinked enzyme aggregates) ShdwA

improved conformational stability and finds applications as catalyst kagoeous medfa

In the polymer field, LLPS can be used for production of porous hydrogels by adding a
crosslinker to a polymer solution after inducing the formation of sohiemtdroplets?.
LLPS has been also used to produce complex materials consisting of two interconnected

bicontinuous phasesrtiugh a kinetic process known as spinodal decompo¥ition

For globular particlese(g.proteins, colloidal suspensions), it has been shown that LLPS
is meastable with respect to crystallizatidfi®. Thus, LLPS has beerused as &inetic
pathway for the formation of crystall the case of proteins, LLPS is also a kinetic pathway
for the formation of fibersaggregateand gel2. Thus, this phase transition has been related

to diseases shas cataract$*and sickle cell anemia®>?>

Solutions of globular macromolecules that possess LLPS in their phase diagram will also
exhibit strong local heterogeneities even in the -phase region of the diagrdin

Specifically, it has been shown thraaicromolecule$orm transientnanoclustersemniscent



of the macromoleculaiich dropletshat occur during the LLPS proc&¥8'. Moreover these
nanoclusters aralso believed to béntermediates for the formation of other condensed

phases such as crystals and aggregjgtes

Although LLPS has been stied for many proteig®®%**®*2and synthetic polymets*®
2 to date,there is noreportedexperimental investigation for dendrimerss it will be
discussed in Sectioh.2, there is a strong overlap between the applicatdrisLPS and
those of dendrimer©ne goal of this dissertation, is to investigate LLPS for two-tredwn
poly(amido aming (PAMAM) dendrimers. Since chemical crosslinking is often combined to
LLPS for drug delivery and catalytic applications, the effettoupling this phase transition
with dendrimer crosslinking will be also explored. Chemical crosslinking will be reviewed in

Sectionl.3.

1.2. Dendrimers

Dendrimers, from the Greekiéhdror© meaning OtreeO an© meaning OpartO, are
an interestinglass of hyperbranched polymers with considerable differences from classical

random coils®°. These hyperbranched macromoleculbave a highly controlled

é3£55

symmetricaltreelike structur resulting inuniquestructuraland chemicaproperties that

56

3%P9  chemical sensot$™® extracting agents and drug

find applicationsas nanoeactor

delivery’®®,

The dendrimer structure consists of a multifunctional central core, to which branching
units are sequentially added. As a result, the structure of a dendrimer molecule can be
divided in three main compon&®°® (Figure1): (1) the corewhich consists of an initiator
core and interior shells (generations) composed of repeating unidiyradtached to the

5



initiator, where the generation (G)dgfined aghe number of branching poinihen going
radially from the core towards the surface; (2) the outer shell beneath the dendrimer surface;
and (3) the multivalent surface which contains a high number of functional groups. The
initiator core can have diffené multiplicities (4 in Figure 1), which will eventually
determine the number of branches in the dendrimer. The dendrimer core possesses a unique
microenvironment coposition with interesting physicochemical properties (e.g. polarity)
that may be differenfrom those ofthe outer shell and/or dendrimer surroundifgs®
Furthermore, the dendrimer trlkee structure also gives rise to the formation of internal
cavities or, in other words, they have an interior volume of scfileatl void spacg®®®’

Thus, the dendrimer core well-suited for encapsulation of guest moleculssch as
drug$*®® Furthermore the high numbe of functional goups (either nomeactive or
reactive) situated on the outer shell and surface of the dendrisogriay an important role,

for examplejn hostguest interactions and catalysi&°® Overall, all parts of the dendrimer

can be tailored for the desired purposes resultitigewide range oapplications

VSgtle and ceworkers, in 1978, were the first to report and describe the synthesis of this
type of macromoleculés Yet, dendrimers onlyeceived a widepread attentioin 1985,
when TomaliaOs group published the synthesis of poly(amidoamine) (PAMAM)

dendrimer&,

In contrast to polymers, the preparation techniques and the properties of dendrimers are
unique andnvolve synthesis under wedbntrolled conditions giving rise to monodisperse
and weltdefined branched structurds® Dendrimers can be synthesized using various
strategieswith the divergent and convergent methdueing the most commdT>°® The
divergent method consists of a stepwise procedure where the dendrimer is growan from

6



multifunctional central core molecule to whose monomers (building blocks) are sequentially
attached®®>®® The alternative convergent approach consists of first creating individual
dendritic segments (dendrons) and then coupled to a multifunctional centeal cor

molecul@>>°>®

G4, DO

Figurel. Schematic diagramualitativelyrepresenting the architecture ofendrimer
generation (G) 4 with tetrafunctional cofidhe space confined by a dashed circle describes a
given dendrimer generation and the number associated with each circle is the generation
number. The closed circles represent branching units and the open circles correspond to the
surface functional groug-he full lines correspond to the spacer functional group. Note that

the white area inside the dendrimer corresponds to the dendrimer cavities.

1.2.1. PAMAM Dendrimers

The dendrimers chosen in this work aw® poly(amido amine) dendrimers (PAMAM) of
forth generation (G4) witla hydroxytfunctionalized surfacdPAMAM-OH) and amine
functionalized surfacé€PAMAM-NH,) (see Figure A.1 in AppendiX). Several generations
(1! G! 10) of both dendrimersire commercially available. The original synth®sigasdone
through a divergent method using ethylenediamine (EDA) or ammonia (multiplicity of 4 and

3, respectively) as the initiator core and repeating units derived frd@alhinoethyl)



acrylamide. The repeating units were sequentially constructed by altertvadinmgactions:
(1) Michael addition of an acrylate ester to the amine functionality of the initiator core; and
(2) coupling the resulting ester moieties with an alkylene diamine (e.g. ethylene diamine)

through amidation to create a new amiamminated fuantionality.

The relative efficacy and low cost of synthesis of PAMAM as well as the possibility to
readily modify their peripheral amine groups to the desired functionaity. folubility,
biocompatibility/immunogenicity) has made this type of dendrirnteelze extensivelysedin
catalysis, drug delivery and as template for metal nanoclusters symitPESi&’
Furthermore, PAMAM dendrimers are also often refeteeds protein mimics due to their
globular structure, comparable molecuhegight range and hydrodynamic beha{fioFor
example,size and shape similaritideetween PAMAM dendrimers of défent generations
and some welknown proteirs™ and even a small virshave been drawrF{gure2). One
interesting application of dendrimers as protein biomimics is tahesenctionalgroups on
the surface of to mimic protein behavior in solutionand to study proteinprotein

interaction&.

<>
I"#$%&

NECTTY

I"#$%"&' badh >
(888t  Cymgeg>  )N&
(&-012.80  4%03-7,72"8#,- =
3+.&,- 20 nm

Figure2. Dendrimersproteinsand virusAdapted from® 4.
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1.2.2. PAMAM in aqueous solutions

The behavior of dendrimens aqueous solutiongncludingthat of PAMAMS, in agueous
solutions has been stied mostly with respect to their size and conformation in solfiti6R
® In these studiest was observed that theendrimer surface density of terminal groups
increases with generation and, consequently, -pegieration dendrimersG(7) show a
pronounced back folding of these groups due to steric hind¥afibés resultsn an increase
of dendrimer conformational rigidity and a corresponding decrease of cavity volume. On the
other hand, londendrimer generation&€1E8) are generally open and, consequentlynaio
possess welllefined cavitie¥. Thus, intermediatgeneration dendrimersGE4E6) are
usually the most suitable for hegtiest applicatiorid®’. Furthermore, their flexibility can
lead to significant conformational changes due to external stimtf°. This aspect is
important for applications such as environmgensitive hasguest binding and chemical
sensingClearly,it becomesmportant to identify approaches that would circumventidse
of cavity volume forhigh-G dendrimers and will lead to the preparation of dendrimer
materials that retain the advantages of both-hagll lowwG dendrimersOne approach is the

preparation of nanoclusterslofv-G dendrimers

Regarding dendrimer conformation, several theordff€4l® and experiment&d’3®°
studies have demonstrated that flexible dendrimers cderga conformational changes due
to external stimuli suchspH, ionic strength and solvent polarity. For instance, Welch and
Muthukumartheoreticallyshowedthat a significant change ithe conformatioml stateof a
chargeddendrimer (G=5pccursasthe onic strength of the solveiticreaseS. Specifically,

at high ionic strengththey observed backfolding of the end groups resulting in eeorse



compactstructure. On thether handthe dendrimeexhibitsa more open conformaticet

low ionic strengtf?.

In relation to phase transitions, there are a few studies on thermoresponsive dendrimers,
which report temperatwiaduced dendrimer aggregation in aqueous solutidfis The
aggregation is induced byd ha: modifications of the dendrimer structure by either

incorporating welknown thermeresponsive groufs®288’

or by an appropriate balance of
hydrophilic and hydrophobic moietfés In relation to LLPS, there are few theoretical

studie8®°. However, to our knowledge, there are no experimental reports.

1.3. Chemical Crosslinking of Macromolecules

Glutaraldehyde is a crosslinkinggent widely use in the fields of pharmaceutical
sciences, biomedical technology, enzyme technology and micrdscdpys crosslinking
agent has a high reactivity towards proteins and certain polymerst aad ieffectively
crosslink these macromolecules in aqueous solutions over a wide pH rar@jewithout

significantly affecting the macromolecule structtre

Glutaraldehyde is a linearc&arbon dialdehydéseeFigure 3) very soluble in water. It is

usually commercially available as an acidic agueous solution (p#4.3,2% to 70% wi/v).

OY\/YO
H H

Figure3. Glutaraldehyde structure.
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Glutaraldehyde reactivity increases with pH and it rapidly reacts with macromolecule
primary and secondary amino groupst it can also react with other functional groups such

as thiol, phenol and hydroxyl grodps

Despite the widely use of glutaraldehyde, its crosslinking chemistry is still quite
controversial mainly because of the complexity of its behavior in aqueous solution and
reactivity’”. In fact, the glutaraldehyde structure in aqueous solution is not limited to the
monomeric form, depending on the pH of the solutiorkigure4, we $iow several possible
structures for glutaraldehytfe For instance, we can observe that glutaraldehyde can also
exist has#-$-unsaturated aldehydes which can undergo spontaneous polymerization (
dimer, timer or polymer) and are able to formarious structures. In acidic conditions,

glutaraldehyde can also exist as a mixture of hydrated forms.

CHO CcHO
/Ej\ onc” > ero OHC/\/\%\/\%;K/\CHO
HO 0 OH

Figure4. Summary of possible forms of glutaraldehyde in agueous solution.

Glutaraldehyde has been widely used to crosslinking enzymes and other proteins through
a reaction betweeh#-unsaturated aldehydes and amino groups on the protein $tifface
Monsanet al. proposed a mechanism of addition on the aldehydic part ¢f#hensaturated
aldehydes, which gives a Schiff base stabilized by conjugationHigeee 5 A scheme

1)*%2 Richards and Knowles proposed a slightly different mechanism of addition to

11



ethylenic double bonds (s€égure5 A scheme P'°2 However, Hardet al. and Lubiget

al. proposed a different mechanism in which two glutaraldehyde monomers react with two
protein molecules to form a pyridinium compound (§égure 5 B)**°2 Therefore, the
mechanism of protein crodisking by glutaraldehyde is complicated and still not well
understood. Indeed, it is possible that several reaction mechanisms are simultaneously
present duringrosslinking™®% Reactions between glutaraldehyde and amine groups form
robust crossdinking linkages and generate chromophores absorbing light in the visible

rang€”. They also have a stroty/ absorbance at 26280 nm.

N-R N-R
A I I

g,

CHO CHO

OHCA/\%\/\%:K/\CHO I R-NH,

R
N
=
CHO CHO SN
|
R

Figure5. Representative examplesmbtein crosslinking by glutaraldehy@i&dapted

from®.

Regardless of the mechanistic detgiistaraldehyde is an efficient crosslinking agent for
a dendrimer with primary amino groups as its surface functionafgigsPAMAM-NH,).

Interestingly, there are no reports on the reactions of glutaraldehyde with dendrimers to our

12



knowledge. Thereforethe studies on protein crosslinking represent our main guide for

designing experiments involving dendrimer crosslinking.

1.4. Thermodynamicsof Solutionsand liquid-liquid phase transition

In order to understand and control LLPS of macromolecule aqusolutions and to
develop new strategies to optimize the applicatmutined in Sectiorl.l, it is necessary to
examine these complex mixtures from a thermodynamic point of view. Furthermore, in many
cases, the binary macromolecwater system does naohdergo LLPS. Here, additives such
as salts are added in order to induce and modulate this phase transition. Thus, it becomes
particularly important to develop thermodynamic models that allow us to predict the effect of

additives on the topology of the BIS boundary in the phase diagram.

Mixing of solutionsandtheir phase transitianare processes that ocaurare examined
at constant temperature and pres$tite These processean be described Bxamining the
behavior of the Gibbs free energy,as a function of the composition of the liquid mixture.
However, for many solutions of macromolecules or colloidal particles, the total volume of
the system is not appreciably changing duphgse transitiort$*> Thus, theHelmholtz free
energy i , becomes an appealing thermodynamic function to describe these nearly isochoric

processedHere, we will focus on the behavior bf. The fundamental equation for, for an

open systenis asfollows™:

"#:!$"%! &” +" l,l(")( (11)
! (
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whereS is the entropyl' is the temperaturep is the pressure, is the total volume of the

system, 4, is the chemical potential of componeniand, is the molar number of

component. The chemical potentigl, is defined as:

"1# % 1%
H=g “$re 1.2
| %! $ &/d&‘SB....(” ﬁ! $ &%.) B
It will be now shown that, when the system is not undergoing a change in volume, the

thermodynamis of a binary liquid mixture can be equivalently described as that of a one

component in the gas phase.

We start by considering the change in Helmholtz free enssgy/Eq(1. 1)) atconstanfl
andp, for our binary two componenbpen systemsolute particles (P) + solvent molecules

(W)94'95:

!"#:! $%tu"&+u"&, (1.3)
We nowwrite the following differetial for Vv :

[ HEH S S, (1.4)
where/', is the molar volume of the componen({'=P and W). Note that’, is assumed to
be constant and independent of composition, consistent with the assumptituid of
incompressibility*®> If we multiply Eq. (1. 4) by the factoru, ", and then subtract the

resulting equatioto Eq. (1. 3), we obtain:

"#=1 P! u_Wf)/(')'%+"lJI'u
| e BT

o/9,%

W%'& &, (1.5)
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As a reference case, we consider that of a paheentsystem with molar volumfé_w

occupying the same total volume FromEg. (1. 5) it follows that the corresponding free

energy is:

= ($! u;v/O/gv)"% (1.6)

where|u'v'N is the chemical potential @uresolvent By subtracting=q. (1. 5) from Eq.(1. 6)

we obtain:
BT %
"= Hy Hw, "$+ Y (1.7)
| 2 5, & p /B
wheredi, ! " p, (""" ). Here, thedifferencer! 1 * » * " is the change in the free energy

whena given amount o$olventmoleculesis replaced bythe samevolumetricamount of

solute particleat constant andi' 4.

The terml(u;'N! u,)#", in Eq.(1.7) is the osmotic pressute %5, Therefore, we can

rewrite Eq. (1. 7) as:

IR R R (1.8)

According toEq. (1. 1), Eqg. (1. 8) describes @necomponentompressiblegas system,

with chemical potentiali,, and pressure 94

In conclusion, a binary incompressible system can be equivalently treated as a

compressible fluid consisting of one effective compongith pressure and chemical
potential i, . Furthermore, the liquidiquid phase transition of a binary liquid mixture can be

equivalently treated as the glaguid phase transition (condensation) of a-coenponent gas

system.
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The patrticles of our effective ort@mponent gas syem can undergo condensatiae.(
the liquidliquid phase separation of the binary solution) when the osmotic pressure is not an
increasing function of the particle concentrationall concentration domairi®3%7 At
equilibrium, it is possible taletermine the composition of the two coexisting phases (I and

II) by solving thechemical (Eq. (1. 9)) and the mechmacal equilibrium (Eq. (1. 10))

conditions at any givem %9°9¢

(!t )= p () (1.9)

NEOEINGS! (1. 10)

wherethe volume fraction is defined dg=" P#TP"# and the superscripts (1) and (Il) denote

phase | and I, respectively.

Note that we can descrilibe mechanicalequilibrium conditionon a fi,(! ) diagram
usingMaxwell equalarea rule equatioi®”

1)

|(! SI)" 'IS))’%P(!S)):$S> I!IP(!P " !P (1.11)

The phase boundary for LLPS can be constructed by solvingLE®). and (1. 10) with

respect to " and /(" at varioustemperatures***7 In Figure6, we show a typical plot of

i, as a function of , (Figure 6A) and several curves obtained at several temperatures
(Figure 6B). In Figure 6A it can be seen thAf significantly increases with, at low
concentratios due to the ideafjas contribution(In! ). However, as the concentration

increases/ , passes trough aarimum (b) and then a mimum (c) due to particleparticle

attractive interactionsote thathe fulfillment of the chemicatquilibrium condition implies

1€



that therearetwo values of! jfor which j, is the sameln Figure 6A the points(a) and(d)

satisfy the mechanical conditio(see Eq.(1. 11)); between these points anypothetical
solution with a composition #hin this range will undergo ILPS. The points(b) and (c)

define the domia in which (! &, /! "F,)T <0. Between ab and ed the solution is metastable

with respect to phase separation. In these conditithies separation i®ccursthrough a
nucleation process. Herthe new phase grows as spherical droplets in order to minimize
surface tension effects. Note th#lhe region between the points(b) and (c) is
thermodynamically unstable(! fr /! "F,)T <0) and points(b) and (c) define the spinodal
boundary®*®’. In Figure 6B, severalrepresentativgl, curves areshownat differentT. The

top curve which corresponds to the highest temperatuas, one horizontal inflection point

that defines the critical poinAt the critical pointhe composition of the system/i§ andT*

This point can be obtainedy applying the conditionsl(! ;'.lp"!"P)”C#C=$ and

I(! T .. =% At T >T°the chemical potentiaturvesare monotonicallyincreasing

with concentrationin this T domain the systememains homogeneowssableat any! ;. For

the chemical potential curves calculatedratT¢ the immiscibility gapwhere LLPS occurs

is defined by the solidircles. Furthermore, there is a region within the immiscibility gap f

which (! f," "), <#. This region is thermodynamically unstable and is delimited by the

spinodal boundary! fi," ! "), =#.
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Figure6. Typical chemical potential plot as a functionpairticlevolume fractiorat (A)
constant temperatuend(B) as a function ofemperatur¢each curve is obtained at a
different temperatureln (A) we show the Maxwell equarea rule to describe phase
equilibrium. In (B) the circle points denote the LLPS boundary points and the crosses denote

the points that belong to the spinodal boundary. [Adapted’from

1.5. Phase Behavior of Globular Particles

We will now discuss an important thermodynamic model for globular particles. As
discussed in sectiah4, the expression of the chemical potential and the pressure are needed

to characterize the phase behavior of the@rmponengassystem as a function of particle

volume fraction, fi(! ,), at a temperature .
It is convenient to start from the general equation of state of a gas ¥ystem

A
k,T

B

=" §L+b# & 1.12)
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where the first term in the square brackets is the igaslcontribution, whild is a function
of /', andT in generalb(/ ,,T)) and it desribes deviation from ideality. The expression for
the chemical potential can be derived frBo (1. 12) in the following way.

The starting point is to split the effective chemical potential into an wheatibution

1,id ex .
i, andanexcesgerm, fic*:

f, = lj_j’+ i (1.13
From statistical thermodynamicg, an expression for the ideal chemical potential for a

system with a number of particled,, can be derived from thdassicalcanonical partition

function, QX' using the following relationship:

B #InQe&
=1 g5 (1.14)
kT €N

P

n Np

: !
where Q¢ :%m $ and! is the De Broglie wavelengthWe have ignored internal
ol

motion contributions (e.g. vibrational and electronic motion) because they are normally not

affectedby the liquidliquid phase transitiot?®.

From Eq.(1. 14) and using th&tirlingOspproximatior® we obtain

1,id " 304
© = Ine—, +In( (1.15)
kT BV, °

From the GibbDuhem relatioff, we canrelatethe effective chemical potentith the

osmotic pressure:

1¢



#L& V #) & 1
%q' "P(T ”P%q ”P( |

T

Eq. (1. 16) can be also applied tdeal chemical potentiaontributionalone

#' ;u"‘& _V, #l 'd& _ kT
’ P T P

Using Eqgs(1. 16) and(1.17), we candeduce thafls* (see eq(l.13)) is given by

1 #1pe& 1+#l(v) IkT)&

kTF( g—( ( (1.18)

We can now rewrite Eq1. 18) using(1. 12) and obtain:

P =h+p!” 1.19
kT P ( )

with B! 1;&3(X,T)dx.

Using Eq.(1. 19), we can rewrite Eq(1l. 13) andobtain an expression for the chemical

potential:

Alp Il! 3%
P =lne—2 +]| +b+b 1.2
7o V. & n(s )(e (1.20)

In this expression the first two terms represent the ideal part and the last two are

correctiors for taking into account neideality.
An important reference model for globular particles is rtspheremodef®. This is

described by the following pairwise potential enefyys) , expression:

; (#)_:’g/L&! “for#" #<# @21
| H for#$# '
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where; is the diameter of the spheres and the particleparticle distance. Note that

u(r <! )=+" in Eq. (1. 21) implies that there is no overlapping between hard sphEoes.

5,96,98

this systemCarnahan an8tarling showed that

4" 2!
b(!,) = . 1.22
( P) (lu !P)S ( )
and b=[(4! 3".)/ (1! ",)?]", independent of temperature
Eq. (1. 22) was deduceftom the virial expansioof the pressure
" ;9 . /
P — " +'/$ $ n &# Sc'#' 1 (1 23)

|#$% Pl &&zu &+ P ) PO

where the coefficienfs, . are the virial coefficient§*%. The first term on Eq(1. 23)

represents idealas behavior and it is valid at lofy . At increasing volume fractionghe
particleparticle stericinteractions also increase and deviation fromaldy is expressed
through the virial coefficients’, .. . The secondvirial coefficient, ., describes the
interaction enegy for isolated particle pairsvhile the third virial coefficient!" ., describes
threebody solverimediated interactionand so onFor hardspheres, we can analytically
obtain the exact valued !" . !" . and!" . ( e.g.!" . =#). For the determination of the values of
!" . and higher order coefficientaumerical calculationbased on thé&lonte Carlo method
are neededAll these calculations have shown thab a good approximation, virial
coefficientscan ke represented by the relatipg+,, =(#"+$#). The substitution of this

result into Eq(1. 23) leads to Eq(1. 22).
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Using Eq.(1. 22) we can rewrite Eq(1. 20) and obtain the result for the effective

chemical potential of a haigphere in a OgdisidO with particle volum fraction!

ﬂ = "#Hﬁ.%i"#( + (8) 9(P +$(P%)(p

G #%e T @G)

The hardsphere modelantains only an entropic stetiermdue to particleparticle steric

(1.24)

repulsion Thus, this model does not show the liggats phaséransition sinceit does not
contain an energy term describing partigarticle attraction In order tointroduce this
ingredient we shouldconsider a potentis@nergy expression that contains an attractive well
around the particleAn example of thisyipe of potential energy ergssions is given by the

squarewell potentiaf®“®

(+! "for#" #" #
*
"(H)=)$%for#" #" &# (1.25)
*
! Jfor#' &%
where! >0 characterizes the depth of the well (magnitude of interactiony adrange of
the interaction. According to statistical thermodynamics, the excessahesrergy® of the

system,u =, is related tq' (#) by:

#oo- ,
=TI () &K (A (.29
! $
where," (#) is the radial distribution function, with(#</ )=0and,"(! )=1. This function,
which also depends of), and T, describes the probability to find a particle at a distance

away from a reference particle. Ttigemical potentiaik then obtained by usify

!
f=f " ;—## $% 2 1.27)

| " &
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In the varderWaals approximatiory (#) is assumed to be equal to one when” ,

independent of , and T °. Thus, Eq(1. 26) becomes

; F=1HST (1.28)

1 %
wherea! " W&M#rz)u(r)dr is the vanderWaals constant. In the case of a squweed
P
potentia a! 4"(#°$1). If we insert Eq(1. 28) in Eq. (1. 27), we obtain:

!'dlp = IllP, HS " ”P (1.29

Using the GibbDuhem relation and Eql. 29) we can also determine the osmotic pressure

of the system:

n "#P"
L= (1.30)

| P

Egs.(1. 29) and (1.30 can be used to calculate the phase behavior of a system of hard
spheres by solving the coexistence equilibrium equations for phase | in equilibrium with

phase Il (see Eqgél. 9) and(1. 10)) and Figure 6

1.6. Effect of Salting-Out Agentson Globular Macromolecules $lutions

The effect of saltingput agents on macromoleculaqueous solutions has been
extensively stuigd, especiallyin the case of proteinand polymer§®°29#08 |t has been
shown that saltingut anionsfavor the compct statef hydrophilic macromoleculeand
promote their precipitation from aqueous solutt8h”™ On the other hand, saltisig anions
favor expanded conformational stat#sthesemacromoleculese(g.unfolding for proteins)

and increase theisolubility’®%* Typically, the effectiveness of anions in precipitating
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macromolecules according to their saltimgt strength follows the Hofmeister ser{&gure

7)999101.

Salting-out Strength
«— 2

SO,* HPO,? acetatécitrate CI' NO,; ClO; I CIO, SCN
I |
NH,” K*Na'Li* Mg?* C&™ guanidiniuni

Figure7. Hofmeister series for anions.

According to this serieghe sulfate anianOj! , hasthe highestsaltingout drength

while the thiocyanate anip®CN' , exhibis strong saltingin effects. ChlorideCl' , is often

considered to havminor saltingin effectsand it is the midpoint in the serigSations such

asNa" and K™ display strong saltingut effects.

It was originally believed that the effect of salt anions on macromolecules aqueous
solutions was due to interactions between anions and water that cause changes in the
hydrogenbonding network of waté’'** Specifically, saltingput anions were described
water structure makers and thewpuld strength hydrogebonding, vhile saltingin anions
actedas water structure breakers. However, recent studies have shown that the behavior
observed in the Hofmeister series is the restla airect interaction of anions with the

macromolecule/aqueous interfate®*

The effect of saltingput anions on théhermodynamic properties of macromolecuas
be describedusing a twedomain modéel**®'? represented irrigure 8. It is assumed that

both the salt component and the macromolecule are hydrophilic and/ithpyeferentially
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interact with water. This implies that there imgersurrounding the globular macromolecule
that is depleted of the salt component. Thws can describe the macromolecsédtwater
system by considering two domains. The first domain is the OlocalO domaimding the
macromolecules which the salt islepleted (inside the dashed circle). The second domain is
the ObulkO domain (outside the dashed givategh is represented by the unperturbed binary
saltwater system with a composition equal to that of awater system in equilibrium
dialysis with our ternary system through a membrane that is not permeable to the
macromoleculeThe salt depletion in the OlocalO domain is the result of macromlaltule
net repulsive interactions in water. The corresponding increase in macromolecule chemical
potental can be described as the reversible expansion work agairsstlttbemotic pressure

to remove salt ions from the local domain. We will derive below a thermodynamic relation
describing how the chemical potential of the macromolecule increases witbrsahtration

and its consequences on the macromolecule solubility.

According to the twadomain description, the chemical potential of the ¢alt,is that of

the bulk domain which is given by:

o= i+ H B (1.3

where! is the stoichiometric coefficien,'t,; and/ ¢ are the concentration and the activity

coefficient of the salt in the bulk domain, respectively. We can rfél;atlme the total

concentration of salf;,

using,' ="/ where! is the volume fraction of the ObulkO

domain in the ternary system. As increases/ decreases. In the limit of, " O,

25



I =1" (1+q)°#,, whereq is the ratio of the thickness of the local domain to the particle

radius, and1+ q)3VP is the volume of the local domain associated with each particle.
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Figure8. Two domain modelThe blue circle represents the particle and the red circles
represent the salt ions. The local domain is inside the dashed circle while the bulk domain is
outside the dashed circle. The graph represents theosakntration gradient: salt is partially
depleted (solid red line) and is completely depleted (dashed red line) from the local domain.
Ris the radius of the particle ands the ratio of the thickness of the local domain to the
particle radius.

We will know show that in the presence of aieghout saltthe macromoleculehemical

potential increasé¥’. We start using the following Maxwell relation,
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% "|ﬂ1%

Fs,, Fica,

$, (1.32)
The derivative on the right side of H@. 32) can be rewritten in the following way

#!ﬂls& #ll,l&#IC&

%fﬁ( @( éqT( (1.33)

An expression for thérst factoron the right side oEq. (1. 33) can be derived from Eq.
(1. 31) while the second factor is obtained frgm=" Sl . Starting from Eq.(1. 32), we

obtain:

“1f,% _)RT".din*. %4 cv
Ic&( C§ dlnc&ﬁ (1.34

where! '" (# [#%,)), . Eq. (1. 34) can be examined in the limif / ;" O, wherewe can

set/ =1," ="_and/ '="(1+q)’. Here Eq. (1. 32) becomes:

'[!lp% din*_ % 2y
— = RT 1+
Cos, =) g 4inC t Q) (1.35)

In saltingout conditions,(! i /'C) is a positive parameter which is directly

proportional to the volume of the local domain surrounding the macromdfecélq. (1. 35)
can be integrated to yieldralation between the chemical potential of the macromolecule and

the salt concentratiorf we negletthe salt noxideality term for simplicity, integration gives

CS
Bo = By, + # (1 Ao/t CS),,P‘T dC, $ &, + RTKC, (1.36)
where ﬂ’p,w represents the macromolecule chemical potential in the absence d&gsdlt.

36) showsthatthe chemical potential of the macromolecapgproximately linearly increases
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with salt concentration with a sloge! (1+ q)3VP descriling the saltingout effeciveness

of the saft™. Note that,/ RTC in Eq. (1. 36) represents the salt osmotic pressure (assuming

ideal behavior) while(1+q)’V, represents the cavity volume depleted in the salt

component=. Thus, the second term in Hd. 36) describs the reversible work needed to

remove the salt component from the local domain.

The effect of salts on macromolecule solubildgn be described using EHg. 36). We

startfrom the liquidsolid chemicalequilibrium condition™*

B = o (1.37)
where {1, is the macromolecule chemical potential in tomdenseghase whichis hee
assumed to be independent of salt concentration. At low macromolecule concentration, we
can writé'®

1,0
&:_ﬂmmspmc (1.39)
RT RT S

where /ng,W is the standard chemical potential of the macromolecule in the liquid Shase,
the macromolecule solubilitin solution. If we combine Eql. 37) and Eq.(1. 38), we

obtain:

1 1 A0
|nspz%! KCs (1.39)

According to Eq(1. 39), the logarithm of macromolecule solubility linearly decreases as the
concentration of the saltirgut agent increases. The paramekers typically denoted as the

saltingout constarit?
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Chapter 2. Materials and

Experimental Techniques
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2.1. Materials

Hydroxyl- and aminefunctionalized poly(amido amine) dendrimers, generatio@=4],
were purchased from Dendritech, Inc (Midlarel a methanol solution. Methanol was
removed by drying dendrimer samples in a vacuum oven, at 50 ¥4C and moderate vacuum.
After drying, water was added to dried dendrimer samples and the drying procedure was
repeated to remove any residual amounts of methBxeabnized water was passed through a
four-stage Millipore filter system to prowd highpurity water for all experiments.

Dendrimerwater stock solutions were then prepared by weight.

Sodium Sulfate was purchased from J.T. Baker (New Jersey, USA). Silutions of
sodium sulfate were prepared by weight and their exact concentration was determined from
density measurements using a digital density meter (Mettler/Paar, DMA40), thermostated at
25.00+0.01 v4C. Density values were converted into the codegpaoncentrations using

the knowr** relation between density and salt composition.

Copper Sulfate (98%) and N;Dimethylindoaniline (Phenol Blueyere purchased from
Sigma Aldrich (Missouri, USA). Triethanolamine (98%), Sodium Chloride and silicone oll

were purchased from Fisher Scientific (New Hampshire, USA).

2.2. Solutions Preparation

The known weigh fractions of dendrimer and salt in theatgrmmixture were then
converted into dendrimer volume fractioh,, and salt molar concentratiofi,, after

estimating the sample density using the known volumetric properties of binary sodium

sulfatewater slutions the dendrimer specific volume specific volume of 0.817 ¢ cm
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Sample density was estimated in the following way. We start by considering dendrimer

and salt weight fractionsy, andw; respectively. Salt molalityn, was calculated according

to
m, =1000(w,/ M)/ (1! wg! w) (2.1)

where M =142.037gmof. The densityd, of the corresponding binary saiater solution

was calculated from the literature expressityimy) ***

d,/ gom'® =0.997045-0.129483m. / )
10.0086616m. / m’)**1 0.0061207m, / n’)? +0.0007909m / m’)>® (2.2)

wherem’ " 1molkg . The specific volumey, of the ternary dendrimesaltwater solution

was the calculated using the following expression:
v=w v, + (1! w,)/d(m,) (2.3

wherev, is the dendrimespecific volume reported aboVeDendrimer volume fraction and

salt molarconcentrations were then calculated using

Io=wov, /v (2.4)

C,=1000(w,/ M)/ v (2.9)
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2.3. Experimental Techniques

2.3.1. Measurementf LLPS Temperature

The phase boundary dhe dendrimersaltwater systemis described by the LLPS

temperature] ;, as a function of salt concentrati¢n, and dendrimer volume fractiop, .

Turbidity measurement experiment®@ us to obtain thé'phof our system samples.

The turbiditymeter apparatud-igure9) is comprised of a programmable circulating bath
(1197P,VWR)connected to Aomemade optical cell where the homogenous dendsaier
water sample (optical path of 0.4 cm) and thermocoumie locateda calbrated
thermocouple (£0.1 “u@ollimated light, from a solidtate laser (633 nm, 5 mW, Coherent)
passes through the sample and the transmittance is measured using a photodiode detectot
coupled with a computenterfacedoptical meter 1835C Newport). A continaus aiflow

was directed to the optical cell lateral walls to prevent condensation of moisture.

In this methodwe start by measuring the transmittance intenSitypf a homogenous

singlephase sample ah specific temperature. Afterwards, the temperature is slowly

decreased (0.5C/min) or increased at a specific rate and the corresponding transmitted
intensity,", is measuredWe identifyTph as the temperature at which a sharp decrease in

intensity is observed (cloud point).

To measurd  , homogenous samples $100 uL ) were prepared by mixing known

ph?
amounts of water, dendrimer and salt stock temts. The known weigh fractions of
dendrimer and salt in the ternary mixture were then converted! intand C_, after
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calculatingthe sample density using the known volumetric propertigbelbinary sodim
sulfatewater solutions and the dendrimer specific volume specific volume of 0.817°g cm

All samples prepared for turbidity measurements were allowed to equilibrate for two days at
a temperature at which they were homogenebs. note tha'fl'ph was found to strongly
depend on salt concentration. Thus, errorsTpQNaIues due to water evaporation were
minimized by layering silicon oil on our smallmnsples.

Sample Cell Holder
Top View

Mirror

: Photo
© l_o— <leele <) Thermocouple
ris \

Circulating |~ Optical
Water Bath Meter

Solid
State
Laser

Sample

Thermocouple

Sampl? Ce“ Holder ~~~~~~ Circulating Bath
Side View N Connections

Figure9. Scheme for théurbidity meter apparatus.

2.3.2. Measurements of DendrimerSalt Partitioning at 25 |C

The experimental procedure to characterize dendrsakmpartitioning in water involved
two steps: the first step was sample mixing and equilibration, and thedsewsenwas the

separation of the two coexisting liquid phases. Both steps required the development of new
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experimental procedures in order to circumvent challenges related to the small sample size

(500 uL ) and viscosity. Samples fpartitioning measureents were prepared as follows: a

known amount of dendrimer and salt stock solutions, and water were mixed together, in a
small test tube, so that the final system consisted of two coexisting liquid phases at room
temperature. The tesibe was capped and samples were mixed vigorously using a vortex
stirrer for 5 min at room temperature to facilitate equilibration. These samples were then
immersed in a temperatuoentrolled water bath at 25.0 %C. It is important to note that
sample shieng did not lead to appreciable sample mixdwe to the sample small volume

and viscosity. To improve mixing we assembled atigst rotation device (see figure) with
adjustable speed. Thus, sample mixing was achieved bjubestrotation (0.2 rpm famwo

days) leading to cyclic sample inversions inside the water bath. Afterwards, samples were
positioned vertically and held stationary to allow for macroscopic phase separation of the two
coexisting liquid phases by gravity. When the interface betweetwth&€oexisting phases

was clear, aliquots from the top phase | and bottom phase Il were transferred into small test
tubes and weighted. The aliquot from the bottom solution was taken after the section
containing liquidliquid interface was removed by simt using a needle connected to a
vacuum pump. The two separated samples taken from the bottom and top phases were both
centrifuged (Allegrd! 25R centrifuge, Beckman Coulter) to verify their homogeneity, at

25.0 ¥uC.

The composition of the two phases was then characterized using a spectrophotometric
assay (for dendrimer) and a potentiometric assay (for salt). Both methods are described in the

two following subsections. The composition of the two coexisting phased!lamwere
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reported as dendrimer volume fraction and salt molar concentrgtighC{") and
(1 80,c{My, respectively.

Spectrophotometric assay

The determination of the dendrimer concentration in aqueous solution was Ibased o
copperdendrimer binding ass&y. These studies show that,aqueous solutions copper ions
exist primary as [Cu(kD)s]** with a weak absorption band at 810 nm. However, in the
presence oPAMAM-OH, this peak blue shifts t610 nmwith a significantincrease in
absorbance with increasing dendrimer concentratibns;Ta calibration curve was prepared
by measuring copper absorbance at 610 nm (DU 800 spectrophotometer, Beckman Coulter)
as a function of dendrimer concentration. Samples were prepared by mixing aqueous stock
solutions of dendrimer and copper. The comegion of thecopper stoclsolution was found
to influence the formation of copper aggregates. Thus, we prepared a copper stock solution of
0.06 Mto avoid aggregationThe final copper concentration of our samples was always kept
constant at 0.006 M. Téiconcentration alloweébr only a small excesf copper but
ensurd that all dendrimer binding sitegere occupied. The order by which stock solutions
were mixed was also found to be critical to avoid the formation of copper aggregates. T

avoidaggregationcopper solution was always added at the end.

For saltdendrimer partitioning characterization, a small aliquot of a phase was first
diluted in water following copper addition. We also evaluated the effect of the presence of
sodium sulfate onhie dendrimercopper binding and we found that, within our experimental

salt concentration range, the presence of salt had no effect on the absorbance of our solutions.
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Potentiometric assay

Sodium sulfate concentration was measured by utilizing a sodnxselective electrode
(Accumet). We first prepared a calibration curve based on the Nernst equation. This equation
expresses the sodium ions concentration as a function of the system potential:
E=a+ cInCS+b(InCS)2 where E is the measured potential of the system andb, andc
are fitting constantsto preparehe samplesa small aliquot was taken and properly diluted
with water. A known excess (90%)f an ionic strength adjustor (triethanolamimater
solution, 5.3% v/v, pH 9.5) was then added to the diluted sample. A calibration curve was
obtainedby preparing samples with known amounts of sodium sulfate and measuring the
electrode electric potentias a function of salt concentration (reportedrs,). Since our
samples from the partitioning experimentd loth salt ions andhe dendrimer, we also
evaluated the effect of dendrimer concentration on the electrode electric potential. All the
measurements were performed under moderate stirring at room temperature. Because the
electrical potential depends on temperatutiee calibratio procedure was repeated every

time we made measurements.

2.3.3. Dynamic Light Scattering, DLS

Dynamic light scattering (DLS) is a technique that can be used to determine the diffusion

coefficient, D, of macromolecules in solatns'®*'’ One important application afiffusion
coefficiens is the determinatiomf the hydrodynamic radiusy , of particles. Thislink can

be appreciatedif we observethat smallparticlestend todiffuse fasterthanlarge particles
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The mathematical relation betwedd and R can be derivedusing the following
approach'®

We start by considering the generalized equation for diffusion specificallyFith®s

first law of diffusiont*®

J,=!D"C, (2.6)

in which the flux J, (the netamount ofmoleculeshat flow per unitarea and per uniime)

is directly proportional to theconcentration gradiert,C,. Here, the diffusion coefficient is

the proportionality constantt is also convenient to relate the diffusionefficientto the
kinetic evolution of particleoncentratin. Thisequatiorwhich can be dére from the FickOs
first law, is called FickOs second law of diffusion

IC

I't
wheret is the time. In generaD depends on particle concentration due to parpelicle

2= (D" C,) 2.7)

interaction$'®**" At infinite dilution, D is denoted aD,, the tracer diffusion coefficient of

the particlé™®

We thenintroduce the theory of Brownian motighat providesa microscopic view of
diffusion™*®” This theory describes therandom motion of noninteracting particles
suspended in a fluids a result other randomcollisionswith solventmolecules Thereare

two important equationsn this theory. The firstelates the mean squared displacement

I[r(t)" r(0)]°#, of a Brownian particle witfits tracerdiffusion coefficient D, as follows

Doﬂfﬁ‘%r(o)w (2.8)
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The seconcdequation, which can be derived frdag. (2. 8) using Newton equation of
motion, establishes a relationship D, to the collisional force of solvent molecules (thermal

energy) and the opposing frictiorfalce expeaienced by the moving particle inside the fluid

This equation iknown ashe StokesEinstein equatioft®**

SR (2.9)
°" f 6I"R '

where f is the friction coefficient! is the solvent viscosity anR is the radius of the

particle in the special case of a sphéiee StokesEinstein equation is important because it
allows us toconvertthe measuredliffusion coefficientinto the hydrodynamic radius of the

particle.

Diffusion can be also introduced by using the principles nain-equilibrium
thermodynamics®'® According to this theory, theectorflux, J,, of a solute component
immersed in ainary solutesolvent fluidis directly proportionato the chemical potential
gradient,! f, of the solute:

Jo=1 L (2.10)

where L is denotedOnsager diffusion coefficiesitlt is however convenient to relate the
diffusion flux to themeasurablegradient ofparticle concentration (seeqg. (2. 6)). If we

rearrangeeq. (2. 10) as follows:

PP (2.11)
= #op :
!P 0$P( P
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we canthen deduce frorkq. (2. 6) that

n ! AIPOA
#1C g

Eq. (2. 12) can be rearranged to ergsD as a product ch mobility factor (first factor

D=L

(2.12)

in parenthesisindathermodynamic factofsecond factor in parenthest€)***

kT $!C A $

P

D=, B L 2.13
#c, kT C# (2.19

In the limit ofC_,! 0O, the mobility factor becomed, and the thermodynamic factes

equal tol. It is therefore convenient to rewrkg). (2. 13) in the following way:

D = D,H(C.)s(C,) (2.14)

wheres(C,) and H(C,) are the thermodynamic and hydrodynamic factors, respectively
with H(0) = s(0) =1''***" Note that H(C,) represents a corrective factor characterizing

the deviation of the mobility factor frorD, .

When meas@ments ofD areperformedas a function ofC,, the experimental datare

examinedaccording t6'%**

D = D, (1+kC, +E ) (2.15)
where the tracer diffusion coefficielllt, is graphically repgsented by the intercept &f. (2.
15), while the normalizedslope, k, characterize the net effect othe hydrodynamic and

thermodynamic interactions.

We will now focus onhow we can obtain the diffusion coefficient of a particle using
DLS. Fundamentally, this techniquprobes concentrationfluctuations caused bythe

Brownianmotion ofsolute particlein a solutior™®. If the polarizability of these particles is
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different from that of the surrounding medium (solvent), the photorenahcident light

beamare observed to be scattered in all directions by the investigated $dmple

We will now mnsider a system with identical scattering particlegshere eaclparticle
producesa scattere@lectromagnetic wave of amplitufie. This amplitude value is directly
proportional to the mlecular weightof the particle.

Thetotal scattere@lectromagnetic fieldg, resulting fromthe scatteringof N identical

particles is given by

E=E" & (2.16)
where/, is the positionvector of the i particle andq is the scattering vector defined as

q=(4/n/",)sin(#/2). Here,n is the refractive inde>i,’ . Is the wavelength of the light in
vacuum and is the scattering angle

The intensity of the scattered ligHt, is proportional to the square of the amplitude of
the electromagnetic fiettf***

N 2

N ]

I=1 (" "] = Iogj\l +2"'\I " cosq!(ri #rj)) (2.17)
(

0

i=1 % i=1 j>i

wherer, ! 1, is the differencein position between particleand particlgj. The last term on

Eq.(2.17) is astochastidunction of timedue to particle random motion. Thiise measured

intensity, 1 (t), fluctuates as a function of timé we consider the time average bft), we

obtain!l" = NI, because the last term in the square bracketjof2. 17) is zero on average.

4C



For interactingarticles the deviation from 1" = NI is accounted for by introducirthe

static structure factures(C,,q) **°***

'™ =NIS(C,,q) (2.18)
wherethe static structure factas:
1 ||N Toll ’
SCod)={ e (2.19)
i=1

The static structure factor describes equilibrium properties. For inst8(@;6) = 1for
ideal particle§®**’ In general, when particles are small compared to the wavelength of the

incident light, /., S(C,,,q) = S(C,,,0) = (k,T /C,)(! C, /! j1,); 116,117

To investigate diffusion it is convenient to introduce the dynamic structure f&ctdr

F(C,.q,!) definedas follows,

lN i :N % 1N iakr, (1%, lNN ighr. (1%,
F(C..q./)" <ﬁ$ eq#k("$ e/q#,(0)>:<_$ eq%k(.>/k(0))>+<ﬁ$ $ em{,( )/k(O))> 2.20)
k=1 j=1

N k=1 k=1 j>k

wherer, (/)" r (0) is thedifference in positiorbetweerparticle k at timey >" and particle

j attimey =" . Note thatF(C,,q,0)=S(C,,q) (seeEq. (2. 19) and Eq.(2. 20)). In the
absence ofparticleparticle interactions the crogerm ! # vanishes andEq. (2. 20)

becomes:

F0,g./)" <%°/oe“‘*rk“)$rk(°’)> (2.21)

k=1

This equation describes single particle motion &t{d,q,/) is called the selflynamic

structure factdr®?’
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Brownian motion theory and FickOs second law can be then arsedrfinteracting

particlesto relate their positiodisplacement to the tracer diffusion coefficibgt

F(0,9,/)=S(0,q)e *™ (2.22)

In relation toDLS experimergat a given particle concentration and scattering angle, it is

convenient to introducéhe normalized correlation function of the electromagnetic field:

"E(t)E*(t+!)#: F(c,a,/)
"E(t)*# S(c,q)
where we also useg. (2. 16), Eq. (2. 19) and Eq.(2. 20). If we then consideEq. (2. 22),

gl = (2.23)

we can appreciate that

g¥()=e o°Dy/ (2.29
with (! )=0. BecauseE(t) is a stochastic functioas a resulbf Brownian motion all

the information iscontained in the temporal correlations of the electromagnetic field.
According to Brownian motion theory, corretat is lost more rapidlyor smalkr molecules

due to their higher diffusion coefficient as describedqy(2. 24).

In the case of a polidisperse particle systemnibienalized correlation function of the

electromagnetic field becontés**’

gV() =# we ™ (2.25)

i=1
where D, is the tracediffusion coefficient associated with typeparticles and\ is the

corresponding normalized scattering contribution, Withbeing proportional toNiMf

where N, is the number of typeparticles andM, their corresponding molecular weight.
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In order to experimentally determirig , we need to link the measured scattered intensity

I (t) to g®(/). This is achieved by introducing the normalized correlation function for the

scattered intensity®***

o )+
o)== (2.26)

Becausel (t) is dso astochastic functioms a resulbf Brownian motion correlation is

lost for long timeslIn the absence of catation, ! 1 (t)I (t+" )#=!1#and g®(! )=1.

The normalizedintensity correlation functiong®(!) is related to the electric field

correlation functiong®(!) by the Siegert equaticas follows:

g?()=1+ Ag¥( )| 2.27)

where A is the coherencefactor; A=1 when scattered light is collectdry the detection

systemfrom an infinitesimal solid angland A<1 for any finite value of this angle
Dynamic Light Scattering Apparatus

DLS experiments werperformed on a light scattering apatus(Figure 10) built using
the following main components: Hée laser (35 mW, 632.8 nm, Coherent Radiation),
manual goniometer and thermostat (Phototmstruments), multtau correlator, APD
detector and software (PD4042, Precision Detectof$)e laser is polarized and
perpendicular to the plane of all the apparatus components (saletgetor and correlator).

The laser beam width at the focus pointarsund 10um . The scattered light from the

scattering volume is collected ascattering anglé =90 and focused by a condenser lens
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and an iris placed between the sample and theTéesscattered light ihen transmitted ta
photodiode detector through an optical fib€he photadetecto receives the photons and
converts them to electrical pulses so they can be processed and analyzed by the 256 channel

correlator.The correlatorcollects the measured imisties | (t) as a function of time (from

10° to 10° seconds apart) and compug(/) using a discrete integration method based on
Eq. (2. 27). The correlation functions are calculated every 2 seconds and averaged ever 300
3200 accumulation timeso minimize statistical errorsindeed, he precision of the

correlation function in@ases with the s@re root of accumulation time.

Thermostatic Cell with
Refractive-index matching
Fluid (n=1.33 for water)

Incident L o [ /(A \

Light Beam 7
NS
He-Ne Laser L

(1=632.8 nm) S

Sample
(Scattering Volume)
<> Lens

Iris

Photon
Correlator

<—— | Detector

Optical Fiber

Figure10. Scheme of the dynamic light scattering apparatus.

44



The experimentat®(!) is then examined according'tb
2

g?(/)=B+ Aé# We Diqz-’z (2.29)

where particles are assumed to be polydisp@ese Eqgs. (2.25) and (2.27)) Eq. (2. 28), a

grid of diffusion coefficients{ D} is constructed, and the correspondif\y} are
determined. This gives the normalized liglchttering distbution W(D) of diffusion
coefficients. This can be also converted in the corresponding size distridtRr by

using the Stokekinstein Equatior(see Eq. (2.9))The average diffusion coefficient of the

distribution is determined as

D", =# WD, (2.29)

i=1
where the subscrigtspecifies that thits a z-averag™.

Note that the procedure to obtgWW} from a linear combination of exponential decays
is an inverse Laplace transformation. It is known that this procedunglispmsed problem,
since any small perturbatidn g®(!) can give very different distributiofV/} . To solve
this problem, two conditions are imposed: {¥)can only assume positive values and (2)

{W} is smooth. The latter is achieved byluding in the method of least squarese th

n
minimization of the summatioh " W®, where/ is a regularization parameter. The
k=1

experimentalist chuses the lowest value af that makes independentonsecutive

45



measurements on the nsa samplereproducible In our case,the software Precision

Deconvolve 332s used for theextraction off W} .

The DLS experiment®on dendrimeisaltwatersolutionswere performedt 25.@&0.1and
37.0£0.1 %CAll samples were filteredhrough a 0.0zum filter (Anotop 10, Whatmanand
placed in an optically cleaned test tulbe the case of the measurements of dendrimer
diffusion coefficient as a function of dendrimer and salt concentratdlbrexperimental
correlation functionglive monomodal diffusiorcoefficient distributionsin these cases, the

z-average diffusion coefficient was determined.

For DLS experiments on dendrimer solutions in the presence of crosskxgariments
were performed at 2G£0.1 %C andamples were filteredthrough a 0.45m filter (Anotop
10, Whatman)The corresponding correlation functioyisldedmono and bimodaliffusion-

coefficient distributions

2.3.4. Isothermal Titration Calorimetry, ITC

Isothermal Titration Calorimetry (ITCMicroCal iTC200 Sysgsm, GE Healthcare Life
Sciences)was used tacharacterizethe dendrimerdendrimer interactiorenergy ITC is a
technique often used in hegtiest interactions studies to directly determine thermodynamic
parametersuch agenthalpy changes, binding affinignd stoichiometry in solutiofsee Part
Il Chapter &or this application)'®. In our case, we specifically developed a model to relate
the excess interna¢nergy ofour dendrimer solution® the heatof dilution measured by

ITC.
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This instrumentt® consists of two identical cellshe reference (R) and the sample (S)
cell, coupled to highly sensitive thermocouple circuigy(ire11). The ITC cells arenade of
a Hastelloy alloy for an efficient thermal conduction, chemical resistance and compatibility
The sensitive thermocouples are used to detegideature differences between the reference
and sample ceks low as 0.1 mCA syringe at the top of the sample cell is used to inject
small aliquots of a titrant. Typically, the titrant solution contains a reacting solute component
(e.g. a guest ligandr a host macromolecule). In the ITC experiments discussed in this
section, the titrant solution consists of a concentrated dendrimer solution. Correspondingly,
the sample cell contains the solution to be titrated (titrand). Typically, the titrand solution
contains the other reacting solute componerg,(a host macromolecule or a guest ligand).
However, in our case, which asmat measuring the heat of dilution of dendrirdendrimer

interaction, the titrand is a dendrirdieee solution. Theeference celusually contains wate

or a buffer solution.

"#$%&'("
;0ves

+ —
* 3
5 N onsnvn , 2
S ol agr(-&l SR
2 S
[HOH#SH1'# 1#2'-&1
,#** HHx

Figurell. Schematic of an ITC instrument.
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At the beginning of the experimene., before addition of the titrant, both cells are at a

constant powerw) of the order of 5 mW. The electrical powers of the sample,tell,and

reference celly’ ., maintain the temperature of the sanjpland the reference cgll at an

equal value €.g. 25 {C). Upon addition of the titrant, the instrument will adjpist
accordingly so thgt. =", during the isothermal titratiorifhe mixing of the titrant to the
titrand solution gives rise to exothermic or endothermic events. For example, if the event is

endothermic, heat is absorbed in the sample cell and, consequently, more’poiser

needed to maintaime target'. .

In an ITC experiment, the changes of power w_ are plotted as a function of time,

(see SectiorB.7). Thus, thé power plot consists of a series of peaksociated withheat
flow, corresponding to multiple titrant injections into the sample tethe titrant injection

leads to an exothermic (endothermic) event, a depression (ipemkiy observet!®,

The concentrations of titrand, and titrant,C inside the sample cell need to be

titrand ? titrant ?

corrected for the displaced voluma/ = kv *°'% |n other words, each injection drives the
liquid solution, in the sample cell, out of the wimig volume,V up to the inactive tube as
shown inFigure 12A by the darkened portion representing . Here, only the solution

contained within' is probed by the ITC instrument. These small volumetriclaigments

are taken into account by introducing minor corrections in the calculatiGp of and C

titrant

. To determineC__ andC___, we can consider two limiting casEgure12B'%. If stirring

titrand titrant ?

is not effectivei.e., no mixing, the addition of V titrant solution displaces a corresponding
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I V of the initial (before injection) titrand solution to the cell neck. Thus the corresponding

mass balance for the total titrant solutiGff’  with each injectiorf' is:

titrant

|Ctl;trantkv = Ct(nkrimv (2. 30)

On the other hand, if we consider complete mixing (very effective stirring), the mixing of
the titrant inside the cell will occur before samptdume displacement{gure12B). Here,

the corresponding mass balance is,
!Ctl;trantkv = Ct(nkr)am (V + kV) (2.31)
To consider both cases, we tdke average of these two mass balanEgs(@. 30) and
Eq.(2.31)) and obtain:

kv
G
!Ctitrant Ctitrant V (1+ n .#kV/V) (2 32)

wherethe factor in parentheses represents a small correction to titrant concentration inside

the cell associated with the volume displacement.

Note thatsimilar mass balances can be derived for the titrand molecules and we obtain:

IC';;trand (V ! kV) = Ct(irr;ndv (2.33)

for the limiting case no mixing and:

IC';;trandV = Ct(ifr)and (V + kV) (2.34)

for the limiting case of complete mixture.

49



The average mass balance for the titrand usmg@2. 33) and Eq(2. 34) corresponds to:

"V 1 0.5kv%
Ct(l!((r;nd = Ct?trandﬁv + 050/'& (2 35)

where the two factors in parentheses close to 1.

A B

I"#$%& K
-()*#"(& _.;... A V= A’V

I"#$%&+
0@

Figurel2. (A) Sample displacement inside the sample cell and (B) limiting cases
The differential heat]’ associated with each injectiok, is calculated as the area of
the corresponding measured peak and normalized with respebe ttitrant number of

moleg'*'® The cumulative heaQ™®, absorbed or released by the sample after injedtion

can be linkedd g by applying*®*?*
o =3V +v/2)(QUN)1 (Vi v/2)(@*? V)§/(ve,..) (2.3

whereV is the working volume of the cell, is the volume of each injection a;“iqm, is

the concentration of titrant in the syringeypically, we haveyv/V ! 0.01. The volumetric
factors(v +v/2)/v and(V! v/2)/V represent small corrections taking into account that

the titrant addition to #nsample cell displaces a small fraction of solution outside the stirred
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cell. Thus, the experimentally recorded differential heat corresponds to an overestimated of

Q™ because a small contribution to heat will also come from timplsadisplaced outside
the cell and an underestimat@{'"’ becausethis displaced sample contributed to the

cumulative heat after injectiok! 1. ThusQ™" does not represent the correcttitg point

for injection k..

To determine thermodynamic parameters from ITC, a moaetd mathematical
expression for the cumulative heat as a function of system composition (inside the cell) is

used (see excess internal mo&asction 3.7 and seKassociation and hoeguest binding

models in part lIChapter . The mathematical expression 0f is then inserteth Eq. (2.

36) and the method of least squares is applied to the differentiagfféaSpecifically,the
N 2
summationof the square residuatsver N experimental points) (qii)l qc(:) , is minimized

k=1

usingMatLab softwar&®.

All experiments were performed at 25.0 jC amtimospheric pressure. In these
experiments, dendrimer solutions were exhaustively dialyzed (membrane) against an aqueous
saltbuffer (ACES, pH 7.0, 0.10 M; sodium sulfate, 0.03 M; ionic strength, 0.14 M) and
concentrated by ultrafiltration. The final demder concentration was determined using the

spectrophotometric assay described in SecB@2 Dendrimer volume fractions ranged
from/_ =0.10to / =0.19. Small aliquots {( =2.0uL ) of these dendrimesolutions were
sequentially injected (19 injections, titrant) from a rotating syringe into the vigorously stirred

sample cell (syringe rotation, 1000 rpm) containing the aqueodisustdt (titrand). The ITC

sample cell volume i¥ =203.4uL (factory specifications). To minimize effects related to
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minor differences in the thermodynamic activities of the buffer components, ionic strength
and pH, the "waste" obtained from the ultrafiltration procedure was used as the titrand. The
dendrimer volume fraction inside the ITC cell after injectiowas calculated usingqg. (2.

32) in terms of dendrimer volume fraction,

kv
(k) — 0
o _!DV+O.5kv (2.37)

Each injection corresponds to an exothermic peak on a plot showing the power required
to maintain the sample and reference cells at the same temperature as a function of time. The
differential heat associated is calculaieging Eq.(2. 36) in terms of dendrimer volume

fraction:
B = v v V) Ve Mok o

whereQ” =0 and k. is a parameter characterizing a baseline correction.

2.3.5. Scanning Electron Microscopy, SEM

Samples for fieleemission SEM were prepared by adding 100 ul of the samples
previously prepared for DLS measurements to 1 ml of water. These solution ware th
dialyzed against water using an ultrafiltration membrane (10 kDaffjuh order to remove
any salt from the saphes. A small aliquot¥10 pl) of the filtered samples was directly
placed on the specimen stub and let to dry overnight under vaccumdafiteg, all samples
were coated with a 10 nm layer of 60/40 gold/palladium bywasuum sputter coating and

analyzed with a JSM800F fieldemission SEM (JEOL).
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2.4. PhenolBlue Binding Assay.

Our binding assay was based on measuring the absorbaplcenufl blue at 646.5 nift
(DU 800 spectrophotometer, Beckman Coulter). A stock solution of phenol blue in water
(0.02 mM) was prepared by extensively stirring-ayger suspensions at room temperature
in dark conditions. The obtained stock solution was then filtered (Nalgene filter, 0.2 um pore
size). Solutions were then prepared by mixing the phenol blue stockosolith water,
dendrimer and sodium sulfate stock solutions. For all solutions, the dye concentration was
kept constant at 0.01 M. The dendrimer concentration was also kept constant at 1.73 mM.
This concentration was chosen by verifying that the absoebain646.5 nm of 0.0 dye
solutions significantly decreases as dendrimer concentration increases up to about 1.7 mM
(seeFigure 13A). Thus, the fraction afhe dye bound to dendrimer is close to maximum in
these conditions. The sodium sulfate concentration in our solutions was increased up to 0.7
M. Solutions with higher salt concentrations could not be prepared due to solubility
limitations of phenol blue and sodiusalfate in their corresponding aqueous stock solutions.
All absorbance measurements were promptly performed on the freshly prepared solutions
and then repeated after 24 hours to allow for binding to occur and reach equilibrium. Control
experiments on demnidher-free dye solutions were also performéste Figure 13B). All

samples were stored in dark conditions during the incubation time of 24 hours.
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Figure13. (A) Phenol blue absorption at 646.5 nm as a functiodn af C.=0M and at
time 0 Epen circlesand time24 h (closed circlesB) Phenol blue absorption at 646.5 nm

as a function ofC at / | =0 and at time Odpen triangles) and time 24 h (closed triangles)

2.5. Crosslinking experiments.

Samples for crosslinking experiments were prepared by mixing known amounts of water,
dendrimer and salt stock solutions. Glutaraldehydeer solutions were prepared by weight.
Small aliquots (<40 pL) of glutaraldehyde stock solutions were slowly addettheto

dendrimersalt solutions under 100 rpm stirring. Crdisgked dendrimer samples were
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characterized by measuring the and by using dynamic light scattering (DLS) arnd field

emission scanning electronic microscopy (SEM).

2.6. Host-Guest Experiments forCrosslinked PAMAM -NH»

An aqueous stock solutions of phenol blue (11 mM) was prepared by mixing a known
weight of this dye with water in a1 volumetric flask. A dendrimewater stock solution
(1.9% wiw, 1.3 mM, 1 mL) was also prepared by weight and mmtdan equal volume of
phenol blue stock solution so that the dendrimer molar concentration was 0.65 mM. The
molar ratio of dye to dendrimer in the resulting mixture of 2 mL $@61. This mixture was
stirred at room temperature in the dark during theubation time of 48 hours. The
absorbance spectrum of the mixture was recorded (DU8B00, Beckman Coulter) before and
after the incubation time. The binding of blue phenol to dendrimer is verified by the
occurrence of the wavelength shift of the maximum eizsme from 635 nm to 545 A
Control measurements, directly performed on the phenol blue stock solution efates
the incubation time (also stored in the dark), show no detectable change in the absorption
spectrum. After the sample incubation time, toluene (2 mL) was added to the destyrgmer
aqueous solutidA® The biphasic sample was thoroughly shaken for 10 min. The sample was
then allowed to achieve macroscopic phaspagtion first by gravity and then by
centrifugation (10 min at 2500 rpm, AllegraTM 25 R centrifuge, Beckman Coulter) until a
clear interface is observed between the organic (top) and the aqueous (bottom) phases.
Aliquots from both organic and aqueous gdmwere transferred into different vials and the
visible spectrum of each phase was recorded. No phenol blue could be detected in the organic

phase by spectrophotometry. In a control experimentmd 2olution of phenol blue, which
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was prepared by mixind mL of the stock solution with water, was added to an equal
volumetric amount of toluene. After the equilibration procedure, the dye transferred to the
organic phase and no phenol blue could be detected in the aqueous phase by
spectrophotometry. The dyeaded dendrimer aqueous solutionsviben crosslinked using
glutarddehyde in the presence of sodium sulfate. Specificallyna. laliquot of the dye

loaded dendrimer solution was first concentrated by evaporation in a vacuum oven at room
temperature anthen mixed with a sodium sulfate stock solution and water so that the final
sample volume remained of 1 mL. A small amount (60 mLaaqieous stock solution of
glutaraldehyde (5% w/w) was then steadily added to ensure that dendrimer crosslinking and
aggre@tion occurred. The equilibration procedure in the presence of 1 mL of toluene was
repeated. After the equilibration procedure, no phenol blue could be detected in the organic

phase by spectrophotometry.
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Chapter 3. Unusual Liquid-Liquid
Phase Transition of PAMAM-OH in

Aqueous Mixtures
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3.1. Introduction

In this chapter, the phase behavior of aqueous solutions containing the hydroxyl
functionalized PAMAM of forth generation (PAMANDH, G4) will be experimentally and

theoreticallyinvestigated.

Due to the hydrophilic nature of the hydroxyl surface groups, this dendriperdcted
to be preferentially hydrated in aqueous solutions. Thus, LLPS is not expected to be observed
in water but it may be observed in the presence of saltim@gents as described for proteins
and polymergSection1.6). Our exploratory experiments confirm that no phase separation
occurs in water. Furthermore, no phase separation was observed in the presence of sodium
chloride, amild saltingout agenticcoding to the Hofmeister seri¢see Sectioi.6). On the
other handye foundthat LLPS can be induced in the presence of sodium sulfate, a stronger

saltingout agent.

LLPS occurred at ionic strengths of the order of one or higher. At these high ionic
strergths, the saltingut action of salt ions on the somewhat positively charged dendrimer
macraions is not expected to be related to electrostatic interactions but rather to dendrimer

preferential hydration.

In our experiments, the composition of the terndepdrimersaltwater system is given

by the dendrimer volume fractioh,, and salt(sodium sulfate)molar concentrationC,.

D )
Here, we will characterizahe effect ofsodium sulfate on the phase behawwbPAMAM -
OH aqueous solutions by characterizimgp thermodynamically independent properties of

the phase boundaryl) theLLPS temperaturd , as a function of; and/;, and (2) sak

dendrimer partitioning between the two coexisting phases at constant temperatg. (25
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To support our experimental findings and develop a model describing the observed
behavior, thermodynamic and transport propertieefary dendrimesaltwater solutbns
were also characterized usitigC, DLS and a dendrimatye binding spectrophotometric

assay

3.2. Effect of Salt Concentration on LLPS Temperature

We have experimentally characterizBgas a function o at several values df;.

Interestingly these experiments revealed a peculiar temperature behavior. SpecificBify,
switches from being induced by lowering temperature to being induced by increasing
temperature as salt camdration increaseand dendrimer concentration correspondingly

decreases

In Figure 14 (A, B), we report two representative turbidity profiles obtained at low
(Figure 14 A) and high Figure 14 B) salt concentrationAs we can see, at low salt
concentration LLPS is induced by lowering the temperature while at high salt concentration
it is inducedby increasing the temperatutaterestingly, these experiments show that LLPS
switches from being induced by cooling to being induced by heating as the salt concentration
increasesThus, this phase transition exhibétfower and upper critical solution temperature

type behavior.
From theturbidity profiles we obtained the correspondeny, for the corresponding

sample.In Figure 15 (A,B), we report our paseboundary,T  (C,), results obtained at

relatively low (A, 0.30.5 moladii) and high (B, 0.71.2 moladi) salt concentrationghe
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numbers associated with each curve identify the corresponding afalye The solid lines

are linear fits to the experimental data a function ofC, at several constant dendrimey.

In all casesT, was found to strongly depend on salt concentratiofigure15 (A, B), the
T,, curves associated with coolingnduced and heatinduced LLPS havepositive and

negativeslopes respectively. Since the twghase domain is located below a givign curve

in Figure 15A, a positive slope implies that the {wmse domain increases with salt

concentration. On the other hand, the-ptase domain is locatedate a givenl, curve in

Figure 15B. This implies that the twahase domain increases with salt concentration if the

slope is negative.
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Figurel4. Normalizedtransmittedintensity profile corresponding Bosample at (A) lovgalt

concentration {, =0.28 and C, =0.38M) and (B) highsaltconcentration {, = 0.04€ and
C;=0.98M). The LLPS temperaturd,, , was identified as the temperature at which a

sharp decrease in intensity is observed.
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Figurel5. Tyn as a function of salt concentration at several constant dendrimer molar

fractions. The numbers associated with each curveifgehe corresponding value df,.

The solid lines are linear fits to the experimental data

Experiments in a narrow range of intermediate salt concentrations revealed that the

turbidity of initially homogenous samples was foundncrease by both cooling and heating

as shown irFigure 16. This behavior, which implies thd, (C;) can assume two values at

the same salt coeatration, could of the detected only in a narrow range of salt

concentrations due to the steepness offfC;) curves. In SectioB.9, we further explain

the observed thermal behavior by using our thermodynamic model.
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3.3. Salt-Dendrimer partitioning.

At a fixed temperature, LLPS yields the formation of two coexisting liquid phases with

compositions (C,/ V) and (C!",/!") for phases | and I, respectively. We have
experimentally characterized these compositions aC2®ui results are reportedTiable 1
together with the corresponding partitioning coefficients defined as

(n 0]

1C, , C"$C!
n n (“) n (I)

! D D $ D

(3.1)

The negative values dfCg /" / reflect a saltingput mechanism.Specifically, the

preferential hydrationf both solute components leads to-siah (1) and dendrirar-rich (II)
coexisting phasé&’. Turbidity experiments revealed that the separated coexisting phases

display opposite temperature responses, consistent with our results reported in B2ction
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Thus, this phase transition exhibits a simultaneous lower and upper criicdiors

temperaturaype behavior.

Tablel. SaltDendrimer partitioning parameters atZa

CY rmofim® /¥ CY ymofuim® /P (1C /1)) rmofdm®

1.01 0.030 0.36 0.36 -2.0 0.25
1.19 0.038 0.33 0.35 -2.8 0.34
1.47 0.031 0.31 0.40 -3.1 0.32
1.66 0.003 0.18 0.52 -2.9 0.26

Our values ifTablel can be used to estimate the critical dendrimer volume fradté%n,
This was obtained by the linear extrapolation(/df +!%")/2 to |/"" 10 "*$ 0, with
1 =0.325 (Ising exponent) and =0.5 (meanfield exponent).In Figure 17, we plot
(!V+1)/2 as a function of! " 10 " where alinear extrapolation t¢ i’ " /0 {*=0
yields estimates of thé ¥ value We estimate that¥is between0.15and 0.18, which
correspond t@ salt critical concentratiorcg), ranging from 0.6 to 0.7 moladmSimilarly,
we have also used ti{¢C, /! “) values to etract the limiting partition coefficient at the
critical point, (! C;/!",), . In Figure 18 we plot(! C,/! ",) as a function of! " " 1 0 "%,

Linear extrapolation tg ¢’ " /¥ f*=0 yields estimates of! C,/! "), . Since(! C,/! ")
ratios show an error 0$20%, the corresponding extrapolation error is also large. We

estimate(! C,/!",), to be in the range betweed and-2 moladri,
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3.4. PAMAM -OH Dendrimer Diffusion Coefficient

The peculiar temperature behavior of this phase transition may be causeditgyusait

conformational changes inlekible dendrimers such asARIAM. To examine this

hypothesis, we determined the dendrimer hydrodynamic raljusit both low and high salt

concentration by measuring the DLS dendrimer diffusion coefficentas a function of .
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At /' =0, D becomes the dendrimer traaiffusion coefficient,D,, and the Stokes

Einstein equatiofsee Eq.(2. 9)) can be appliedwith / being the known viscosity of the

saltwater systerf*

Figure 19, shows theinverse of thenydrodynamic radius(6! " D)/ kT , as afunction of

! at low (0.4 moladri?) and high 0.95 moladr?) salt concentrations and two

D
temperatures, 25 and 37 jC. Experimental data were examined accordiug (& 15),

which was rewrittern terms of dendrimer volume fraction

D=D,d+k,!,) (3.2
The intercept,D,, and the normalized unitless slopk,, are obtained by applying the
method of least squaresd they areeported inTable 2 together \ith the corresponding

values ofR . In all cases, the hydrodynamic radius was found to be 2.6 nm within the
experimental error. Thus, salt and temperatcinangeshave no appreciable effect on
dendrimer size.

We now turn our attention to the valueskgfin Table2. Since these are positivelat
salt concentration, dendrimdendrimer interactions amepulsivein these conditiort8®*%
On the other hand, becomes negative at high salt concentration. This indicates that

dendrimerdendrimer interactions become moreractive as salt concentration increases,

consistent with the saltiagut mechanism. ITable 2, we can also see that the effect of

temperaturen k; is small.
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Table2. DLS parameterior PAMAM-OH.

C, /molam® T/iC D, /10%n’&® ! /10°%gan’&" R /nm ks
0.044 25.0 0.0920+0.0010 0.909 2.61+0.03 1.8+0.4
0.949 25.0 0.0615+0.0006 1.357 2.62+0.03 -11.6x0.4
0.044 37.0 0.1236+0.0014 0.706 2.60+0.03 1.8+0.4
0.949 37.0 0.08520.0009 1.048 2.54+0.03 -12.7+0.4

3.5. Dendrimer-dye binding

We also characterized the effect of salt concentration on the binding affinity of dendrimer
to phenol bluesince it is possible to havesadrimer conformational changegthout having

large changes in dendrimer sizZ@henol blue is a dye that has been shown to tond
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PAMAM dendrimer$®**?2 This dyepossesses an absorptimend with a maximum at 646.5

nm in watet*>. However, a the polarity of the dye environment decreatiesintensity of

the absorbance at 646.5 nm correspondingly decreaBess, the binding of dye to
dendrimers will reduce the absorbance at 646.5 nm due to its less polar properties. Since
dendrimer cavity accessibility and surface properties are expectédrgecin the presence

of conformational changes, we expect that the dye spectrophotometric properties be sensitive
to these changes. Our resultsmigure20 show thadendrimerdye binding occurs. However,

no appreciable change in absorbance is observed as salt concentration increases. Thus, oul
experimental results are consistent with salt having no appreciable effect on the dendrimer

conformational state.
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Figure20. Absorbance of phenol blue as a function of salt concentrafignmeasured for
freshly prepared solutions (open circles) and after 24 hours (solid circles) at room

temperature at j =0.02C (solid circles, dydo-dendrimer molar ratich 694.0°). The solid

lines are linear fits through the data. The open and the solid squéres @t representhe

absorbance of the dendrimieee solution measured for a freshly pregghsolution and after

24 hours, respectively.
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3.6. Thermodynamic model

In this section, we develop a thermodynamic model that can be used to describe the phase

behavior ofternarydendrimersaltwatersystemsFor the purpose o€larity, we shall focus
on the mainaspectsof the modelin this section and skip some technical detallsmore
comprehensivadescription of this model is reported as Sect®iO at the end of this

Chapter

Our thermodynamic modelssume that dendrimershave a globular compact
conformational state consistent with the presence of a strong saltiregent. For these
globular particles, the haigpbhere suspension was chosen as the retergygtem in the
proposed mod&l®>. As we describe in Sectidh5, our goal is to identify an equation of state
for the dendrimer particles, which can be then used to compute the Lluia8aog.In our
case we add anenergyterm to the equation of state for hard spheres. This extra term
describes an energetic contribution due to dendraeedrimer interactions. Our ITC

experiments (see secti@/) confirm this energetic contribution.

In Section1.6 we also describedhé effect of salt on globular macromoleculsingthe
preferentialhydration formalism based on the existence of two dorfdil§ Since
dendrimers iteract with the salt and water molecules in their vicifutithin a distance of a
few ) , the concentration of salt in the local domain is different from that of the unperturbed
bulk domain. If dendrimer preferential hydration occurs, the salt concentratithe local
domain islower than that of the bulk domaiwhich corresponds to saltingut conditions.

Thus, the local domaiwill consist of dendrimer particles and their adjacentdsgiteted
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agueous layer. For strong saltiogt agents such as sath sulfate, the salt concentration in

the local domainan beconsideredegligible.

The existence of the salepleted layer increases the chemical potentitie@fdlendrimer
by an amount that is equal tfee reversible work performezbainst salt osmotic pressure in
order to maintain salt ions outside the local domain. The presence -obgkdted layers
favors LLPS because the contacts between macromolecules reduce the overall volume of the
local domain, thereby reducing the workntitbution to the macromolecule chemical

potential.

According to the twalomain model (see Sectidn6), the thermodynamic properties of
the salt in the bulk domain are the same as those of a binarywaselt reservoir in
equilibrium dialysis with our deairimersaltwater system through a membrane nor
permeable to the dendrinf&f*'’. The pressure difference between the ternary mixture and
the binary reservoir is the osmotic pressure of the dendrimer particles. It can be then shown

that (seeSection3.10 for detail$:

p=py ! @ " +" AP (3.3
where p! "V /RT , p,! " V,/RT , and p,! " V,/RT are the unitless reduced
pressure parameters is the osmotic pressure of the dendrimer particles,is the
corresponding contribution in the absencéwlk domain,! . is the salbsmotic pressure of

the binary reservoifand thebulk domair) in the ternarymixture andv, =11.7 dmanol is
the dendrimer molar volumi& Note that! is the volume fraction of the bulk domain with

NGNS
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The salt osmotic pressure contributign, can be related to the knowemperature

dependent osmotic coefficien(C;,T) using?”

ps=!,"#(C,T)C,/C, (3.4)
where! "V, /V,, =645, I =3 for sodium sulfateC,, is thewater molar concentration in
the binaryreservoir At a givenC;/ C;V, the salt osmotic coefficient lsnown to increase
with temperature for sodium sulfaié the salt molar concentration in the binary reservoir is

C., then the salt concentration in the ternary mixtur€4s= C_!" (#,,T).

For asuspension of identical hard spheres with volume fractignthe bulk-domain
volumefraction / (' ,,T), can be described as theobability of a successful insertion af
distinct testhard spheravith radius equal to the thickness of the sipleted laye(local
domair). This implies that’ (' ;,T) can beobtained from the excess chemical potential of
the test particle(" RTIn/) (see section3.10). We choose th temperaturéndependent

expression of obtained fronthe MansoorCarnaharStarlingLeland equation of stateif

a binary haresphere mixturg®1%°

I=(1"#)expg A$, " BS,”" C$,°+ DIn(l+$,)( (3.5
where! " # [(1$#), A! 3q+60*" o, B! 3g°+4qg°, C! 2¢°, D! 39°" 2¢9° andq is
the ratio ofthe thickness of the salepleted layer to the particle radius. In the limit of

! " 0, the volume fraction of bulk domain is given by=1" (1+ q)3#D. As ! _ increases,

D D

particleparticle contacts reduce the volume of the local domahjch implies that
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I d® | d#? is positive. The parametey, characterizes the strength of the sattog

interactions in our model.

For the osmotic pressure for the dendrimethe absence dfulk domain we propose the

following expression:

" e #
Po :£1+b-/D +R_T/ D %D (3.6)

where the first term in parenthesis represents the ideal contribution to osmoticgvese
b(’,) ande(! |) are temperatursndependent functions describing the steric entropic term
and the energetic contribution of dendrirdendrimer interactions, respectively. The

expression foib(! ;) was already stated in Sectiab (see Eq(1. 22)). The quantitye(! )
can be linked to the excess internal enelgy, of the dendrimer particles the absence of
bulk domain. This will be desibed by introducinghe intensive property, ;" UV, /V
whereV, =11.7dm*!mol™ is the dendrimer molar volumandV the total volume.The

thermodynamic link betweeh (") and &’ ) is given by:

Fo=",¢&",) (3.7
whereé(! )" j:gi"[’e(x)dx, with x being the integration variable a®f0) =0 (see Section

3.10for details).
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3.7. Excess internal energy

The excess internal energy associated with denchd@edrimer interactions can be
obtained from measurements of heat associated with the dilution of the dendrimer particles
(see Figure 21). Specifically, we have measured the differential heat associated with
consecutive injections of concentrated dendrimer solutions (titrant) into an initially
dendrimesfree solution (titrand). Since thproposed model does not take into account
electrostatic and pH effects associated with the dendrimer net charge abdsecgroperties
of the tertiary amines, we have used a buffer agueous solution with pH=7.0 and an ionic

strength of 0.14 instead of muwater as the titrand.

"#$%&"
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Figure21. Scheme describing the dilution process from the dendrimer volume frdcgtion,

o

(left) to ! | (right) occurring inside the ITC cell.
D

As it can be sen from the dilution power peakseeFigure22), and the corresponding
values of differential hea{seeFigure23) in dendrimer dilution is an exothermic proceAs.
dendrimer concentration decreases, dendrue@drimer contacts correspondingly decrease
thereby increasing the average exothermic hydration per dendrimer pattisl@nplies that

dendrimerdendrimer interactions are endothermic.
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Figure22. Representative ITC Powé&me profile associated with consecutive injections of

titrant solution (g =0.19)) into the titrand solutio inside the ITC cell.
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Figure23. Differential heat, extracted from the shown powime profile as function of
dendrimer volume fraction inside the ITC céll,, after each injection. The solid curve is a

fit through the data baseuh (2. 38), (3. 8), (3. 11).

The cumulative hea¥_ Q/V in Eq. (2. 38) (see Sectior2.3.4) is linked b ! by

applying
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V !
2R = )# 12 4(9) @

/0
"D

where/? is the dendrimer volume fraction of the titrant solution, dpe</ ] is the

dendrimer volume fraction inside the ITC cell after a given titrant injectiwie that a
simple extrapolation of differentidleat values to/," O give estimates of ,( 7).
However, to extract accurate energy valtresn our ITC dataan analytical expression of

/ , in EQ.(3.8) is needed.

We start by linkinghe excesiternal energy to microscopic propert{gee Sectiol.5)

by using

I\ZI\D/ 4! r)u(r)g(r) dr (3.9)
0

U, =
where u(r) is the pairwise partickparticle potential energy;, is the particleparticle
distance andy(r) is the corresponding radial distribution funcfitin(see Sectior8.10 for
details) It follows that !

5 isgiven by

n 2
/] =—__D
"D

VD

$
%jzu(r)g(r) dr (3.10
In our case, we examine the accuracy of two simple expressiay@ passociated with

the two limiting cases of infinitely long and infinitely short range of interactimisg the

observed dependence 6f on/,. Using Eq.(3. 10), we have first examined the Valer
Waald® limiting expression off , ='# _?, obtained by setting(r) ! 1in Eq.(3. 10), where
/ is a constant energy parameter (positive for repulsive interactions). HoweveT,Cthe

experimental dependence 6f on/, was found to be appreciably stronger than that
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predicted by this simple quadratic expression. A more accurate representation of our ITC
results is achieved by considering the range of dendidi@edrimer interactions as infinitely
short. In other words, we assume that dendrimer dehydration occursviogty dendrimer

particles are in close contact. To obtain the corresponding analytical expresgign \wé

setu(r)=/V,"(r#$) with r! ", where’ is the particle diameter, is the energy
$
parameter and (r #” ) is the radial Dirac function witd/ &r”’ (r% )dr =1. Forg(r)in

Eqg. (3. 10), we take theCarnaharStarling contact valuef g(! )= (1" #,/2)/ (1" #,) %%

Thus Eq(3. 10) becomes:

n # n n
I ( D):gb( ) (3.11)

and, consequently,

!
U,=N=Db" (3.12)
8
The expressions of ,( ;) and/ ,( J) given by Eq(3. 1) are first inserted into E¢3.
8). The resulting expssion forV,Q/V is then inserted into E@2. 38) so that a value of

and’/ ,( J) can be determined for a given ITC experiment. As we can s€abie 3, the

values of/ are in good agreement with each oflibereby supporting the validity of E.

11). A unique value of is obtained by applying the method of least squares based (B Eq.
11) to the/ J( J) data inFigure24. We obtain:/ = (19.9t0.3) kJ anol™*, which corresponds

to / /RT=8.0+0.1 at 25 ;C.
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Table3. ITC parameters at 25 jC

I I/kJmol™  w, /kJanol™
0.103 18.1 0.127
0.130 18.8 0.227
0.173 20.6 0.500
0.191 19.8 0.612

*s 'Ill :

N g |
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= 1" |-

;!Il$ r
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Figure24. Reduced excess internal energdy,, as a function of 3. The solid curve is a fit

through the data based on 8}.11).

3.8. Binodal Curve for PAMAM -OH System

The experimental LLPS propertias25 jC are described bynaisothermal curve in the
(Cs./,) phase diagram known as the binod&k extractthe experimental binodal at 25 jC

by interpolating the turbidity datin Figure 15. The correspondingexperimentaldata are
shown inFigure 25. We then construct a theoretical binodal starting from the equation of

state discussed in SectiBb. After inserting Eq(3. 6) into Eq.(3. 3), we obtain:
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1 n
p:(1+b!D)!D+§RT

(b+b# ) 2$ (1% %+! 948 pg (3.13
with (/) =(" /8)(b+ #_) , from Egs.(3. 7), (3. 11). The corresponding expression for
U’ (1" 1)/ RT, where g is the dendrimer chemical potentighe effective chemical

potential &, in Section1.4) and (5 its standard value, is obtained from E§. 13) by

applying the Gibb®uhem condition?, (" /" /), =("P/"/ p)+1 !

1 n
=(Inf  +B+b! )+
H=nfo ) SR

(2b+b# )!  $ %8, (3.14)
where b(/ )" # b(x) dx.

To construct the theoretical binodgljn the expression of is left as the only parameter
to be varied. For a given value @f the theoretical binodal is calculated in the failog

way. We start from a value gf that is just high enough to produce a imanotonic
behavior ofp(/,) and (/). At this value ofp;, we numerically determine the values of
/9 and /" that satisfy the equilibrium conditiong(/9) = p¢ ") and (! 9) = u(?$").
This procedure is then repeated for higher valuespof The corresponding salt
concentrations are obtained by first extract@igfrom Eq. (3. 4) and then applying
cV=cy/ (9)yandCl =C,/ (¥). The compositions of the two coexisting phases,
(C,79y and (C",/V), are connected by tie lines (solid linesFigure 25). The critical
point is calculated by the linear extrapolation(4f +/ ")/2 and psto | " #"0 '/ $ 0,

where / =0.5is the appropriate exponent for this model.
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Figure25. Binodal data,/, as a function ofC,, for the dendrimesaltwater system at 25 ¥4C

(solid circles). The solid curve is the theoretical binodal With0.35. The solid lines are the

corresponding calculated #imes. The dashed curves on the left and right sides are
theordical binodal withq =0.40 and g =0.3G, respectively. The open diamonds represent

the location of the critical point for each binodal curve.

As g increases, the theoretical binodal curve horizontally shifts towards lower salt
concentrations, together with the critical salt concentra@jfi, This reflects the increasing
strength of the saltingut agentAs shown inFigure 25, the theoretical binodal is in good
agreement with the experimental data whgs 0.35. Correspondingly, we obtain
C® =0.63moladrit and /@ =0.17, in good agreement with our experimental findings (see

Section3.3). The proposdé model also predicts the experimental slof&, /" / at the

D)T’
critical point. We obtain("Cg/" /), =#(2.4+ 0.1 moladn?® by fitting our experimental
data inFigure 18 around the critical poinfseeSection3.3 for details), which is in excellent
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agreement with the value &®.37 moladrit calculated from the model wit)=0.35. Thus,

the proposed ongarameter model can preditivo features of the binodal that are
thermodynamically independent of each other: the location of the critical point and the
boundaryslope around the critical point. However, some deviation between the experimental

and the model appears at salt concentrations arbamrdoladr.

The slope,("C, /" / at the critical point also represents the limiting value of the salt

D)T’

dendrimer partitioning coefficient,C, /" /,, at this pit as discussed in Secti@B. It is

important to note that the value obtained from the turbidity data is in agreement with that
obtained from partitioning data within the experimental error. Furthermore, these salt

dendrimer partitioning data can bealssed to extract values qfby applying the condition:

L CYo_ Y

ST WETEL

The calculatedy values, which are also included in Table ae comparable with

(3.15)

g=0.35and range from 0.25 to 0.34These variations can be attributed ttee large

experimentaérror associated with the partitioning coefficient3 ablel.

Finally, we have alsased our thermodynamic model ¢xaminethe behavior of the

DLS diffusion coefficientIn the limit of /" 0, D can be written as

D=D,[1+(k, +kJ)! ] (3.16)
where k, and ks are two parameters describing hydrodynamic and thermodynamic
interactions, respectivef§™'? Since ("p/" /;); , =1+kJ , in the limit of /, " 0, Eq. (3.

13) yields
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/
K =8+——§"
s kT$ #O) s (3.17)

B

with 7 "(0)= (12+ 1%+ & +q’ )q’. If we assume that the hydrodynamic parameker, is
independent of salt concentration and temperature, and set the vatyeatdf, =0.05
moladm®and 25iC as the reference, the agreement of the other valuesiofTable2 with
theoretical predictions is achieved whgr 0.33. When, instead, we set=0.35, the
predicted value ok, at C, =0.95 mo&m*® is about 20% lower than that reportediable?2.
This is still an acceptable result considering that we have approxirkatad a constant.

Our model also predicts that the temperature dependercei®fsmall, consistent with our

findings (seeSection3.10 for detail$.

3.9. LLPS Thermal behavior

We now examine the anomalous temperat@sponse discussed in Secti8B. The
observed thermal behavior can be thought as the net resuliezfsatwo thermodynamic

factors of comparable contributiofbut with opposite temperature responses. Thus, a
quantitative prediction of the behavior B (C/ ) is difficult to achieve. However, our
model can be used to understand the two main features of LLPS: 1) LLPS switches from
being induced by cooling to being induced by heating Casincreases and/,

correspodingly decreaseteeFigure 14 and Figure 15) and 2)the existence of a maw
composition domain in which LLPS can be induced by both increasing and decreasing

temperature (seéigurel16).
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According to Eq.(3. 3), p,. p; and/ are the three quantities regulating the
thermodynamic behavior of the ternary dendris@ikwater system. The first quantity,, ,

describes the net dendrirm@dendrimer interactions in the absence of bulk domain. Since our
ITC resuts show that dendrimatendrimer interactions are endothermic, dendrmer

dendrimer repulsion decreases as temperature increases. The second gJadtscribes
salt thermodynamic neideality. According to osmoticoefficient dtal?’ p, increases with

temperature at a any given salt concentration. Thus, the salt effectiveness in inducing LLPS

increases with temperature. Clearly, the thermal behavior of potAnd p, indicate that
LLPS should be induced only by heating. While this analysis is in agreement with the
experimental behavior observed at I8y, it fails to predict the thermal behaviobserved at
high /,. To address this aspect within the framework of our model, we assume that the
parameter in the expression of increases as temperature decreases. This implies that the
saltingout strength of salt increases as temperature decreases.

As a numerical example, we compute the binodal at three representative temperatures,
25, 15 and 5C. In order to reproduce our exfreental findings, the valuesf q(T) are
taken to bé.3500, 0.3544 and 0.36@4 25, 15 and 5C, respectively. IrFigure26, we plot
/.1 ) as a function ofC,, where/ {F(C,) represents the binodal curve atiZ5set to be
the reference. The three relative boundaries are shown in this figure with thgiCabeig
located & /,"/ '# 0. Points below and above a given boundary correspond to

homogenous mixtures and biphasic systems at the boundary temperature, respectively.
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Figure26. Calculated relative binodal curves, "/ (¥, as a function o€, where! %’

represents the binodal at 25 jC. The numbers associated with each curve identify the

corresponding value of temperature. The valueg @r the binodal curves at 25, 15 and 5

iC are 0.3500, 0.3544 and 0.3604, respectively.

According to the computed curves, a point on thg@%inodal atC, ! 0.3 mokdm
represents a homogeneous mixture at@5but a biphasic system atj&. On the other
hand, a point on the same binodalGat! 0.8 moldm* is associated with the opposite

thermal behavior. This is in agreement with our experiment resuligure 14 and Figure

15. Moreover, note that the binodal at {5 is located above the other two binodalsew

C,!050.6 moldm®, Thus, at these intermediate salt concentrations, a point slightly below

the 15jC binodal represents a homogeneous mixture aCligut a biphasic system at both 5

iC and 25C. This is in agreement with ttieermal behavior illustrated figurel6.
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The proposed model successfully predicts that coatidgced LLPS occurs at high, .
This can be understood lecognizing that an increase m favors LLPS. Thus, we
examine the dependence pf on temperature at consta@t based on the observation that
ps is directly proportional to' "C; (see Eq(3. 4)) with C; =C.// . If / is independent of
temperature p, increases witil' due to the correspondingcirease in the salt osmotic
coefficient,’ . In these conditions, LLPS can be only favored by heating. Howeverisifa
function of temperature, then the corresponding temperature depende®céabtonstant
C,) will also contribute to the behavior @f. In our numerical examplé, increases with
T, thereby implying thap, may decrease &k increases if the temperature dependence of

!/ is sufficiently strong. In these conditions, LLPS will be favored by cooling. It is important

to remark that this efict is expected to prevail at relatively high Indeed, according to the
proposed model, LLPS is expected to be always favored by heating at sufficiently low

since/ becomesndependent of temperatuirethe limit of /," 0;i.e.,/ " 1independent

of q(T).

3.10. Theoretical details on the Thermodynamic Model

According to the twalomain model, the salt thermodmic properties in the bulk
domain are the same as those rofrdinitely large binary saltvater reservoir in equilibrium
dialysis witha ternarydendrimersaltwater mixture of volume,V , through a membrane not
permeable to the dendrimer particlegeFigure 27). The thermodynamic properties of the

reservoir are fixed at constant temperature. We éetiat pressure difference between the
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two compartments als . This pressure difference between the ternary mixture and the

binary reservoir is the osmotic pressure of the dendrimer particles.

Figure27. Scheme of equilibrium dialysis with two compartments separated by a membrane
(dashed line). The left compartment contains the dendrimer particles (large blue circles) and
salt (small red dots) while the right compartment only containsigatblue backgmund is

water. The membrane is only permeable to salt ions.

To determing , we treat the dendrimer solution as a suspensiddoflendrimer gas

particles (see Sectiorl.4 and 1.5). The corresponding canonical partition functi@n, is

given by

1"q ¢ 0)‘; (W(r)/k.T
=—— g, dre B 3.18
Q ND!ﬁ! A \) (3.18

where ! | is the thermal wavelengtlg it the particle internal partition functiom,

D

collectively represents th8N, spatial coordinates of thBl  particles andw(r) is the

potential of mean force, which is given by

W(r) = w, (r) +w(r) (3.19

wherew_(r) is the potential contribution associated with dendriderdrimer interaction

in the absence of bulk domain, wity (! ) =0, where @O denotes that all partigarticle
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distances are infinitelyarge. The remaining contribution in E. 19), w_(r), describes

the effect of salt on dendriméendrimer interactions. Using Ed8. 18) and(3. 19), Eq. (3.

18) can be rewritten in the following way:

Q:QD <e! st(r)/kBT> (3.20)
with
1"¢q X O/SID W (1)K T
=g dre " 3.21
Q L] A \2 (3.2
and

ngr e! WDD(r)/kBTe! Wog(r)/KgT

| W (r)/kgT \
<e > = ngr g Yok (3.22
\
The osmotic pressure of the dendrimer particles is given by
n #III e) WDS(r)/kBT &

#'1InQ& n< >

P =K, Top— =l +kT% . (3.23)
B %o v (T’N D~ Mg %’ Y, E

T,N

where! [ =k, T("InQ,/"V); -

D

We start by considering the osmotic pressure of the dendrimer particles in the absence

bulk domain (v, =0). Here, we propose the following type of equation of state:

b ov, # e , &
DD - +bu + n " 324
kT ot ol (5.29

wherev, is the particle volume and the first term in parenthesis represents the ideal
contribution to osmotic pressurahile b(/ ) and (/) are temperaturéndepemnient
functions describing the steric entropic term and the energetic contribution of dendrimer
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dendrimer interactions, respectively. The expressionb(df) is obtained from the

CarnaharStarling equation of state for hard sphegsee Eq(1. 22)). Expressions for related

functions are reported below:

db 10#4/
bl ! n : D
( D) d!D (1#!D)4 (3.29)
d’b 36#12
ny n — D
b"(/ ;) y D2 (1#-’0)5 (3.26)
‘o 4$3
B )" dx= Dy 3.2
(/5) ?O(X) X A/ y (3.27)

The quantitye(! ;) can be linked to the excess internal enaigthe dendrimer particles,

U,, in the absence of bulk domaiimhis quantity willbe described by introducing the

D!

intensive property,
e VAVAYAY (3.28)

This can be obtained by first introducing the excess internal energy using,

"dr WDD(I’)e! Yoo (") e
— -V
( lD = <WDD(r) >=

"dre! WDD(r)/kBT (329)

\%

To obtain an expression faf , we apply thermodynamic relations starting from the

D!

expression of _ in Eq.(3.24) and derive an expression for the Helmoholtz free enefgy,

D

| gD o>
F ! R S AL P .30
NkT 77 k,T
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whereZ! v " _/(# k,T) is the compressibility factog! #De(x)dx (x is the integration

variable) and F{"” are theideakstate Helmoholtz free energy. The excess internal energy is

then obtained from:

AR, EO)ITE

U =Né
D éo L(1/T) ‘o (3.31)
From Eqgs(3. 31) and(3. 12) we can also derive:
b1 4° 1.
! # e(x)dX—é$b o (3.32
— 1, UL
e—é. (b+Db"#,) (3.33)
de 1
1" —— =—$(2b! + b # :
e o 8$( ) (3.34)

D

To obtain an expression for the second term on the right side (3.28), an expression

for w((r) is needed. This is obtained by assuming ademain model. Each particle is
surrounded by a sattepleted local domairy, . When particles are far from each other, the
total volume of the local domain has its maximum valu& ¢f )=Nv, . In general, we
haveV (r)<Nv_due to presence of partigharticle contacts. The remaining space

occupied by the system is represented by the bulk domain with volymeThis second

domain is assumed to be a homogeneous binarasdt solution with the samaternal

composition of that of the reservoir. Due to the presence of the salt component, the change

from a generia to! results in an increase W (r) and corresponding compressiohthe

bulk-domain volume. This decrease in volume is given [Wy(r)! V. ( )] . The
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corresponding positive work performed by the dendrimer particles on the bulk domain is
LSV (#)$V, (r)], whereTly is the salt osmotic pressure associated with the bulk domain
(and the reservoir). If this is the only mechanism of action of salt, we can write:

Wy (r)==1II - [Nv, =V (r)] (3.35)

We now introduce the ensemidgerage locatlomainvolume:

"dr VL (r) el wDD(r)/kBT

_ ¥
<VL>_

=1 #)V (3.36)

"dr e' WDD(r)/kBT

vV

where! is the corresponding bulfomain volume fractionThe ensemblaverage of

w,.(r) is then given by

<W(r)>=-TII,-[Nv - (1-a)V] (3.37)
To link Eq. (3. 37) to EqQ. (3. 22, we now make thefirst-order (mearfield)

approximation:

ln<e! Ds(r)/kBT>:| <WDS(I')>

et

which is based on the TaylorOs series expanbicne™ >= In<l—-x+x>/2+..>=

(3.39)

—<x>+(<x*>—<x>")/2+... This gives:

, I1
ln<e_‘”’s“)/k"r>=ﬁ‘[NVL_(l_O‘)V] (3.39)
B

We are now in position to write the following expressionifoistarting from Eq(3. 23:

%, ,Husl
b=t 18+ 1 #*
)T g 7Oy

o RSV

Ay (3. 40)
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As previously mentioned, an expression fqf ;,T) can be obtainedrom the excess
chemical potential o& hardspheretest particle(TP) with a radiusqual to the thickness of
the saldepleted layerSpecifically, the chemical potential ohetest particler,, is given
by

C.!_3 .
U=k TIn—T = (D 4K TIn" (3.41)
TP B " TP B

where! _ is the thermal wavelength of the test parti€e, is the concentration of the test

particle inside the system a?], /! is the corresponding concentration in the accessible

volume (bulk domain). In E(3. 46), the term representing the excess chemical potential is

1 k.TIn" .

The chemical potential dd test paticle, TP, can be extracted from thdelmholtz free

energy of a binary hargphere mixture. The Helmholtz free energy depardthe volume

fractions of TP particles, ., and D particles! ;, and the ratio of TP radiuto D radiusy.

To obtainthe excess chemical potential of the test partigle, can use the following
thermodynamic ration:
&(%F n F(Id))

+ (3.42)

# VT

V.
In/ =" —* |m(
k,TV #esol og

') is the ideal contribution of the Helmholtz free

wherev_, is thevolumeof test particlesF'
energy and is a function of/ ; andq. We choose the expression /ofobtained fromthe

MansooriCarnaharStarlingLelandthermodynamic moddbr a binary harégphere mixture

(see Eq(3.5)).
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The expressions of its derivatives)(”,)#d! /d", and! "(",)#d* /d".? are included

below:

! I & A+2B% +3C%2$D/(1+%
poo A g 4 A+ 2B% +3C9" DI %)) (3.43)
d#  1$# 1$# N
ey d2!2:$ ! :
A2 T (1$4)
(3.44)

&  ,At2B% +3C%°$D/(1+%) 2B+6Co +D/(1+%)°) ! *
( 1$#, (1$# ) M

The dendrimer chemical potentigdn be introduced throughe GibbsDuhem guation

(see Eq(1.16)) at constan and!

| #' U, & _#") & »
D%O' ( %@/D . (3.49)

After inserting Eg. (3. 24) and(3. 40) in Eq. (3. 45), we obtain

lv, # e , & PV
+b" 1) * +*' )—Sb 3.46
k T kBT D( D) @) ) kBT ( !
V $|n ! 2e+el# ! V,
=1+ (2b+ DA + 0 H xS0
k T %# 2 " ( D) D kBT D D kBT (3.47)
v, #lp & 1 2e+e’, ) WV
- =—+(2b+b" )+ ——=L2*+"5D (3,
k T%q (T’) _ o ° kg T KT
' 0 n
Ho ™ Ko :In"D+l5+b"D+éaJre o) 433 (3.49
kT kT kT
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where we have used the mathematical relatfdgﬁxf'(x)dx:!Df(!D)#f(!D) with

$ # (x) dx.
The DLS diffusion coefficient can be written(ase Sectio2.3.3)
D=D,H(!,,T)S(!,.T) (3.50)
where H(/,,T) and S(/,,T) are the hydrodynamic and thermodynamic factors,
respectively'®™’ Note thatS(/,, T)= (v / k T("# I/ ,), (see Eg. (2. 13) and(2. 14)). At

low /,, we can write:

H(/,,T)=1+k,/ , +... (3.51)

S(/p, =1+ k!, +... (3.52)
where the slopes;,, andk,, characterize hydrodynamic and thermodynamic interactions,
respectively. The hydrodynamic slopg, , is expected to be negative, while the
thermodynamic slope, is positive (negative) for repulsiv@ttractive) particlgarticle

thermodynamic interactions. From E¢3.51) and(3.52), we can write:

D=D,[1+(k, +k)¢,+...] (3.53)
If the observed slope;, =k, +k,, is positive then participarticle thermodynamic

interactions are repulsive.

The following expression foks can be extracted from EB. 47) in the limit of 7/, =0.

26(00) , Ly PV % 2 L 3
k. =2b(0)+ —=21 #™(0)—=L2=8+——1 (12+15q+6q0° + 3.54
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where p,! " v, /k,T. If we set the value of, at C,/mol dm®=0.044 and 25.0 iC as the

(R) —

reference kD

1.8 and assume thak, is independent of salt concentration and

temperature, Eq$3. 53) and(3. 54) yield:

/lll 1#
ky =k? +—o0q-$— $(12+1 $ .
K+ TR(Q( +150+ 6¢ + G )d( p$ ) (3.59)

In Table 4 (lasfour columns), we report the values kf calculated from Eq(3. 55) and

q=0.30 (k{I>*),q=0.33 (k{">%), 0.35 k{12*¥) and 0.40 k{1247

Table4. DLS parameters for the analysislaf.

/mol@m®  T/°C /KT P Ky k(@030 {0 (s j(i040)
0.044 25.0 8.0 1.28 1.8:0.4

0.949 25.0 8.0 2195 -11.60.4 7.7 -11.6 -14.2 -23.4
0.044 37.0 7.7 1.28 1.8:0.4 15 1.5 1.5 1.5
0.949 37.0 7.7 2243 -12.#0.4 -8.2 -12.2 -14.8 -24.3

3.11. Conclusions

LLPS of agueous solutions of PAMAM &2H dendrimer in the presence of sodium
sulfate was observed. To explain the experimental binodal i@ ,2& thermodynamic model,

which includes dendrimetdendrimer interaction energy ), saling-out strength of saltq)
and the available salt osmotic coefficient)(of the binary saltvater system, was developed.
The parameter was characterized by ITC so thlremains the only parameter to be

determined. It was shown that the model agrees with both the location of the experimental
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binodal and its slope around the critical point wigeno.35. The proposed thermodynamic
model also predicts that the observed unusual temperature behavior can be explaingd if

and q(T) have oppositéeemperature effects on LLPS, withT) dominating at low/, and

q(T) prevailing at high/,, .
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Chapter 4: Formation of Dendrimer
Globular Nanoparticles from

Oligomerization InducedLLPS
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4.1. Introduction

In this chapter we report axperimental investigation of the LLPS of aqueous PAMAM
NH. in the presence of sodium sulfate. Similarly to PAMAM aqueous solutions, we will
demonstrate that sodium sulfate can also induce LLPS on PAIMAsolutions. Hwever,
LLPS in PAMAM-NH; solutions is only observed by cooling. isthe previous chapter, the

composition of a ternargiendrimeBsalBwater system is described by the dendrimer volume

fraction, !

,!,, and the sodium sulfate molar concentration, The phase transition of this

systemwill be alsocharacterized by a surface in the phase diagram, representing the LLPS

temperatureT  , as a function of, andC and the dendrimersalt partitioning will be

h )
described by an isothermal coexistence curve, which gives the concent@ftidly) and

(CI,1 ) of the coexisting liquid phases, | and @ur experimental results on the LLPS of

dendrimersaltwater mixtures will bealso examined using théhermodynamicmodel

described in Chapter 3.

The main goal discussed in this chapter is to show thaGQalkendrimers can be used as
building blocks for thedrmation of dendrimer globular ngparticles through LLPS. Higls
dendrimers have the advantage of potentially hosting a relatively high number of guest
molecules. However, since the surface density of terminal groups also increases with
generation, dendmners with G7 are more difficult to synthesize due to steric hindrance.
This also promotes a pronounced backfolding of terminal groups, which causes an increase in
conformational rigidity and a decrease of cavity volume per dendrimer mass. Hence, the
loading capacity of guest molecules is significantly reduced. Thus;dodendrimers

(48G&6) are the most suitable for hagiest applications. Furthermore, their flexibility can
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lead to significant conformational changes due to external stimuli. This aspeqtoidant

for applications such as environmesginsitive hosguest binding and chemical sensing.
Thus, it is important to identify approaches that would circumvent the need of synthesizing
high-G dendrimers and will lead to the preparation of dendrimaterals that retain the
advantages of both highand lowG dendrimers. One approach is the preparation of
nanoclusters of lovs dendrimers. In this paper, we examine the use of Higued phase

separation (LLPS) as a means to induceasdembly of lev-G dendrimers.

In this chapter, we will show that the addition of a small amount of gld&dryde, a bi
functional crosslinker that mainly reacts with primary amino groups on the protein surface,
enhances LLPS due to the oligomerization of PAMAM?2 dendimers. It will be shown

that this process leads to the formation of dendrimer globular nanoparticles.

LLPS of solutions of globular macromolecules has been already employed for the
formation of crosslinked microspheres. In these experiments, a precgpitagent is
typically added to the macromolecule solution to induce the formation of macromaolecular
rich spherical droplets, a process usually denoted as coacervation or condensation. A
chemical crosslinker is then added to the resulting suspension moideversibly produce
microspheres. However, this approach yields, in general, large particles, with radii of the
order of 10 um. This is mainly related to the lag time between the formation and growth of

the droplets and the crosslinking step.

The aproach discussed in this chapter, which was developed in our laboratory, is distinct
from that used to produce microspheres. In our case, the crosslinker is added to the
homogeneous macromolecular solution to form soluble dendrimer oligomers and induce

LLPS. This approach, which we denote as oligomerizatidaced LLPS, removes the lag
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time between droplet formation and crosslinking and is therefore promising for obtainment of
relatively small spherical particles of dendrimer coacervates. As we shail #ee chapter,

the successful use of this approach requires that the macromolecular solution to exhibit LLPS
at a temperature that is different from the crosslinking temperature. We will show that
oligomerizationinduced condensation yields dendrimer glalb nanoparticles with a radius

of $ 100 nm.

4.2. Effect of Salt Concentration on LLPS Temperature

To characterize the LLPS boundary we have experimentally meakures a function

of sodium sulfate concentratiofi;, at several values oflendrimer volume fractiort,;,

using the same procedure as descrigdPAMAM-OH in Chapter 8 Our experiments

revealed thatLLPS is induced by lowering temperaturat all experimental salt

concentrationsThe ob&ined values off , are reported ifrigure28.

&# ~ S
L S S
%# Qr'{'\ 'f\b 'yv. Q:'\V é? o Q'V
[ N o S /5
B $# | N
-Q Il# |
#
!"# 1 1 1 1 1 1 1 1 1 1 1 1 1
#'( #) #* #+ # o™ "$

| .J012/30 %

Figure28. Tyn as a function of salt concentration at several constant dendrimer molar
fractions. The numbers associated with each curve identify the corresponding VigJue of

The solid lines are linear fits to the experimental data
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In all cases T, significantly increases with salt concentration. Specifically, an increment

of $0.1 moladni in salt concentration produces a corresponding increme#8®fiC in
LLPS temperatureThis is a different behavior from that observed in the case of the
PAMAM-OH system (Section 3.2) where we observed the inversion ofemperature

behavior.

4.3. Sodium SulfateBPAMAM -NH, Partitioning in Aqueous Solutions

At a fixed temperature, LLPS yieddhe formation of two coexisting liquid phases with

compositions (C?, V) and (C{",/0’) for phases | and II, respectively. We have

experimentally characterized these compositions at 25 ¥C. Our results are repatikbin
together with the corresponding partition coefficients defined "d5,/" /#
OOy W79y . The negative values of C;/' /7, reflect the saltingout
mechanism; i.e., the preferential hydraijsee Sectior3.3) of both solute components leads

to saltrich (I) and dendrimerich (Il) coexisting phases. Note that the report@dvalues,

which are higher than 0.3, correspond to an average dendtendrimer distance lower

than 4 nm, consistent with the formation of a dendrimer condensed phase in which dendrimer
particles with a radius &2 nm (see Section 3.3) are essentially intact with each other.

In other words, the dendrimer concentration in phase Il is comparable with that of crystals
and aggegates of colloidal particlé®. On the other hand, dendrimer concentration in the

saltrich phase is significantly lower /(’ " 0.01). This showsLLPS effectiveness in

removing dendrimers from their initial medium.
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Our values infableb can be also used to estimate the critical dendrimer volume fraction,
/©. This was obtained by the linear extrapolatior(/gf + ")/2 to |"%" #" 0 1'$ C, with
! =0.32%(Ising exponent) and =0.5(Meanfield exponent) (sed-igure 29). From the

corresponding plots, we found thgf =0.12+ 0.0:.

Tableb5. SaltDendrimer partitioning parameters atiZa

CY /mofdm® /0 CY ymofdm® /P (1 C /1 ",) rmofdm® 4
1.23 0.006 0.37 0.34 -2.4 0.29
1.41 0.004 0.39 0.35 2.7 0.29
1.31 0.010 0.40 0.34 -2.5 0.27
1.61 0.004 0.38 0.38 -3.2 0.31
I"$! 1! B
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Figure29. Plots of (! +/ 1"}/ 2 as a function of " #" ¥ ['*, where/ =0.32E and
/ =0.5 are the Ising (A) and medireld (B) exponents, respectively. Linear extrapolation to

| " #" U [/ = Qyield estimates of the critical volume fractiotf.

In Figure30A, we plot our experimental binodd), (C,) at T,,=25{C. This curve, which

was obtained by fitting ouf, (C;) datain Figure 28 at any given/,, to a linear equation,
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shows thatan increment of$0.1 molaim® in salt concentration reduces dendrimer

OsolubilityO by0.03 in volume fractionunits within the experimental salt concentration

range.
!II% !"%
!II$ !"$
< <
!II# !"#
" "
!Il& !III !ll #II# #II% #II& !II& !lll !Il( #ll# #Il% #II&
I +,-/,0- P8 | +,-./,0- P

Figure30. Binodal data,/, as a function ofC, for the dendrimesaltwater systenA) at
25 Y,4C (circles). The solid curve is the theoretical binodal/wiliT = 25 (/ =62 kJ#mol*)
and g =0.41E. Thethreesolid lines are calculata@presentativéie-lines. Thecross

represergthe location othe critical point The dashedine crossing the critical point
describes the experimental slope at the critical @oidt(B)at four representative
temperaturesy(YaCsquares; 3 YaCdiamonds; 8 YCeircles 35 YCiriangleg. Moving from
left to right, hefour solid curves aretheoretical binodaturves calculated by setting=
0.4375 (5/4Q; 0.4250 (15/(; 0.4150 (25/¢and 0.4050 (3%, respectivelyThefour

crossesepresent the location of tleetical poins.

By fitting the binodal data inFigure 30A to a linear equationthe salt critical

concentration ofC® =(0.9+0.1) mol!dm® is obtained We have also extracted the

corresponding slope#C, / #/,), =" (3.45+ 0.16)mol$dm °. This slope also represents the

10C



limiting partition coefficientat the critical point and is comparable withe values of

"Cs /" !, in Table5, which range betwees.2 and-2.4 mokdmi.

To theoretically describe LLPS, we consider the thermodynamic model described in

Section3.6. In Figure30A, we include the binodal calculated using the valueq ©D.41%
and !/ RT =25 (! =62kJ"mol*™). These were chosen to match both the locatiothef
experimental binodal in the phase diagram and the experimental (5[0pe “,),. The

calculated value of © =0.111is consistent with our partition results within the experimental

error. The positive value of, which corresponds to endothermic dendrhuiendrimer
interactions, is in qualitatively agreement with keftlilution experiments by isothermal
titration calorimetry at 25C. However, the quantitative analysis of our calorimneatata was

hindered by the presence of multiple concurring energetic events (see Seattipn 4

In Figure 30B, we plot four experimental binodals at the represemtdémperatures of
T,,=5, 15, 25 and 3%C, respectivelyLinear fits through turbidity data were used to extract
binodal data at these four representative temperatisemperature increasele binodal
shifts towards higher salt concentration. In this figure, we have also included theoretical
binodal curves extracted from the thermodynamic model. To reproduce the experimental
trend, the value of] was decreased asnperature increases while the vabfe/ was kept

constant. Thus, the observed thermal behavior of LLPS is explaydtie increase of

saltingout strength of salt as temperature is lowered.
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Note thatq for PAMAM-NH; is predictedto increase as temperature is lowe(sde
Table6). This change is about twiold larger than that calculated for PAMARIH (Figure

26). This describes why LLPS for PAMAMIH, occurs by cooling only.

Table6. Values ofg for PAMAM-NH, and PAMAM-OH at diferent temperatures.

T/'C  qPAMAM-NH,)  q(PAMAM-OH)

5 0.438 0.360
15 0.425 0.354
25 0.415 0.350

4.4. Effect of crosslinker concentration on LLPS temperature

In the previous sectignve have shown that LLPS of a dendrimer aqueous system can be
induced in the presence of sodium sulfate. In this section, we examine the effect of dendrimer
self-association on this LLPS. Specdlly, small amounts of glutaidehydewere added to
dendrimersaltwater mixtures to induce dendrimer oligomerization. sThifunctional
crosslinker binds to the terminal amino groug of our dendrimer thereby producing
dendrimer soluble oligomers, with the oligomer size increasing with crosslinker
concentratior(see Sectiod.5). To verify that the crosslinking reactioseaches completion,
light-scattering intensity was monitored as a function of time. Our -$igattering
experiments show that no change in sample-ghattering intensity is observed after 10 min

within the experimental error.

To characterize the effeof dendrimer selassociation on LLPS, we have measured the

LLPS temperatureT, , as a function of crosslinker concentrati@, . LLPS measurements

performed after 10 and 120 min show no changg jrwithin the experimentaérror. In
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Figure 31, we show our results for a ternary mixty, =0.04€,C, =1.0mol' dm?®) that

exhibits LLPS aff, =!12.0iC in the absence of crosslinker. Specifically, we flgtas a

function of the molar ratioC,, /C,, with C, =4.1" 10° ma# dm® being the dendrimer
molar cacentrationAs we can see in this figur&, shows a weak dependence@©y) / C,

at low crosslinker concentrations and then sharply increases approaching room temperature

after C, / C, reaches avalue of! 1.5. This behavior can be related to glatdehyde

oligomerization in solutioff. Since the concentration of glutaraldehyde atigoic species

increases withC our results are consistent with a reaction mechanism in which the

CL?
presence of glutaraldehyde oligomers is necessary for dendrimer crosslinking. The same

behavior was observed in thesezof protein wsslinking®.
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Figure31. LLPS temperature as a function of crosslirkedendrimer molar ratioC_, /C, .
Experiments were performed theconstant dendrimerolume fractiorof /j =0.04¢€ (molar
concentration ofC, = 4.1 mmo#&m®) and sodium sulfate molar concentrationQf= 1.0

mol&@n®. The daskd curve is a guide to the eye.
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It is important to remark that the existence of LLPS for the monomeric dendrimer
represents a necessary prerequisite for the observation of LLPS in the presence of

crosslinker. Indeed, experiments in which sodium chlorigdaces sodium sulfate at the

same ionic strength G =3.0mol"dm? for NaCl) show that samples remain clear

temperatures as low dsl5{C andC_ / C, as higha<C, /C, =3.

4.5. Formation of dendrimer globular particles

Our results in Sectiod .4 indicate thatLLPS of dendrimer aqueous solutions may be
isothermally induced at room temperature by dendrimer-as#fociation, whichcan be
achieved by adding small amounts of crosgmi he oligomerizatioimduced LLPS should

yield globular condensates, i.e. dendrifrieh droplets (coacervation).

Dendrimer oligomerization and condensation were investigated by DLS gC25

Specifically, we have characterized liggttattering particksize distributions as a function of

C. /G, at the dendrimer concentration 6f =0.75' 10° mat di® (/, =0.0087) and

sodium sulfate concentration @ =0.37mol'dm®. The dendrimer concentration was

chosen to be relatively low in order to justify the use of the StBkestein equation for the

determination of the particle hydrodynamic radi&s, At the chosen sodium sulfate
concentration, edlibrium DLS distributions could be successfully measuredGgr/ C,
ratios as high as 14. At higher values @f /C,, dendrimer crosslinking results in

dendrimer macroscopic precipitation. Figure 32A-D, we show DLS distribution obtained

at four representativ€_, / C, ratios. At lowC,, / C,, DLS distributions are monomodal
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with the averageR, increasing withC_, / C, starting from the radius dR =2.0 nm for the

dendrimer monomer (se€igure 32A,B). This behavior characterizes the increase of

oligomer size with crosslinker concentration. @t / C, =10, the DLS distribution becomes

bimodal (sedrigure 32C). Specifically, a population of large dendrimer nanoparticles with

R,! 70 nm separates from the population of dendrimer oligomers Ryith3 nm. As the
C. /G, ratio further increases, the DLS peak associated with dendrimer nanoparticles

becomes dominant (sé&gure32D). The dendmer nanoparticles represent the formation of

a new condensed phase with the valie/ C, =10 characterizing the corresponding phase

boundary.

The dilution of the sample containing nanoparticles and its dialysis against water to
remove sk show that the formation of dendrimer nanoparticles is an irreversible process.
This can be understood by realizing that the crosslinking reaction is enhanced at the high
dendrimer concentration of the condensed phase. SEM images taken after watetiemapor
show the formation of globular nanoparticles with an average radius of about 1(@daurh

50 times larger than one dendrimérhis is illustrated ifFigure33.

DLS experiments were also performed on dendrimer aqueous solutions in the presence of
sodium chloride at the same salt ionic strength of sodium sulfate. The obtained-pemticle

distributions at four representativ€,, / C, ratiosranging from 0 tal9 are shown irFigure
34A-D. All DLS distributions in the presice of NaCl are monomodal wifR smoothly
increasing withC_, / C, as expected from dendrimer safisociationCorresponding SEM

images show no formation of globular nanoparticles. At higher value€_of C, ,
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dendrimer crosslinking results in dendrimer macroscopic precipitation. These results are

consistent with NaCl not being able to induce LLPS of dendrimer aqueous solutions.
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Figure32. Normalized lightscattering intensityig, as a function of hydrodynamic radius,

R., at the constant dendrimer volurfractionof / =0.0087(C, = 0.75mmokdm®),
sodiumsulfateconcentration olCg = 0.37mola@m®, and four representative crosslinker
dendrimer molar ratiosC, / C, (A-D). The numbers associated with each peak represent
the value ofR, /nm calculated from the correspondirgverage diffusion coefficienthe

associatedtandard deviationdescribe the width of the peaks; these values are calculated

from the corresponding diffusiecpefficient distributionsMeasurements were performatd

25 YaC
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Figure33. Scanning electron micrograpsisowing dendrimer nanospheres with a radius of
about 100 nmThehorizontalbar represents um (A) and 100 nm (B)The surface

roughness may be attributed to the water removal.
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Figure34. Normalized lightscattering intensityig, as a function of hydrodynamic radius,
R., at25 Ys@ndconstant dendrimer volunieactionof /_ =0.008z (C, = 0.70mmokaini®),
sodium chlorideconcentration ofC, = 0.98mol@m®, and four representative crosslinker

dendrimer molar ratiosC, / C, (A-D). The numbers associated with each peaiessmt

the value ofR, /nm calculated from the correspondirgverage diffusion coefficienthe

associatedtandard deviationdescribe the width of the peaks; these values are calculated

from the corresponding diffusiecoefficiert distributions.
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4.6. Guest encapsulation of crosslinked dendrimer materials

Polyamidoamine dendrimers are known to bind small organic molecules. This can be
shown by evaluating the partitioning of a guest molecule between an aqueous phase
containing tle host dendrimers and a nonpolar organic phase towards which the guest
molecule and the host system exhibit a high and poor affinity, respectively. In our case, we
consider phenol blue as the guest molecule, a dye that is known to be encapsulated by the
investigated dendrimer and has a high affinity towards tofG&tf8 As it is shown irFigure
35A, phenol blueundergoes guantitative transfer from the aqueous to the organic phase in
the absence of dendrimer. In the presence of dendrimer, no phenol blue can be detected in the
organic phase by spectrophotometry (deéigure 35B). If the guesioaded dendrimers are
crosslinked in the presence of sodium sulfate to yield dendrimer nanoparticles, éha¢ ph
remains in the aqueous phgseeFigure35C). This experiment demonstrates that dendrimer

nanoparticles can encapsulate guest molecules.

NN © [0

N J
— 4

Figure35. Partition equilibrium of phenol blu@B) between an organic phase (toluene, top)
and an aqueous phase (bottom) at room temper&®is.initially in the aqueous phase with
concentration of 0.5M. (A) Aqueous phase is pure water, (B) anuephase is a

dendrimer+water solution with, =0.0076 and (C) aqueous phase is a suspension of

crosslinked dendrimer nanospherés £ 0.007€).
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4.7. Experimental characterization by ITC and DLS

We also characterized odendrimerdendrimer interactions and hydrodynamic radius
agueous solutions by ITC and DL&spectively However, our experimental results could
not be easily interpreted. We attribute this problem to the protonation propétiesamino

terminal graips.

4.7.1. ITC Experiment for PAMAM -NH; system

Figure 36A shows the plot of the power required to maintain the sample and reference
cells in thermal equilibrium aa function of time during the titration. The ITC power peaks
reflect the net effect of two energetic modes both exothermic. As we can see in this figure, a
sharp spike (fast mode) is followed by a slowly dissipating exothermic tail (stme)nAs
the injection number k , increases, the contribution of the slow mode significantly decreases
as it can be also seen kigure 36B. Since the heat associated with the energy of particle
particle interactions is not expected to significantly vary with the injection number when
particle concentration in the ICT cell is @mrder of magnitude smaller than that of the

titrant, we attribute the fast mode to energy of parpedicle interactions. Thus, data with
k! 13 were used to calculate the corresponding difféaemeat per mole of titrang™.

Since the experiment pH is 9.0+0.1 and the primary amino terminal groups have a pKa of

about 9.2*2 the observed slow mode may be attributed to multiple changes in protonation

states of these amino grous.Figure 36C, we showg®, as a function of the dendrimer

volume fraction inside the ITC cell {', after injectionk (with k! 13).
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Figure36. (A) ITC Powertime profile associated with consecutive injections of titrant
solution (/J=0.095) into the titrand solution inside the ITC celf&t0 jC (B) ITC Power
time profile associated with injgons with k! 13. (C) Differential heatg, extracted from
the shown powetime profile as function of dendrimer volume fraction inside the ITC cell,

/., after each injection. The dashed curve represent the differeetiblalues ofq®

calculated for/ / RT = 25 by applying the approach discussed in Chapter 3
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Our experimental binodal curve agrees with the theymachic model when
I/ RT =25. In Figure 36B, we show the values of™ (solid curve) calculated for

/| RT=25. This energetic parameter is about 70% of the valu¢/®&T =35 (dashed

curve) that best fit our ITC data with! 14.

4.7.2. DLS Experiments for PAMAM -NH;
Similarly to the PAMAMOH dendrimer, we also examined thedfect of salt
concentration antemperaturen the dependence of tb&.S dendrimer diusion coefficient

(D ) as a function of | (slopek, , see Chapter 3)

In Figure 37, we plot the normalized diffusion coefficier®!/ "D, )/ k,T, as a

function of dendrimer volume fractiod, at low (0.043 moladr), intermediate (0.45
moléadr?), and high (0.95 moladin salt concentrations. Experimental data were examined
according to Eq.(3. 2). The interceptD,, and the namalized unitless slope,, are
obtained by applying the method of least squares they aregeported inTable 7 together
with the corresparing values ofR . We found values oR ranging betweer2.1 and2.5.

The hydrodynamic radiusslightly decreases as salt concentration increases, which is

consistent with more charge screening at high eaficentration. Note that in water
PAMAM-NH; has a positive chargeKa=9.2%). We can also observe thBt decreases at
higher temperatures.

We now turn our attention to the valueskgfin Table7. We can observe that low salt

concentrationsk is more positive in comparison to PAMAKH (see Sectior84). As
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result of the higher PAMAM\H, charge, we can expect dendrirgiendrimer interactions

to be more repulsive than in the case of PAMAM. This is in agreement with the value of

! for PAMAM-NH; being larger tharthat of PAMAM-OH. As the salt concentration

increasesk, decreases as a resulttio¢ saltingout interaction (see Secti@¥).

Table7. DLS parameters for PAMANNH-.

C, /mol@m® T/iC D, /10%n’&" !/ 10%gan'&" R, /nm K,
0.043 25.0 0.0950+0.0011 0.909 2.53t0.03 6.4+09
0.450 25.0 0.084'#0.0014 1.075 2.40:0.04 2.0:.09
0.947 25.0 0.07050.0006 1.342 2.31x0.2 -4.4404
0.043 37.0 0.1308-0.0011 0.706 2.46:0.(2 524207
0.450 37.0 0.121A0.0@2 0.837 2.23004 -2.3+x1.3
0.947 37.0 0.10120.014 1.037 215+0.03 -7.+06

In Table 7, we can also séeat k, appreciably decreases as temperature increases. For

examplek, decreases by 3.3 as the temperature changes from 25® & =0.947M

(see Table 7). This suggests that dendrdeerdrimer interactions become more attractive as

temperature increases, in qualitative disagreement with the observed thermal behavior of

LLPS. Examination of Eq. (3.55) shows that the temperature behavigrisfgiven by the

difference of two contributions. The first contribution contains the energy termwhile the

second contribution contains the saltimgt parameterg, and the salosmotic coefficient,

! . Numerical examination shows that the first contribution is expected to decrease by 4%,

while the second contribution is predicted to decrease by 8% when the temperature is

increase from 25 to 3yC atC ,=0.947M . The net effect ork, is an increase of thie,

value of about 1.3 in disagreement with our experimental results. However, Eq. (3.55) is
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based on the assumption that the hydrodynamtéraction parametek, (see Eq. (3.53)), is

independent of temperature. For charged partidtesmay appreciably change with

temperature since particle mobility is coupled with the mobility of the smaff*fiis
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Figure37. Normalized DLS diffusion coefficient as a function of PAMANH, dendrimer

volume fraction,! ;, at25jC (A) C, = 0.043mol!dm?, (closed triangles
C, =0.450mol!dm* (closed diamondsand C_ = 0.947mol!dm* (closed circlesand37{C
(B) C,=0.043mol ldm?®, (open triangles C,=0.450mol ldm® (open diamondsand

C, =0.947mol ldm® (open circles)The solid lines are linear fits through the data.
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4.8. Conclusions

In this Chapter wshowedtha LLPS of aqueous solutions of PAMAM &¥H, canalso
be induced in the presence of sodigulfate We were also able to show that our
thermodynamic model also agrees with both the location of the experimental bimodal and the
slope around the critical point. Furthermore, this model also predicts the observed
temperature behavior where we canyoimiduce LLPS by cooling our PAMAM GHIH, +

salt + water system.

We alsoshowedthat the addion of a small amount of glutddeehyde enhances the LLPS
domain due to dendrimer oligomerization and leads to the formation of spherical dendrimer
nanoclustersThe proposed mechanism is that dendrimerasdbciation reduces the mixing
entropy of the homogenous solution, thereby inducing the nucleation of a dendcimer
liquid phase; here, dendrimer naassemblies are the precursors of the emerging phase.
Furthermore, the high dendrimer concentration inside the nanoclusters accelerates dendrimer
crosslinking, thereby producing chemically stable dendrimer nanopartlespreliminary
results show that dendrimer spherical nanoparticles (radiisl6b nm) areobtained from
this coupling. It is important to remark that crosslinking alone results in the formation of
dendrimer oligomers with an average size that smoothly increases with crosslinker

concentration
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Chapter 5: Summary
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Dendrimers are hyperbranched macromolecules important foighest chemistry and
selfassembly, relevant to catalysis, medicinal chemistry and nanoscience. This work
contributes to the fundamental understanding of the phase behavior of dendrimer aqueous
solutions and the effect of salthoyit agents on macromolecules in general. Our
experimental findings and theoretical model apply to the two dendrimers chosen in this
investigation (PAMAMOH and PAMAMNH2, G4). Nevertheless, these studies can be
used ashe starting reference point for LLPS studies on other dendrimer sygismsure
work, ane important aspect to investigate will be how the LLPS behavior depends on the

composition of surface terminal groups.

In Chapter4 of Part | of this dissertation, evshowed that the coupling of dendrimer
oligomerization, which is a chemical reaction occurring in homogeneous solution, with a
physical process, LLPS, leads to the formation of dendrimer globular nanoparticles. In this
process, dendrimer sedfsociatiorreduces the mixing entropy of the homogenous solution,
thereby inducing the nucleation of dendrirnieh liquid nanodroplets. Our results show that
dendrimer globular particles with radius®100 nm are irreversibly formed. One future goal
is to identifyvariables that can be used to control the size of these parfitlissrequires a
systematic investigation on the effect of crosslinking temperature, its difference with the

LLPS temperature of dendrimer solution, pH and dendrimer concentration.

This investigation provides guidance for the development of novel dendrimer globular
nanoparticles obtained through LL#®luced oligomerization using low generation
dendrimers as the building blocks. The preparation of these nanoparticles may circumvent
the needof preparing higkgeneration dendrimers, which are relatively hard to synthesize,
sterically hindered and they also possess a reduced guest capacity. To prepdoadpast
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dendrimer nanopatrticles, guest molecules are first added into a binary aguetos sb

low generation dendrimers. In these conditions, guest encapsulation is favored by the more
open conformational state assumed by dendrimers. In a second stepyatesafiolution is

then mixed with the dendrimer solution in order to promote eermompact conformational

state of the guedbaded dendrimers and introduce the LLPS boundary in the system phase
diagram. In a third step, a small amount of crosslinker is added to trigger oligomerization

induced LLPS and produce guésaded dendrimeranoparticles.

Finally, we observe thafior future work oligomerizationinduced LLPScan be also
extended to systems containing two distinct macromolecules such as dendrimers and
enzymes. The resulting enzyrdendrimer nanomaterials can potentially faqaplications in

the field of catalysis.
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Chapter 6. Background
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6.1. Introduction

Porphyrins, from the Greek porphuiee., purple, aretetrapyrrolic macrocyclesf 20
carbon atoms and four nitrogen ato(aseFigure 38); the macrocycle ibuilt up from four
smallerpyrrole subunit§®. The pyrrolic nitrogen atoms can bind several metal ions and form

metalloporphyris™® Their structurds fully aromatic and contairss / Delectron$®.

Many porphyrins occur in nature where thee synthesized by livingystems Small
variations on the basichemicalstructure of the tetrapyrrolic macrocycle of porphyrins lead

to a wide divesity of biochemical functiortd®*38

Well-known natural compounds utilizing
macrocycle equal or similar to porphyrirere, amongpthers, vitamin B, chlorophyll and
heme (ferroprotoporphyrin complé®j**® Many synthetic porphyrinkave a substituerin

themesaoposition(seeFigure 38) to oktain more compleyorphyring®>32

meso

¢

Figure 38. Basic structure cd porphyrin.

Porphyrinsand their metal complexdsave unique photochemical, spectroscopic and
electrochemicaproperties they alsohave applications in cataly$is=*#4? supramolecular
chemistry®>13914843  nhotoelectrical devices**'*° and biomediciné®>%. In catalysis
metalloporphyrins are known to catalyze a wide range of reactions including the

functionalization of saturatedBEl bond$*. In nature metalloporphyrinccompounds act as
121



centers for sigricant biochemical events(g. heme iron complexes, vitamin B12 cobalt

138

complexes, chlorophyll magnesiunmding)~". Metalloporphyrins aralsoused as building

blocks for the formation of noncovalentlprmected polymet&’

Another important application of porphyrins is their use in medicingli@todynamic
therapy (PDT).PDT is a form of therapy that uses photochemical phenomena induced by
light to treat diseases such as caléem fact, PDT has beeapproved andised against
several cancetypes such as bladder, brain, breast metastasesarsttioral cancerd®*

The therapeutic effect of PDT is based on thenktion of reactive oxygen species (ROS)
upon activation of a photosensitizer by [§A°2°3 In turn, ROS causes cytotoxicitiye,
damage of cell membranes), vascular damage, and inflammatory and immunological
responseé®1°2123|n PDT, thephotosensitizer ia substance, which upon absorption of light
induces a chemical or physical alteration of another substart®eMost photosensitizers

used in PDT today armetatfree porphyrirs or porphyrin related compounid&*” 51152

One of the main advantagesRDT and the use of porphyrins is its tissue selectivity, which
mainly affects the target tissue. This selectivity is based on a difference between the
photosensitizeratention in tumors and normal tissttdsThe light source in PDT is in the
visible and neainfrared regions and the choice of wavelength depends on the

photosensitizer used and how deep light penetration through tissue is necessary. For deeper

tissue penetratiolight with wavelengths in the retd near infrared region is desiralfie'>2

The basic photophysical processes involved in PDT are represeiffigdiia39 by using
a Jablonski diagraf®. In this energydiagram,the ground state of the photosensitizer is a
singlet state, & and upon absorption of light the photosensitizer is excited twilbhenic
level of an excited singlet stat®,. In order to return to they®state, the photosensitizer can

122



convert the almwbed energythrough different processes suels fluorescencdS, S),
internal conversion (&' S;) and intersystem crossing (S Ti) followed by
phosphorescence {T ). The photodynamic action of the photosensitizer is mostly
mediated by the iTstate since the excited photosensitizest&e does not react directly with
surroundingcells and tissug*®!*2 The T; photosensitizer can return ta I8/ undergoinca
photodynamic reaction. Specificallfhe T, state reacts first withgroundstate (triplet)
oxygen,30,'¢1°21%3 Uponenergyexchangethe photosensitizer return t@8ill correspond

to the formation of the excitestate(singlet)of oxygen,'O,. This speciess highly cytotoxic
and causs irreversibe damage to vital structures and functions of cells, whiltimately

results inthe destruction afumor tissue.

1"#3$%&

(

Figure39. Schematic representation of the Jablonski diagram showingtloeis

photophysical processg4) absorption(2) fluorescence(3) internal conversion(4)
intersystem crossing5) phosphorescen@nd(6) formation of singlet oxygetO, by energy
transfer from T photosensitizer to triplet ogen>0, [adapted fror*9.
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6.2. Spectroscopic Properties of Porphyrins

Porphyrin spectroscopic properties dependheir protonation state amoaotier factors
such as substitutgroups metal bindingand aggregatidi®**#°°. In this sectionwe will
focus on thespectroscopic properties of thasicporphyrin structure known as porphtfie
In Figure40, we show the structure of the free base piop{FBP) Figure40 A) where the
two protonated nitrogenare located along the-axis as a conventidni’. At relatively low
pH, the two nitrogens algnthe y-axis are protonated giving rise to the diacid pongh
(DAP) (Figure40 B). In the case of the metalloporphyririgure 40 C), the two protons of

FBP are replaced with a metal ionMusually)

The spectroscopiproperties ofporphinesare mainly related to the electronic properties
of the 18 ( electrons of thénner 16-membered rint>** The typical porphyrin absorption
spectum is dominated by P * electronic transitions. Ae individual electronic bands may
undergo blue or red shiftsi.g, a shift toward the shorterr donger wavelengths,
respectively), and hypoand hygrchromic shifts (e, a loss or a gain in intensity,
respectively) upon substitution or metalattd®®% Furthermore, the ring symmetry
properties fHect the number of electronic bands in the specttfinwe will now discuss

symmetry properties of porhines and the relateergy diagrams

In Figure40, we can see that the symmetry of both DAP and MRjsvDile that of FBP
is Don. We shall see thahe reason whyBP has a fouband visible absorption spectrum
while DAP and MP have a twioand visible speoim is a consequence of this difference in

symmetry
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(A)

L.
L.
L.

Figure40. Structures ofA) free base porphiné&BP, (B) diacid porpine, DAB, and(C)
metalloporpime, MP.

(B)

(©

The interpretatiorof the electronic statesf a Dy, porpline is based on Gouterman
modef****® This modelis basedon the results ofwo quanturamechanical models: the
particle on the ring and the Huc&etheory for conjugate ( bonds.According to he
particleon-the ring modelthe HOMO and LUMO eergy levels arexpected to bevo-fold
degenerate singlet stat®s Goutermar®model is illustratedn Figure 41 A, wherethe
symmetry properties of the corresponding orbitals were obtained thienshape of the
molecular orbitals extracted froriuckelOs theorffhe symmetry notation for this electronic
configuration can be obtained by applying the digroduct rule to the characters of the
irreducible representation of individuarbitals Therefore, the electronic growstdte

configuration is (a)%(aw)? and it is labeled as A The two excited configurations
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(aQu)z(alu)(eg) and (ay)(aw) 2(e@,), are labeled as {g(e;) and (a,)(ey), respectively. They are
both twofold degenerate, labeled mandy. Note that both excited configurations follow the
E., synmetry propertiesBecause thevavefunctions of the two excited configuraticsigare

the same symmetrgnd energythe variational method can be used to show that more

accurate wavefunctio$'**°are given by

:%(|alueg>+‘a2ueg>) with E,=E, +!
(6.1)

1
|Q>:E(| alueg>! |azueg>) with E,=E! "
where E, and E,, are the energies associated with excited sf@eand|Q) , respectively,

while E0:<alueg’+¢’alueg>:<a2ueg‘I-q"‘aZUeg> and ! :<alueg‘+¢‘a2ueg> with 9 being the
Hamiltonian operatorThe energy diagrardeduced from GoutermanOs model mashin

Figure 41 B. This diagram shows that the transm(i)@ ‘A > will occur at longer
wavelengths compared k6>! ‘Ag>. The intensity of the transitionkQ}! ‘Ag> and

‘Ag>, can be examined by considering the corresponding transition dipole

moments>®:

(AfoxlB) = (Ao nlae,) + (A ceyfae,)) V2

I'lB(X,y)
(6.2)

(Ao 0]Q)= (Al ox a1 (A 0ey]ae,)) 12

I'lQ(X,y)

The integrals<Ag‘(x,y) alueg> and <Ag‘(x, y)‘a2ueg> in Egs (6. 2) are predicted to be
different from zero because the corresponding representations céytatiq (6. 2) shows
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that y,,, =0 and the‘Q}! ‘Ag> is predcted to be forbidden. ¥perimental absorption
spectra of MP and DAP show tﬁ@! ‘Ag> transitions do occur in the visible range but
they are significantly weaker thefaB}! ‘Ag> transitions occurring at shorter wavelengths

(uv range¥®. Furthermore, in the absorpticspectra of MP and DAP, tﬂ@}! ‘Ag>

transition results in two bands labeled as Q(0,0) and Q(1,0), with the Q(1,0) being of higher
energy***® The notations (0,0) and (1,0) refer to two bands sharing the same electronic

origin, but different tbronic component.

(A) A (B) A
E| . _ -
e,— LUMO el 5 5 E
— E
0o Y
a0 A, HOMO
- Ay

Figure4l. Energy diagram for th@\) four-orbital model andB) electronic states of DAP or
MP.

In the casef FBP, the symmetry changdeom Dy, to Do, This implies thathe x andy
axis are no longer equivaleahd the two-fold degenerate @ands will splitinto Qc and
Q,**"*® The orbital energy diagrarior the symmetry group 4 is shownin Figure 42 A.
The two orbitals with symmetry,én Figure41 A become kg, and By in Figure42 A, while

the a, and a, orbitals become jaand R, respectively.For the LUMO orbitals, the s
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energy is lower than thesdenergy, while for the HOMO orbitals, the,energy is lower

than the genergy®

The ground state electronic configuratfon Do, symmetryis (a,)?(b1,)? whichis labeled
as Ay In this case, we obtaimé following four excited configurations: J&bi,)(bsg) and
(a)(b1)*(b2g), which can be labeled asBand (a)*(b1)(b2g) and(a)(b)*(bsg), which can

be labeled as B Notethatx andy areassociated with & and B, respectively. According

to symmetry,

blub39> can mix with‘aubzg> . while

b,b,,) can mix with

156
aub3g> . However,

these orbitals cannot be assumed to be two pairs of degenerate orbitals. Protonation along the

x axis leads to loweringhe energy of & compared to 4, and increasing the energy of a

compared to §°°.

As a natural extension of twankar combinations given by Eq. (6ftj the D4, case, we

can write for the B, case the following four linear combinatidrfs

b,b,)+|ab,)

(6.3)

( )
CERELYS)
( )

bb,)! |ah,)

|Qy>0=%(bmb39>! a0,))

where weexplicitly distinguish thex from they states. The O00 subscripts indicate that these

four wavefunctions do not take into account degeneracy loss. This can be included by

applying perturbation theory. More accurate wavefunctiontheQ statesare given by°
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Qx> = Qx>0 +/ X Bx>0

Q=) .18,

were! and! are perturbation coefficients amee have omittecthe normalization factors.

(6.4)

It can be shown that >! *° This implies tha#Qy> possesses higher B character

compared tc#)Qx> and allows us to associat@y> with a higher energy and band intensity

compared t9Q, ). The energy diagram of FBP is shown in Figure 38 B.

(A) 4 B) a
e LUMO "B —
X
Tl Qx Qy
2 HOMO
()
blu
—_ Al

Figure42. Energy diagram for thgA) four-orbital model andB) electronic states of FBP.

Experimentally, the absorption spectegion between 450 and 700 nm includes the
lowest energy absorption -fand$*>#1%® These are of medium intensitymélar
absorptivities), are in order of 10M*cm™). In the casef the FBP, the Qbands appear as
two pairs of peaks (0)G&and(1,0) denotedas Qy (1,0), Qy (0,0), Q« (1,0) andQx (0,0). The
more intense transitions to B states are located between 380 and 420 nm (Soret band) and

may include different vibronicomponent$™**°
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6.3. Porphyrin Aggregation

Selfaggregation of porphyrins in aqueous systems is very common and it involves the
formation of dimers and/or larger aggregates of various strutttt®s ™ This process
dependson physicochemical properties such as solutionipiic strength, temperature and
the presence of additivesich agpolymers*®16°16 selfassociation plays a significant role
in porphyrin spectroscopy propertiasd, consequentlyhe porphyrinaggregatiorstateis of
interest for applications such asnsorsgatalystsand photodyramic therapdf’. Since ®If-
aggregation makes porphyrins less effective photosensitizers and cathlgg@smental
studies aimed at characterizing and modulating the aggregation state of porphyrins are very
valuable For instancen photodynamic therapy, aggregation shortens the tgpdét lifetime
and decreases the singtetygen quantum yield by dissipating the energy through internal

converson*’.

Porphyrin aggregatefiave been mainly investigateloy examining red-shifted (3
aggregates, edge-edge stacking) and blushifted (Haggregates, faew-face stacking)
porphyrins absorption spectfa Exciton theory can be used to explain the effect of
aggregation on the spectroscopic properties of porpH§#tis*°® we will focus on the
porphyrin dimer, AB, formation described by the reaction A'+ BB, where A and B are
two identical porphyn units The groundstate of AB and its excited state can be described

by the dimer wavefunction as a product of both monomers wavefunctiéns,and

1 AB!

! . (first-order perturbation)f we apply thevariational methodo the dimer wavefunctions

we can obtaitP*168
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0= ot o ) ana L=+

(6.5)
)andE, =/ " #

\/_(AB'BA

where ! and ! are interactiorenergy parameters with ! :< ‘HP‘ >:

A B A B
n *un
A B/®

From theinteraction between two dipofé8 we can relatéhe interaction energy with

=<! N ;\@\!A B> and ! —< M’)

A B

n oo *\ _fu n* )
A B>_< A B‘I-(P

two transition dipole;s/!,lA and LB , Separated by a distanétasfollows:

» (i, ") R #3(, "RY(it, "R
R

where R is the position vector describing the relative location of the centers of the two

(6. 6)

porphyrinsandR the corresponding distanc@&/e will now consider the twiimiting cases of

parallel and aligned dipol®8. In the case ofparallel dipoles, we ha\4e:|i1A |=|[!,lB|
perpendicular toR and ! = 2/ R®. For aligned dipoles, we ha;ae:|i1A |=|[!,lB | parallel to

R and/ ="2u?/ R®. Thesetwo limiting expressions for allows us to identify two types
of energy diagrams as shownFigure 43 The transition dipolenoment of the dimerj,

can be calculated as the linear combination of dipole moments of the monomers following
the same approach as that of the correspordipgjes. These two types of aggregates are

denoted adH-aggregatesthose resulting in parallel dipoles ahd>0, and Jaggregates
those resulting in aligned dipoles ahd>0. The analysis of the energy diagsnm Figure

43 allows us to deduce that the spectrophotometric bands afidHdaggreyates are blue and

red shifted wih respect to the monomeespectively.
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(A) H-Aggregates Dipoles

E
— v 2 =G+
.......................... y = A= (i~ ip)/N2
e S
dimer
(B) J-Aggregates Dipoles
E
_A_ ......................................... -! D ﬁ _ (ﬁA N ﬁB)/\/E
............................ <« — = (st fin)/V2
A
i S
dimer

Figure43. Energy diagram for (A) Fhggregates and (Bjahgregates.

6.4. Mesotetrakis(4-sulfonatophenyl) porphyrin (TPPS)

One of the most investigated porphyrin is the watduble mesdetrakis(4
sulfonatophenyl) porphyrin (TPPS)PPShas four negatively charged sulfonate groups that
compensate for the hydrophobicity of the aromatic 4eyraolic system and the attachexif
phenyl group¥®. The amphiphilic propertiesfathis porphyrin lead to complex self
association behavior in aqueous solutions, depending on physicochemical parameters such as

concentrationfemperature, ionic strength and .pFhe rphyrin ring mssesses two pKa
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values, with pKal=pK2=4.9 at 25C"*’. TPPSdisplaysa net charge o# at pH! 7 (FBP)

and-2 at pH! 3 (DAB) (seeFigure44).

H,TPPS” H,TPPS"

o_,0 Ny NP O/
e us ARt e Pyl
—

00 o o 00 o o
pH=3 pH=7

Figure44. Acid-base equilibrium for TPPS.
The reduction of electrostatic repulsion at low pHIfetes selfassociation of the diacid
form compared to that of the free base porphyrin at neutral and high pHAPSdiacid form
is knownto selfaggregatdeadng to the formation ofordered nanowires of-alggregates
with interesing photophysical propertiedor optoelectronic applicatiof®%31"° |n
particular, the <hggregate form has been proposed to be stabilitleugh a network of
electrostatic and hydrogdsonding interactions mainly involving the negatively charged

sulfonate groups and the positively charged inner nitrogen*ore

The spectroscopic behaviour of TPPS in aqueoustises has been utilized to
characterize TPPS seibsociation in aqueous solutidiis®® This process may be described

by employing a dimerization model at neltand high pH, while the sedfssociation
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occurring at low pH is more complex and normally involves the formation of large J

aggregateas mentioned above

6.5. Polymer

The polymer used in Part Il of this dissertatispolyvinyl pyrrolidone (PVP)PVPis a
hydrophilic neutral nontoxic biocompatible polymer extensively employed in
pharmacological applicatiorss well as in foodtextile and biomedical industiy". PVP is
used as a binder in tablet forlations and as a solubilizing agent for active ingredieitts
poor aqueous solubility’. The addition of PVP or P\VYBopolymers to active substances
forms watersoluble complexes with increased bioavailability ahdroical stability during

drug formulation™.

This polymer is available in a range of molecular weights from 40,000 to 360,000 and it

is composed of repeating units of thenomer polyvinylpyrrolidonesgeFigure45).

(X~
At

Figure4b. Structure of polyvinyl pyrrolidone (PVP).

6.6. Binding Models

We will now consideran important model describing reversible hgsiestassociation,
wherehostguest affinity is described by multiple equilibrium bindiffg In this model, we
will consider that the host molecu(®) hasn binding sites with the following reaction

scheme
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P+L! PL

PL+L! PL,
P+L! A, (6.7)
T
PL.,+L! PL

where L is the guest molecule (ligand) aAd (with i=1,2,En) the hosbyuest bound
species.

For eachgeneric step equilibrium associative step, we can write the corresponding

massaction law’*

[PL.]

i:m (6.8)

where K, is the stepwise association constdRt ] is the concentration of bound ligand and
[L] is the concentration of free ligand in solutiofWe can also introduce theiraulative

association constant, , by considering the following reactitit

P+iL! PL (6.9)

where the related masstion law is,

. _ IPL]

e (6.10)

It is important to recognize that the two sets of constagtand !, are directly related to

each otherie. /; =" K, . If one set of constants is known, the other set can be
j=1

straightforwardlycalculated. To derive a relation between bound and free ligavelconsider

the average number of ligand bound to Bmeacromoleculge! ,
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.
' C

(6.11)
b

whereC,_andC_are the total ligand and host concentratjorspectively. BottC, and C,

can be related tfL.] and[PL] by applying the following mass balances:

C =[L]+[PL]+2[PL,]+3[PL,]+...+n[PL ] (6.12)
C.=[P]+[PL]+[PL,]+[PL ] +...+[PL ] (6.13)
If we insertthesetwo equations (Eqg6. 12) and(6. 13)) into Eq.(6. 11) we can derive

the fdlowing relation betweerd and[L]:

| = [PL]+2[PL2]+3[PL3]+,,_+ n[PLn] _ -'{;fli "i[l—]i
" [P]+[PL]+[PL,]+[PL ] +..+[PL ] 1+# Ly

(6.14)

This equation is known as the Adair equatiéand it is a general equation for hostest
binding that carbe used to determine the set of stepwise conskarity measuring as a
function of[L]. However, ifn is large (even as large as 4), there tatemany adjustable
parametersto determine whichrequires many extremely precise experimental data. To
overcome this problem, assumptions are usually introduced in order to eivtgalified
models. We will consideht simplest case of multiple equilibidnere all then biding sites
onthe hosthave the same affinity for the ligand (equivalent sites) and the affinity of any site
is independent of whether or noetther sites are occupied (independent $itedh this
case, the multiple equiliaiproblemcan bedescribed by two parameters only: the intrinsic

dissociation constan , of ahostsite and the totalumber of sitesn72

It is important to remark that tekeassumptioado not imply that all stepwise equilibrium

constants K, , are identicalTo appreciate this, we need to observe that the Bbedoes
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not refer to one chemical state only. For example, in the caBe olvith n=4, we have six
possible OisomersO related ® different arrangements of the two liganbts general, the

number of possible arrangemengs, , for the specie®L, can be calculated by

''n$ n! ith 11 i !
g # éo ||(n |)| with 11 1! n (615)

In this macroscopic approach, we do not make distinctions between such chemical

species, and the macroscopic equilibrium association corstamnply group all of them

together asPL, 172 Thus the cumulative constant for the formatiorfFif ] corresponds to
the sum of the concentrations of individual isomers. To take into account this(effedq.

(6. 15)) and keeping in mind that dissociation constants are the reciprocal of association

constants, weanwrite:

I=" K =g, /K (6.16)

i
=1

Note thatin the limiting case oh=1,/, =1/K. Using this result, the dair equation can
be rewritten in the following way?

n

L]/ K
/= #1 (" ')'([] ) (6.17)
ATIC
We can use the binomial theorem to rewrite (6gl7) as:
_ N
/= K +L] (6.18)

This simple equationis known as the Scatcharelquation’® and it can be used to

characterize hogjuest binding processes.



As described in Sectiof.1 of this chapter, porphyrins are known to sefociate in
solution. Therefore, it is also convenient deaminereversble selfassociative processes
starting from the casef dimerizatiot’2. The corresponding masstion law forthe dimer
dissociation process,is

L

o= ] (6.19)

where[P] and[P,] are the concentration of free monomer and dimer species, respectively

and! . isthe dimer dissociation constant

The total concentration of P is given by the mass balance,
C.=[PI+2[P] (6.20)
By inserting the masaction law (Eq.(6. 19)) into the mass balance (E@. 20)), we
obtain an expression @, as a function of free monomer concentratidh,:

C.=[F+2[PA*/! (6.21)

This quadratic equation can be solved with respe@lyielding:

n I
— 1+ J148C, /1 (6.22

T dim
4
Note that the concentratiaof the dimercan calculated fromiP] directly usingEg. (6.

19). In Figure 46 we can se¢he dependence of the fractiofi?]/ C, and 2[P,]/C,, on total
concentrationC,. We note thafP]/C,! 1inthe limitofC,! 0, and[P]/C,! Oin the
limit of C,!" . Thus, the reaction will tend toward total dissociation or complete

dimerization as the total concentration becomes very small or very large, respectively.
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Figure46. Dimerization process
We can also have the case efjualconstant selfssociation mod& where

polymerization is assumed to occur without an upper limit. In other words, each molecule is

assumed to have twaguivalentinding sitesWe start by writing the following scheme:

2P P
P+PI P,

|
REPL R (6.23)
P +PI P

In this model,it assumesthat the binding affinity is independent of the degree of

association and we can write:

! :Lzm with i=2,3,... (6.24)

RN

olig

wheree is the diseciation constant of one moldeufrom the oligomerBy inserting the

massaction law (Eq.(6. 24)) into the mass balae, we obtain an expression Of as a

function of free monomer concentratidi® ]
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[P]

C, = i[P1=Q BIPI =[P1Y i([Pl/ o, )" =————— 6.25
P=2iR1=2, 2 W TSR] e, ) (6.29

which can be rewritten in the following way:
G[PF -, (o, +2C,)[P]+a, *C, =0 (6. 26)

This quadratic equation can be solved with respef® jielding:

P= @+2C, 1! )" 1/1+4CF,/! olig (6.27

" olig 2C, /!

olig

Note that the concentrations of the P oligomers can be calculated Rijosirectly using

the massaction law. Specifically, we havgP]=! . ([PI/! ;)"
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Chapter 7. Materials and

Experimental Techniques
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7.1. Materials

5,10,15,20Tetrapheny21H, 23H-porphinep,p(p).p((ftetrasulfonic acid tetrasodium
hydrate(TPPS) was purchased from Sigwkrich, and used as supplied, without further
purification. Poly(vinylpyrrolidone) (PVP) with nominal molecularight of 40 kg mot,
citric acid and sodium acetate wegparchased from Sigmaldrich and used as without
further purification.Sodium phosphate dibasic dyhydrate and sodium phosphate monobasic
anhydrous was purchased from Fisher Scienfifeionized wéer was passed through a feur

stage Millipore filter system to provide higher pyntater for all the experiments

7.2. Solution Preparation

TPPSwater stock solutions with a composition&#% (w/w) were prepared by weight.

PVP-water stock solutiongith a composition 0$10% (w/w) were prepared by weight.

All the solutions were gravimetrically prepared by mixing known amounts of TPPS
and/or PVP stock solutions with water and buffer. A @M,0of the chosen buffers¢dium
phosphate buffeat pH 7.1, sodium acetate buffer at p&l5 or citric acid buffer at pk8.0)
was also added so that the fifmiffer concentration was 0.010 M. TPPS and PVP weight
fractions were converted into the corresponding molar concentrations using the molecular
weights of 102%g mol* and 111.14 kg mdifor TPPS and PVP monomer respectively and
the solution specific volume calculated using the specific volumes of 0.8§tamd 0.999
cm® g for PVP and 0.01 aqueous buffer respectively. The small contribution of TPPS to

the solution specific volume was neglected
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7.3. Isothermal Titration Calorimetry

ITC measurements were performed using the MicroCal iITC200 System from GE

Healthcard.ife Sciences. All experiments were performéd2, 25 and 37 jC.

For dissociation expenents, small aliquots (2:0L) of a TPPS aqueous solution (titrant,
3.69 mM) were sequentially injecteé20 injections) from a rotating syringe into the
vigorously stirred sample cell (syringe rotation, 1000 rpm) containing porpfrgen0.010

M buffer (titrand

For PVRTPPS binding experiments, small aliquots (2L of a PVP aqueous solution
(titrant, 91.0 mM) were sequentially injected into the ITC cell containing a TPPS aqueous
solution (titrand, 0.244 mM). The choice of PVP instead of TPPS agrtr@ was imposed
by the large contribution of TPPS dilution to the recorded heat (due to porphyrin
dissociation). On the other hand, blank experiments, in which PVP solutions were injected
into pure buffer, showed that the contribution of PVP dilutathe overall heat involved in

the PVRTPPS mixing process is very small.

Each injection corresponds to an exothermic peak on a plot showing the power required
to maintain the sample and reference cells at the same temperature as a function of time. The
differential heat associated is calculaieging Eq.(2. 36) in terms of dendrimer volume

fraction:
q® = ;’(V +V/2)(Q(k)/v)! (V ! V/Z)(Q(k!l)/v)%VC:I'ITRANT (7.2)

whereQ® =0 and C. is the titrant concentration.

TITRANT
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Theoretical binding models are then used to obtain mathematical expressions linking

Q™ /V to the total concentrations of titrai@\’ (see Eq(2. 32)), and titrandC{) (see

Eq. (2. 35), inside the sample cell after injectidn. We then use the mathematical

expressiongor Q% /V developedn Chapter 8&nd insert them into E¢7. 1), andapplythe
method of least squares to the experimeqtalusing MATLAB to yield the values of the

relevant model parameters. Note ti@it’/V is a continuum function of the sample

composition. Hence the superscrigt)O(will be omitted iChapter 8

7.4. Absorption Spectra

Absorption spectra were obtainatiroom temperatures®21-22 jC) with a Beckman DU
800 using two cuvettes with path lengdf /=1cm and/=0.1 cm for experiments in the
wavelength rang®f 500700 nm (Q bands) and the wavelength rangef 400450 nm
(Soret band)respectively The obtained results were reported as normaledesbrption

spectra by calculating the molar absorption coefficiént:Abs/ (IC), where Abs is the

corresponding sample absorbance @nd the corresponding TPPS concentration.
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Chapter 8: Formation and
Thermodynamic Stability of
(PVP+TPPS) Supramolecular Structures

in Aqueous Solutions at pH 7.0
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8.1. Introduction

In this chapter the binding of polymeporphyrin porphyrin selassociation for meso
tetrakis(4sulfonatophenyl) porphyrin (TPPS) in water at pH 7.0 wasuccessfully
characterized by isothermal titration calorimetry (ITC) and UV/visible spectromotometric
techniques. Compared to spectroscopic techniques, ITC has the advantage of providing both
the equilibrium constdan(or standard reaction Gibbs free energy) of a reversible chemical
reaction and the corresponding reaction enthalpy. Note that reaction enthalpies can be also
obtained by determining equilibrium constants from spectroscopic measurements as a
function of emperature (VanOt Hoff plot). Consequently, if equilibrium constants are
measured by ITC as a function of temperature, two independent means of determining the
same reaction enthalpy become available from ITC. This unique feature is very important for
assssing the accuracy of the binding models chosen to describe complex chemical
equilibria. Furthermore, reaction enthalpies extracted from individual ITC measurements as a
function of temperature offers a precise way to determine the reaction heat cafiasity.
thermodynamic parameter is known to be important for evaluating the contribution of
hydrophobic interactions to binding processes in aqueous solutions. To our knowledge, there
is only one qualitative ITC study related to TPPS binding to ferric myagf§pand there
are only few ITC investigations on porphyriris general’® In relation to spectroscopic
studies here is one reporting on (PVRPPS) biding "%, However, this investigation was

limited to acidic pHs and neglects the very important contribution of TBR&ssociation.
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8.2. TPPS selfassociation

In Figure47A, we show differentiaheat plots for our ITC dissociation experiments at
12, 25 and 37 jC. In all three g5, we obtain positive heat valuesnsistent with
dissociation being an endothermic process. Our data were examined using the dimerization
modelL,! 2L '"*'SvhereLandL, denote the TPPS monomer and dimer respectitrely.
this section, we will also apply the ecueainstant setassociation model to TTPS, We will
first review the dimerization modelvhile the other model will be discussed at the end of this

section.The cumulative heat for TPPS dimer dissociation is given by

Q/V:([Lz]_[Lz]o)AdHo (8.1)

dim

where [L,] is dimer concentration in théTC sample cell, [L,],is the hypothetical

2]0
concentration of dimers in the sample cell calculated by assuming that all dimers transferred
from the titrant solution do not dissociate, angH? is the standard enthalpy for dimer

dissociation. Note that the wed of Q/V is directly related to the dimer concentration

because there is oménding interactiorper dimer molecule. The dimer concentration is then

related to the monomer concentratipb], according the masaction law:

! :E

LTI (8.2

whereo, is the dissociation equilibrium constant. The monomer concentration is related

the known total concentration of TPRS,, by the mass balance:



C oIt
i -1+2! (8.3)

dim

For this model, the following analytical expression [fof can be obtaine(see Section

12
X im 8C, _
[L]= T[[H o j 1] (8.4)

Equations(8. 2) and(8. 4) are then used to obtain an expressionfgf in Eq. (8. 1).

6.6):

The correspondingexpression of[L,] is obtained by first calculating the dimer

concentration in the titrant solution and then applying the dilution factoE(s€2. 32)).

In Table8, we report the determined valuescof andA H, . Note thato, increases

with temperature. This is qualitatively consistevith dissociation being an endothermic

process. The corresponding values of standard Gibbs free energy and entropy were then
calculated using\ G, =-RTIne, andAS, =(AH, —AG; )/T respectively, where
R is the dealgas constant anél the absolute temperature. As showTable8 and in the

inset of Figure 48, Adeim increases with temperature. Thus, the congieedgsure heat
capacity of dissociationd,C . =(0.45£0.06) kJ-mol™-K™', was determined by applying

the method of least sares based on Hg =! Hg -+! Co.(T"T.), where

T, =298.15K is our chosen reference temperature bpdj . =(39.3+0.6) kJ"mol™ is

its corresponding\ dHfim value extracted from the fit.
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Figure47. (A) Representative plot of power as a function of time for the titration at 25 jC.
(B) Differential heatq, associated with consecutive injections of titrant solution (TB®S,
mM; sodium phosphate buffer, 10 mM, pH 7.0) into the titrand solutmsiys phosphate
buffer, 10 mM, pH 7.pas a function of TPPS concentratifiter injection in the ITC cell,
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Figure48. VanOt Hoff plot for the TPPS dimer dissociation constant, as a function of

temperature (solid circles). The solid curve describes the behavigr@fredicted starting
from its experimental value at 25 jC and the corresponding reaction enthalpgand

capacity values extracted from ITC experiments. The VanOt Hoff plot for the dissociation
constants obtained by applying #agualconstant selassociation modd€bpen circles) and

the predicted behavior (dashed curve) from the corresponding reecti@lpy and heat
capacity values is also includegf + 1 M is the standard concentration ard+ 25 jC is the

chosen reference temperature. The inset shows the standard dissociation enthalpy for TPPS

dimers as a function of temperature.

The dependencef the dissociation constant on temperature can be described using the

0

following thermodynamic relation derived by assuming thg®

is independent of

temperature:

—n 0 dim,R n
RIN g =" (S #— A" ) g Iy (8.5)
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where ! |S} . =(70£3) J'mol™"K™ is the dissociation entropy value B calculated

from ! \H] . and the value of Gj at 298.15 K in Table 8. In Figure 48, the

dim,R
experimental values oRIn/ , are plotted together with the theoretical curve generated by
using Eq. (8. 5). The values of , calculated fromEq. (8. 5) (see last row inTable 8)

exhibit an error lower than 20% compared to those directly obtainedIffC experiments.

We believe that this is an acceptable level of accuracy for experimental equitonstant

data.
Table8. Thermodynamic parameters associated with TPPS dimerization.
T/K 285.15 298.15 310.15

! o I MM 0.25+0.01 0.58+0.02 1.4+0.01
I HS [ kJ"mol™ 33.9+0.4 38.4+0.4 45.2+0.4
I ,GS 1 k3"mol™ 19.6+0.08 18.5+0.08 16.9+0.17

IS, 1 k3"mol™"K* 50+1 67+1 91+1

! i I MM (calc) 0.300 1.13

Spectroscoig studies have shown that TPPS aggregates are formed througto-edige
stacking®® Specifically, to minimize electrostatic repulsion between two parallel porphyrins,
a sulfonate group of a porphyrin interacts with the center of the other porphyrin. However,
steric consideations indicate that high@rder linear oligomers can be also formed through
edgeto-edge stacking. Thus, we have also examined our ITC dissociation experiments using

a equalconstant selfassociation model, in which higherder soluble aggregates

(oligomers) can also occur according lig! L, +L ***" weren is the number of
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monomers and equal to=2, 3, 4,.... The basic assumption of this second model is that the

dissociation constant of a monomec unit from an oligomer is independent of the

Yolig !

degree of oligomerization:

[L][L..] .
/ =-—— nl =
! olig [Ln] ,with n=2, 3, 4,... (8.6)

where[L] is the concentration of monomer afid] is the concentration of oligomgsee
Section ).
This model is consistent with the hypothesis that stacking of a third porphyracurtel

can also occur on one of the two dimer sides, leading to the formation of linear oligdmers

the Jaggregate typerhe cumulative heat for the dissociation of TPPS oligomers is given by
#II 1]
Q/V=gy (n' DL '™ (n! 1)[Ln]0&) dHc?”g (8.7)
n=2 n=2

where[L ] is the concentration of oligomer in the sample cellL ], is the corresponding
hypothetical concentration in the sample cell calculated by assuming that all oligomers
transfered from the titrant solution do not dissociate, ar&ng"g is the standard enthalpy

for the dissociation of a monomer unit from the oligomers, also assumed to be independent of
the degree of oligomerization. Note that {mé 1) factorin Eq. (8. 7) implies that there are

(n! 1) bonds in the linear oligomer and neglects the formation of cyclic assemblies.

The monomer concentration is relt® C , by the mass balanc€;, :[Lk]+! KIL,].
k=2

The second term on the right side of the mass balance can be rewritten as a geometric series,

leading to the following expression:
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# &
[CTL]:%I %( (8.8)

For this model, the following analytical expression[fioj can be obtained:

1 2) i &
(L] = ot 41+12&.. ?J,f'&( . (8.9)
2CL T " olig :

" olig

Equationg8. 6) and(8. 9) can be then used to obtain an expressiofilfgt in Eqg. (8. 7).

We now observe that the mathematical structutego(8. 7) is the ame as that dtqg. (8.

1). This can be appreciated by comparing the obtained expressionf forand

" (n! DL ]:
n=2
1/2
[L]2 !d' ) 4C n # 8C & ’
[L]=——=—004+ " ogd+—= . (8. 10)
’ ! dim 8 ;'c- ! dim $a- ! dim( -
* 12
# [L]? # $ S
1 (nl 1)[Ln] = 0|Ig[ ] 5 - olig 1+ 2C:L | + 4CL / (8 11)
n=2 (#olig! [L]) 2 4 #olig % #oligz /

The comparison otg. (8. 10) with Eqg. (8. 11) allows us to deduce that these two

equationslead to identical expressions ofQ/V (see Eq. (8.7)if / , =!, /2 and

AHy, = A Hy, /2. Since reaction enthalpy is linked to the equilibrioanstant logarithm,

it allows us to appreciate that the discrepancy between the enthalpy values exteatied
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from the ITC experiments with those obtained from WanOt Hoff plot can be used as a

decisive criterion in assessing the relative accuracy of the two proposed models.

In Figure 48, we also included the experimental values &In/  together with the

corresponding theoretical curve based the VanOt Hoff equation. The relatively large
deviation between experimental values and calculated shoxgs how ITC data can be used
to deduce thatlimerization is the more accurate model T®#PS seHlassociation. Hence,
electrostatic repulsions play a tawal role in hindering the formation of hightharged

oligomers.

0

The value of! Hg .

is comparable with those extracted from spectroscopic

experimentS® and indicate that porphyrin dimerization is an enthalpically driven process.

However ITC experiments hawsoallowed us to characterize the observed dependence of

I Hi. = ON temperature (see inset filgure 48). The observed increase bfH . with

temperaturas consistent with the presencehyfdrophobic interactions. For instance, it has

been estimated that the involvementooe water molecule tthe reaction heat capacity in

the icelike cage aroundydrophobicmoieties of biomolecules is abol8J!mol™* K17,

Our value of! ng’dim is about 36fold higher, thereby indicating significant hydrophobic

interactiondo the dimer dissociation

Contrary to! Hj . and! C ., the value of! S . is of more difficult

interpretation. Indeed, even the sign!ofS; . .

will depend on the choice of the standard
state due to the effect of solution volume on the trapsialt entropy of individual solute

particles. Assuming that the solvent can be treated as a continuum, the standard translational
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entropy 0of160J!mol*!K™ can be calculated using the SaRigtrode equatidi’ This
value can be compared to the experimehtg, . Note that the rotational entropy, which
is independent of the choice of the standard state, is also expected to positively contribute to

the net reaction entropy forssiociative processes. On the other hand, effects related to the

solvent molecular structure such as excludeldime and hydrophobic effects are expected to

negatively contribute td dSé’imyR. That the experimental values of reaction entriopTable

8 are significantly lower thad60J!mol *!K™* is also consistent with the presence of

significant hydrophobic interactions.

8.3. PVP-TPPSSupramolecular Structures

In Figure 49, we show differentiaheat plots for our ITC polymesorphyrin binding
experiments al =12, 25and 37 °C, demonstrating the formation of polymem#rphyrin

supramolecular structureb all three cases, we obtain negative heat vatoasistent with

binding being an exothermic process. Our data were examined using the Scatchard model
based orequivalent and independent sffésPLk I PL,,+L with k=1,23,...,n, where P
denotes PVP and is the total number of sites on the host polymer. Note that this reaction
scheme assumes that only TPPS monomer binds to PVPa3susption will be further
discussed at the end of this secti®he cumulative heat fgpolymerporphyrin bindingis

given by

Q/V =([L,1! [L,]o)" (Ham ! #Co" (Hp (8.12)

dim
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where hergL ], is the hypdbeticalconcentration of dimens the sample cell calculated by

assiming that all dimers in thettand solution do not dissociate after the addition of

polymer, andv is the number of porphyrin molecules bound per polymer Acitordingto

the Scatchard modé&ee Eq(6. 18)) v can bdinked to the free monomer concentratipb]

The thermodynamic paramete!r§H§L in Eq. (8. 12) andK in Eqg. (6. 18) are the
standard enthalpy ancequilibrium constant for polymer + porphyrin dissociation,
respectively. The total polymer concentrati@h, is defined with respect to PVP monomer

molecular weight. This implies th&armally n is a fractional number the polymerbinding
site consists aseveral PVP monomenits; i.e., the number oPVP monomers involved in a
binding site is1/ n. Equation(8. 12) shows that the observe@/V has to take into account
not only the heat associated with polymerphyrin binding (second term of RHS) but also
that contribution coming from porphyrimimer dissociation which is promoted by

porphyrinpolymer binding (first term of RHS).

The free monmer concentration[L], is related taC_, by the mass balance:

C =[L]+ZL,]+!C,, which can be rewritten in the following way:

i=1+2M+ ne
[L] I K+[L]

dim

(8.13)
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Figure49. (A) Representative plot of power as a function of time for the titration at 25
iC. (B) Differential heatq, associated with consecutive injections of titrant solution (PVP,
91.0 mM; sodium phosphate buffer, 10 mM, pH 7.0) thtitrand solutiofTPPS0.244

mM; sodium phosphate buffer, 10 mM, pH 7a8)a function of the PVP to TPPS

concentration ratio after injectio@s/C., at 12 jC (squares), 25 jC (circles) and 37 iC

(triangles)

Equation(8. 13) can be rearranged as a cubic equation with respétf t@and its three

roots were numerically calculated as a functioh of, K and n using MATLAB. Clearly,
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the free monomer concentration must be low enough so that all concentrations satisfying the
mass balance are positive. Thus, the valug.pfvas taken as the lowest real positive root.

0
dim

The method of least squares was then applidegtd8. 12) by using the values dof ;H
and! . from Table8 and by systematically calculating the deviation between experimental

Q/V and that calculated froifag. (8. 12) by systematically varying the values! qjngL , K

andn.

In Table9, we report the determined values!ofH, , K andn. Note thatK increases

with temperatureconsistent with polymeporphyrin dissociation being an endothermic
process.These values can be used to deduce that substantial formation of PVP + TPPS
supramolecular structures is obtained when the porphyrin concentration in the surrounding
agqueous mediuns of the order 10 M or higher. Fromhe obtained values af, we deduce
thatthere are about 20 PMRonomes involved in binding one TPPS moleculéis implies

that the molecular weight of the saturated PVP + TPPS supramolstuletures is$50%

larger than that of the polymeric scaffold. Note thah was found to slightly increase with
temperature. This behavior can be related to the effect of temperature on solvent quality.
Specifically, according tahermodynamic and viscosity experiméfitsthe hydrodynamic
volume of PVP chaindecreases as temperature increasgsemperature increases, polymer
chains contract making PMiRonomerunits less accessibte other molecules. Hencelore

PVP unitscontributeto one binding site.

We now compare the thermodynamic strength of PVP+TitBng with that of TPPS

dimerization. Note that the values bgHSL were found to be comparable with those of
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! dH0 while the values oK were found to be two order of magnitude smaller that those

dim?
of I ... This implies that polymer+porphyrin is singer than porphyrin dimerization due to
entropic effectsThe corresponding values of standard Gibbs free energy ang\emiere

then calculated using G5 =" RTInK and! & =(! ;H3 " ! ,G%)/T, respectively.

PL

Table9. Thermodynamic parameters associated with PVP + TPPS binding.

T/K 285.15 298.15 310.15

1/n 18.7+0.2 19.6£0.2 21.8+0.4

K/ um 3.9:0.5 7.5£0.5 9.5¢1.5

I HY /kJ"mol™ 28.5+0.3 37.4%0.3 47.7+1.0

I G5/ kJ"mol™ 29.5+0.3 29.3+0.2 29.8+0.4
IS/ k3"mol™ 'K -4+2 27+1 58+4
! i I MM (calc) 3.73 13.6

As shown inTable9 andin the inset offigure 50, ! ngL increases with temperature.
Thus, the constarMpressure heat capacity of dissociatioh,dcgﬂ:(0.771004)
kJ!mol K™, was determined by applying the method of least squares based on
L HE = Ho R+ Coa (T T), where ! H) . =(38.1x0.5 kJ!mol* is its

corresponding ngL value extracted from the fit. The dependence of the dissociation
constant on temperature can be described as previously shown for porphyrin dimerization

(see Eq. (8. 5). The standard dissociation entropy & was calculated to be

I S5, =(30£2) Jimol*1K from ! ;HJ . and the value of .G at25 {C in Table9
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The value of! ,C;, was found to be about 60% higher than that 6 . . This irdicates

d- pdim*
that hydrophobic interactions contribute more to polypmphyrin binding than to

porphyrinporphyrin dimerization. This is also consistent V\!itL‘SSL’R being significantly

lower tharl S} . A more significahcontribution of hydrophobic interaction in the case of

polymerporphyrin binding is consistent with both sides of a porphyrin molecule being
involved in the interaction with the polymer cha{@n the other hand, only one side per

porphyrin is involved irthe formation of a dimer.

Consideration on molecular sizes can be used to assess that the estimated lengths of the
PVP binding site and porphyrin molecule are consistent with PVP chains interacting with
both sides of TPPS. Specifically, we can estimaiettie binding segment of PVP!liss nm
based on the assumption that one PVP monomer contrib@&smto the chain length and
that there are about 2BVP units contributing to a binding sit®n the other hand, the
diameter ofTPPS,including thefour peripheral groupscan be estimated to be2 nm182
Thus, theestimated lengths of the biding site and porphyrin are consisted with the PVP

chains interacting with lib sides of TPPS.

In Figure 50, the experimental values ®InK are plotted together with the theoretical
curve generated by using the VaH6#f equation. The coesponding calculated values Kf

(see last row inTable 9) exhibit an error of 5% compared to the experimental value at

T =12°C and 40% compared to the experimental valu€ a37°C. These are acceptable

discrepancies considering system relative complexity due to the presence of two binding
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processes. Note that an error of 40%Kicorresponds to an error dkJ!mol *in ! G .

This error remains comparable with the typical errors gﬂgL data extracted by ITC.

RIn (K/C%/Jmol1K-1

_48 1 1 1 1 1 1
320 325 330 335 340 345 350 355

T1/ 103K

Figure50. VanOt Hoff plot for the PVIPPPS dissociation constait, as a function of
temperature (solid circles), obtained by assuming that TPPS binds to PVP in its monomeric
state only. The solid curve describes the behaviéf pfedicted from its experimental lva

at 25 jC and the corresponding reaction enthalpy and heat capacity values extracted from

ITC experiments. The VanOt Hoff plot for the PMEPS dissociation constants (open

circles), obtained by assuming that TPPS dimers bind to PVP in the same VRR'&s T

monomers, and the predicted behavior (dashed curve) from the corresponding reaction
enthalpy and heat capacity values is also inclu@d.1 M is the standard concentration and

Tr + 25 jC is the chosen reference temperature. The inset shows the standard dissociation

enthalpy for PVPTPPS complexes as a function of temperature.
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For comparison, we have also examined our ITC binding experiments by assuming that
both monomers and dimeequally bind to the polymer sites. The only modification to the
previous model is thadiq. (6. 18) is replaced by

,_ n(L+[L,)
T KH(LIFIL,)

(8.14)

where L and Lk are treated as two distinct competing ligands with same binding properties.
By following the same approach applied to B3.12), theextracted values of ngL andn

were found to be slightly diérent ( 5% ) from those reported iffable 9. However, the
corresponding values, which are shown ifrigure 50, were found to be virtually
independent of temperature contrémythe prediction from VanOt Hoff plot (feigure50).

We thereforededucethat the model based oi&q. (6. 18) represents a more accurate
description of PVPTPPS binding. That the interaction of PVP with L is favored compared to
that with L, is alsoconsistent withthe idea thatPVP chains interact with both sides of the

porphyrin molecule.

8.4. Absorption Spectra

In Figure51, we show normalized absorptigpectra in the visible wavelength range for
TPPS Figure 51A) and TPPSPVDP aqueous solutiong=ifure 51B-D) taken at room
temperature (223 jC). InFigure51A, we can see the characteristic four Q bandsBR.

As TPPS concentration increases, these bands shifts towards higher wavelengths as expectec
for a Jtype aggregatiorClearly, he existence of several isosbestic points is consistent with
presence of chemical equilibrium between two different porphpegcissj.e. monomer and

dimer.
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We can use the dimer dissociation constant determined by ITC to describe the behaviour

of TPPS absorption spectra. At a given wavelength, the observed extinction coefficient of

TPPS,!, can be expreed as the weighted average between that of the monomend

dimer, !

,!,, according to

L
!=[CL]!1+%!2 (8.15)

L L

where!, is defined with respect to the monomer molecular weight. The concentrgtipns
and [L,] can be calculated as a function Gf by using/, . We have used
! . =0.54mM , which wascalculatedat 22.5 {C by linear interpolation of! , (data

taken fromTable 8) as a function ofl/ T . The values of , and/, (seeFigure51 caption)

were then determined by applying the method of least squares. The graph on the right side of
Figure51A shows! /! as a function ofC_at three chosen wavelengths (515, 580 and 634
nm). These wavelengths correspond to the largest observed variationsThs graph

shows that the curvature 6f ! is accurately described by our ITC thermodynamic data.

In Figure51 (B-D), we show porphyrin speetras a function of PVP concentration at
three constant TPPS concentrations. Here, we can use both the dimerization anedHS/P
binding data determined by ITC to describe the behaviour of TPPS absorption spectra. At a
given wavelength, the observed extiantcoefficient of TPPS! , can be expressed as the

following weighted average:

) :M!1+M!2+!PL"CP
CL L CL

(8.16)
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where! , is extinction coefficient of bound TPPS. The valuedldf, [L,] and/ can be

calculated as a function @ provided that’ , , K andn are known We have used
K=6.1uM andn=0.051at 22.5 {C from the linear interpolation 6iK and n (data

taken fromTable 9) as a function ofl/ T. The values of , (seeFigure 51B-D caption)

were then determined by applying the method of least squares. The graphs on the right side
of Figure 51B-D shows!/ /! as a function ofC,/C_at the three investigated TPPS

concentrations. Heré, is the corresponding value ofatC,=0. As we can see on the

right side of Figure 51B-D, the curvature of /! is accurately described by our ITC

thermodynamic data at three choswvavelengths. One of these three wavelengths (515 nm)
was chosen to be the same as th&igure51A. The other two wavelengths correspond to
two isosbestic points (571 and 642 nm) for the monediivaer equilibrium, i.e/ =/ and
show significant variations ih as PVP concentration increasés the other had, the other

two wavelengths (580 and 634 nm) kigure 51B-D were not considered because the

corresponding variations ih were small.
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Figure51. Normalized absorption spectmxfinction coefficient!) showing the fou)
bands of TPP$ sodium phosphate buffer, 10 mM, pH 7.0, 22.5(#&). Spectraobtained at
several TPPS concentratios in the absence ¢tVP. The dashed vertical bars identify
three chosen wavelengths: (515, 580 and 634) nm. The eff€ctoof! is described by the
graphs on the right side showing the ratid;, as a function o€, at 515 nm (circles), 580
nm (squares) and 634 nm (triges). The infinitedilution values of thé; = (13.3, 5.07 and
2.75)mM*cmi’ at (515, 580 and 634) nmere determined by applying the method of least
squares with' gim= 0.54 mM. The corresponding determined valuels Bf were 0.37, 0.44
and 0.26 respectivelyB, C, D) Spectraobtained at several PVP concentratidds for three
constant TPPS concentrations: 98\ (B), 47.9uM (C) and 23.2uM (D). The dashed
vertical bars identify three chosen wavelengths: (515, 5@d5648) nm. The effect of the
molar ratio,Cs/C, on!/ is described by the corresponding graphs on the right side showing
the ratio,//!o, as a function o€p/C, at 515 nm (circles), 571 nm (squares) and 642 nm
(triangles). The values @k //1 =1.17, 0.38 and 2.09 (B), 1.12, 0.35 and 1.94 (C), and 1.09,
0.28 and 1.97 (Dat (515, 571 and 642) nmere determined by applying the method of least
squares with' gim= 0.54 mM,K = 6.1uM andn = 0.051. The wavelengths 571 nm and 642
nm corresponds tiwo isosbestic points in fig 5A withh=/,= (5.07 and 2.75nM‘cm’™

respectively

Our values off , , K and n were also used to extract the limiting spectra for monomer,

dimer and bound forms of TPPS. These spectra, which are shdviguie 52, allow us to
examine the relate positions of the four Q bands. The observed shift between the four Q
bands of monomer and dimer is G045 eV (see inset iRigure52). In the case of bound
TPPS the two Q bands displays an intermediate location with@03 eV shift with respect

to the monomer, while the two,@ands display no appreciable shift with respect to the
monomer. Since th& axis is located along the direction of the two protonated pyrrole

nitrogens of a porphyriby conventiol*”’, the observed shifts indicates that the interaction of
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PVP and TPPS mainly occurs along thexis. This interaction isxpected to involve
hydrogen bonding between the two pyrrole hydrogens of TPPS and the PVP oxygens, as
indicated by the resonance form in which a negative charge is located on PVP oxygens and a
corresponding positive charge on the PVP nitrogéhs." charater of the NDC bond may

favor' B' interactions between polymer and porphyrin.

20
! " #"l
Q(10) Q $%8H)™+, 0% (n
16 | (_L\ Q 8(8% )%  )%*0 )%+
Q.$%&Y)./ )% )+
Q.$(&%' )% )0+ )%+

700

Wavelength /nm

Figure52. Limiting normalized absorption spectrex{inction coefficient!) for TPPS in
the monomeric (short dashed curve), dimeric (long dashed curve) and bound (solid curve)
states. Each spectrum consists of fQurands denoted &3,(0,0), Q«(1,0),Qy(0,0) and
Qy(1,0) as we move from high to low wavelengths. The inset she@wsotiesponding
transition energy values in eV associated with the band maxima for the monomer (L), dimer
(L-L) and bound (R.) TPPS.



For completeness, we have also examined the Soret band of TPPS. The corresponding
normalized spectra in the UV range ah®wn inFigure53. Since the intensity of this band is
significantly stronger than those of the Q bands, spectra were collected at relatively low
TPPS concentrationsWithin this range of dilute concentrations, the effect of TPPS
dimerization on the Soret band is small (see ins€igire53). On the other hand, the effect
of PVP on the TPPS Soret band could be clearly investigated resulting into a shift towards

high wavelengthg 0.05 eV), which is qualitatively consistent with the shift observed for Q
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Figure53. Normalized absorption spectmxfinction coefficient/) showing the Soret
band for TPPSspdium phosphate buffer, 10 mM, pH 7.0, 22.5 jQJat 23 uM for several
PVP concentration€p. The numbers associated with individual spectra denote the
corresponding valuesf PVP to TPPS concentration rati@y/C, . The inset shows
normalized absorption spectra for TPRaken at severdl, values in the absence of PVP.

The numbers associated with individual spectra denote the corresp@adimgM.
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8.5. Conclusions

Supraméecular PVRTPPS structures with a maximum molecular weigb®% higher
than that of the PVP scaffold are obtained in the presence of TPPS concentrations of the
order of 10 uM or higher in the surrounding aqueous medium. The comparison between the
experinental VanOt Hoff plot and that calculated from experimental reaction enthalpies was
used to show that TPPS salsociation is limited to the formation of dimers and that TPPS
binds to PVP in its monomeric state. ITC reaction enthalpies have also all@eved u
determine accurate reaction heat capacities. These were related to hydrophobic interactions.
Our ITC results show that PYPPPS binding is stronger than TPPS dimerization due to the
difference in reaction entropy. Thermodynamic parameters were usexktiact the
normalized absorption spectra of monomeric, dimeric and bound states of TPPS. The
observed spectral shifts in the two Qx bands can be explained by considering that the two

hydrogens in the central porphyrin bind to the PVP oxygens.



Chapter 9: Effect of PVP on TPPS
Spectrophotometric Properties in

Acidic Conditions
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9.1. Introduction

In this chapterwe examinethe effect ofPVP concentration on TPPS spectrophotometric
properties apH 4.5 and 3.0and compare them with our results at pH. ¥\ observed
significant changes in TPPS spectral properties compared to those observed at neutral pH. At
these low pH values, TPPS samples appear green. As PVP concentration increases, sample
color turned red st is observed at pH 7.0. TPPS spectra are presengettion9.2 while
the relation of the observed spectrophotometric behavior to -PRIPShbinding is examined

in Section9.3.

9.2. TPPS Spectrophotometric Properties at low pH in the presence of PVP

We obtained TPPS spectra at pH 4.5 (10 mM of sodium acetate buffer) and pH 3.0 (10
mM of sodium citratébuffer) as a function of PVP concentration at room temperature (22.5
¥z £ 0.5%). Our results are shown kgure54A-C (pH 4.5) andrigure54D-F (pH 3.0) for
the visible range. Ifrigure54, we can see that the TPPS spectrum in the absence of PVP at
pH 4.5 still presents the characteristic four Q baffidsn 500 to 700 nmpf FBP although
the intensity of the Qbands is significantly smalt thanthat of Qx bands, contrary to what
we observe at pH 7.0. On the other hand, at pb] ®e observe only two Q bands
approximately at the location of the twq kands observed at higher pH valuaspH 3.0,

TPPS spectra in the absence of PVP alsow a sharp intense peak at lower wavelengths

(480 nm). This is associated with the forioatof Jaggregates (segection6.3).
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Figure54. Normalized absorption spectra (extinction coefficientshowng the four Q
bands of TPPS at 22 and in (A}(C) acetate buffer, 10 mM, pH 4.5, for three constant
TPPS concentration€; = 98.4*M (A), C.= 48.6* M (B) andC,_= 24.1* M (C) and (D)(F)
sodium citratédouffer, 10 mM, pH 3.0, for three constant TPPS concentratigrs97.8* M
(D), CL.=49.5*M (E) andC_= 24.1* M (F). Values forC_/C_ can be seen iRigure57 (for

pH 4.5) and~igure58 (for pH 3.0).
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The observed behavior is consistent with the FBP specigsyBmetry) dominating at
pH 7.0 and the DAB species {DPsymmetry) dominating at pH 3.CGcor all TPPS

concentrationsin Figure 54, we can observe the existence of awsbestic point(

!.,=2.88mM*cm™ at pH 3.0,/ =3.67mM“cm™at pH 4.5 and __,. =4.65mM“‘cm™

/5595 5575
at pH 7.0) which we can relate to theesencef a TPPS bounded species in soluti@rnth

its fractionincreasingwith PVP concentrain. As PVP concentration increases, we observe
that the intensity of the {bands increases while that Qf bandscorrespondly decreases
Thisimplies that the TPPS spectrum of the bound state in acidic conditions recovers the main
features of the FBBpectrum observed at neutral pH. Moreover, the peak associated with the

J aggregateat pH 3.0(seeFigure54F) rapidly decreases as PVP concentration increases and

disappears dheintermediateexperimentapolymer concentrations.

To further examine the spectrophotometrics properties of boun® g&Rpared to free
TPPS in the visible range, we plot the spectra obtaindteahtee investigated pH valuies
the absere of PVP (sedigure55A) and in excess of PVP (s&&gure55B). According to
Figure 55A, the isosbestic point between the FBP (pH 7.0) and DAP (pH 3.0) spectra is
predicted to be located at 578 nm. The experimental spectrum at pH 4.5 carsioiply
described as a linear combination of the other two spectra. This can be attributed to the
presence of a third TPPS species, the monoacid form of the porphyrin (MARbIE10,
we report the fractions of FBP and DAP calculated at the three experimental pH values
assuming that pKal=pKa2=4%9 In this table, we can see, as expected, that the DAP and
FBP species contribute to 99% of the total TPPS at pH 3.0 and 7.0, respectively. At pH 4.5,
DAP is the most abundant species (64%), with the amount of FBP being significantly smaller
(10%). Note the MAP contributes more than FBP (26%) at pH 4.5. This analysis, which
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shows that all three TPPS species contribute at pH 4.5, is consistent with the absence of an

isosbestic point ifrigure55A.

Tablel0. Fractions of DAP, MAP and FBP.

pH 3.0 4.5 7.0
DAB (%) 99 64 0.0063
MAP (%) 1.2 26 0.79
FBP (%) 0.016 10 99

In Figure55B, we show the spectra obtained in excess of PVP at the three investigated
pH values. The spectra virtually overlap thereby demonstrating that the spectrophotometric
properties of bound TPPSetome independent of pH in the visible range. This result
indicates that the chemical state of bound TPPS does not change with pH. Furthermore,
similarities between the spectrum of bound TPPS and that of free TPPS at pH 7.0, suggest

that the TPPS bound spes is closely related to FBP.

We now examine the TPPS spectrophotometric properties in the UV range (from 400 nm
to 450 nm, Soret band)n Figure 56A-C (pH 4.5) andFigure 56D-F (pH 3.0), we show
normalized spectra in the UV range at constant TPPS concentration and different
concentrations of PVP. Because of the high intenditth® Soret band compared to the Q
bands, spectra were collected at relatively low TPPS concentratitiee absence of PVP,
we canseethatthe Soret band has a maximum at 433 nm at pH 3.0 (DAB), which is red
shifted with respect to that observed at pBl (A12 nm, FBRseeFigure53). At pH 4.5, the
TPPS spectrum shows two bands that reflect the coexistentel&PS speciesn excesf

PVP, the TPPS spectrum consists of a band with a maximum at 422traH, three
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investigated pHsNote thatthe addition of PVP to TPPS at pH 3.0, blue shifts the Soret band.

This is the opposite of what it is observed at pH 7.0.
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Figure55. Normalized absorption spectra (extinction coefficiéntshowing the Q bands
for TPPS(C.=48t1*M) a (A) pH 7.0 (short dash line), pH 4.5 (full line) and pH 3.0 (long
dash line) in the absence of P{iR this canparison the normalized spectra of TPPS can be
regarded as independent of TPPS concentradingYB) pH 7.0 (short dash line), pH 4.5

(full line) and pH 3.0 (long dash line) in excess of RYR =45.2 26.4and18.3M for pH
= 3.0, 4.5 and 7.Gespectively).
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Figure56. Normalized absorption spectra (extinction coefficignf,showing the Soret band
for TPPSat 22.5% and in (A)acetate buffer, 10 mM, pH 4&C, = 24.1*M and (B,
sodium citrée buffer, 10 mM, pH 3.0atC_ = 24.1* M.

In conclusion, the TPPS spectrophotometric properties in the UV and visible range, in the

presence of sufficient PVP become pH independent.
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9.3. Effect of pH on the PVRTPPSbinding affinity

In Figure 57 and Figure 58, we show the normalized extinction coefficient,/ of
TPPS as a function of the molar ra@ip/C,_ at constantC, . Note that!  is the value of the

TPPS extinction coefficient in the absence of PVP. The valuég bf in these figuresvere

determined at the wavelength of 642 nm. This wavelength corresponds to the largest

observed variations of with PVP concentration.
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Figure57. Normalizedextinction coefficienat 642 nm,! /! , of TPPS in acetate buffer, 10
mM, pH 4.5 and 22.%¢ as a function o/ C_ for three constant TPPS concentrations of
98.4*M (open circles), 48.6M (open triangles) and 28* M (open squares). is the TPPS

extinction coefficient in the absence of PVP. The corresponding valye/df; is 0.17.
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Figure58. Normalized extinction coefficiert 642 nm ! /! , of TPPS insodium citrate

buffer, 10 mM, pH 3.@nd22.5% as a function oC_/C _ for three constant TPPS

concentrations of 978M (open circles), 49.5M (open triangles) and 24*IM (open

squares)/  is the TPPS extinction coefficient in the absence of PVP. The corresponding

value of/ , /! is 01l
At a given wavelength, the observed normalized extinction coefficient of TPRScan

beexpressed as the following weighted average:

I !
=@ #) (9.1)
"0 "0

where!, /! is the extinction coefficient ratio of bound TPPS/{q and! is the fraction

of bound TPPSWe set!/ , /! to be equal to the value of/ ! found at the highest PVP

concentrations and calculate from Eq.(9.1).
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From the data ifrigure57 andFigure58, it is possible to calculate the values@f/ C
at which 506 of the porphyrin is bound (= 0.5). The lower the value of,/C_at! =0.5,
the stronger the affinity of PVP to TPPS is. We obtélp/C =41+4 at pH 3.0 and

C./C_=16+2 at pH 4.5 by linear interpolation of our experimental data. These values
show that PVP has a greater affinity for TPPS at pH 4.5 compared to pH 3.0. Furthermore,
the value obtained at pH 7.0 /C_=14+2. This implies that the PVP fafity to TPPS

found at pH 4.5 is equal or just slightly smaller than that found at pH 7.0.

At any calculated we determined the corresponding concentration of unbound TPPS,

[L],,,- Note that this is the totabncentration of all monomeric and aggregated porphyrin in
solution. In the limit offL] ! O, this concentration becomes equal to that of monomeric

porphyrin,[L]. To calculatg L], we used

[Ll =@ ")C (9.2)

The number of porphyrin molecules bound per polymercan bealso linked to !

using the following expressidsee Chapter 8)

—L (9.3)

In Figure59, we show! as a function ofL]  at thethreeinvestigatedpH valuesNote
that the experimental points at Iq/]  correspondo highC,/C_valuesin Figure57 and

Figure58. In Figure 59, we observe that increaseswith pH at constanfL] . Note that

the change in binding affinity from pH 3.0 to pH 4.5 is significantly largen tihhat from pH
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4.5 to pH 7.0 consistent with the comparison of @hé C_ values at/ =0.5. Furthermore,

at pH 3.0 we observe that starts decreasingt values ofL] . higher than 0.04 mM. This

can be explained bgonsideringhe presence of an increasing amount-afgregates as the

polymer concentration decreases (IQw/ C ). These aggregates contribute to the value of

[L],,, @and do not participate in the PMAPPS binding process.
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Figure59. Number of porphyrin molecules bound per polynieras a function of free
ligand concentratiofiL] at pH 7.0 (open triangles}.5 ppen squargsand 3.0(closed

triangles)

9.4. Conclusions

Our spectrophotometric data shows tRaP-TPPSbinding occurs at neutral and acidic
pH. Furthermore, the comparison between the spectra for PVP+TPPS soaititnmee
different pH values of 7.0, 4.5, 3.0 and in the presence of PVP excess shows that the
porphyrin bound state is independent of pH.
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The shape of the spectra obtained in excess of PVP ssigjggisthe chemical state of

bound TPPS is closely relatemthe free base porphyrin.
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Chapter 10: Summary
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The objective of the second part of this dissertation was to investigate pebargryrin
binding in aqueous solutions. In Chapter 8, we focused on the thermodynamic
characterization of supramolecular RYPPS structures in agueous solution at pH 7.0 by
ITC. These supramolecular structures, which have a maximum molecular BBt
higher than that of the PVP scaffold, are obtained in the presence of TPPS conosnifati
the order of 10 puM or higher. ITC, compared to spectroscopic techniques, provides two
independent means to determine reaction enthalpies: direct measurements and VanOt Hoff
plot. In our case, the comparison of the VanOt Hoff plot obtained froribequil constants
to that calculated from experimental reaction enthalpies was used to show that TPPS self
association is limited to the formation of dimers and that TPPS binds to PVP in its
monomeric state. ITC reaction enthalpies have also allowed e$eiordne accurate reaction
heat capacities. These were related to hydrophobic interactions. Our ITC results show that
PVP-TPPS binding is stronger than TPPS dimerization due to the difference in reaction
entropy. Thermodynamic parameters were used toaxtra normalized absorption spectra
of monomeric, dimeric and bound states of TPPS. The observed spectral shifts in the two Q
bands can be explained by considering that the two hydrogens in the central porphyrin bind

to the PVP oxygens.

In Chapter 9, wdocused on the effect of pH on the spectrophotometric properties of
TPPS in the presence of PVP. Specifically the TPPS absorption spectra obtained at pH 7.0
were compared with those obtained at pH 3.0 and pH 4.5. The absorption spectrum of TPPS
is significantly affected by pH in the absence of PVP, due to thebasd properties of
TPPS. On the other hand, the TPPS spectrum bedonependent of pH in the presence of

sufficient PVP to produce TPHSV/P supramolecular nanostructures.
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This work not only preides valuable information on thermodynamic stability of
polymerporphyrin supramolecular nanostructures, but it also delivers general strategies for
the thermodynamic characterization of complex reaction equilibria in solution based on ITC.
Further work $ needed for understanding the thermodynamic behavior of TPPS+PVP
aqueous solutions in acidic conditions. This has to take into account not onlyPMEPS
binding but also TPPS sedfssociation, including the formation of largeaghregates, and
chemical quilibrium among FBPDAP and MAP. Fluorescence properties of THRS?
systems must be also characterized. This information is valuable for the application of these
systems to photodynamic therapy. Here, it will be important to examine how-HPPS
binding thereduced porphyrin mobilit§* and the intrinsic fluorescence of PVP, whicls ha
been recently discover®d affect fluorescence intensity, fluorescence quantum yield and
ultimately the capability of TPRBVP systems to produce excited singlet oxytie@ough
intersystem crossinglhese supramolecular systems can be further improved if they can
selectively target tumor tissues. This can be achieved by preparing PVP chains that are

partially functionalized with tumespecific target ligands such as fadicid*®.

Finally, we observe that the method discussed in Chapter 4 for the formation of
dendrimer globular nanoparticles can be also extended to-PNPSsystems. Specifically,
saltingout agents such as p&O, may be used to bring about LLPS of PVP amse

sytstems. PVP crosslinking can then be coupled to LLPS to produc& PR® nanogels.
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Figure A.1. Chemical structuref PAMAM (only one branch is represented). Where the
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Appendix B: Experimental Data for Chapter 3

LLPS Experimental Data for Turbidity Experiments

Tables B1. LLPS temperaturéT,,) as a function of salmolar concentrationds) at
severaldendrimenvolume fractions $) obtained from turbidity experiments.

Table Bla. T,n at $=0.38

& CdM To/iC
0.384 0.289 4.0
0.383 0.305 13.2
0.384 0.309 16.5
0.384 0.313 19.6
0.383 0.320 24.8
0.383 0.336 34.2

Table B1b. T}, at $=0.29

& CdM ToliC
0.292 0.372 9.4
0.291 0.374 12.5
0.291 0.377 15.0
0.291 0.378 17.8
0.291 0.380 21.8
0.291 0.385 29.8

Table B1c. Ty, at $,=0.27

% CdM Ton/iC
0.265 0.412 4.8
0.266 0.413 10.0
0.266 0.415 21.0
0.267 0.417 42.0

201

Table Blg. Tynat $,=0.14

& CdM ToliC

0.140 0.691 36

0.142 0.690 32

0.143 0.690 28

Table B1h. Ty, at $,=0.084

& CdM ToliC

0.0834 | 0.806 33.2

0.0835 | 0.814 27.6

0.0836 | 0.822 22.9

0.0835 | 0.830 17.8

0.0835 | 0.837 13.8

Table Bli. T, at $,=0.049

% CdM ToliC

0.0492 | 0.958 35.4

0.0495 | 0.964 31.4

0.0492 | 0.970 28.2

0.0493 | 0.974 26.6

0.0493 | 0.978 24.4




Table B1d. T}, at $=0.24 Table Blj. Ty at $,=0.00126

& CdM ToliC & CdM ToliC
0.237 0.475 0.2 0.0125 | 0.994 36.8
0.235 0.477 3.2 0.0127 | 1.002 334
0.235 0.484 12.4 0.0125 | 1.010 30.4
0.234 0.486 12.8 0.0126 | 1.022 25.3

0.0127 | 1.026 23.0

Table Ble. Ty, at $,=0.22 Table B1k. Ty, at $,=0.0096
% CyM Ter/iC % CdM Ta/iC
0.224 | 0.500 -4.4 0.0096 | 1.267 35.0
0.224 | 0.501 -2.0 0.0096 | 1.269 34.0
0.223 0.504 0.8 0.0096 | 1.271 32.0
0.223 0.507 5.0 0.0097 | 1.271 32.0
0.223 | 0.508 9.2 0.0096 | 1.274 30.0

Table B1f. Ty, at $=0.21 Table B1l. Ty, at $=0.0091
% CIM | Tu/iC % CdM | Tw/iC
0.208 | 0.526 -8.0 0.0092 | 1.384 32.0
0.208 0.527 -5.8 0.0091 | 1.387 27.0
0.208 | 0.529 -2.5 0.0091 | 1.392 26.0
0.208 | 0.531 -0.4 0.0091 | 1.396 20.0
0.0091 | 1.401 19.0
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ITC Experimental Data

In Table B2, we report the corresponding plot of the differential heat per mole of titrant,

g%, as a function of dendrimer volume fraction inside the ITC ¢&il , after injectionk .

Table B2. Differential molar heat,q®, associted with consecutive injectionk, of the
titrant solution containingPAMAM-OH with volume fraction,/?, into the titrand solution
with increasing dendrimer volume fractiof),. These heat of dilution experiments were
performed inaqueous salt buffe(ACES, pH7.0, 0.10M; sodium sulfate, 0.03 M; ionic
strength, 0.14Mand 25.0 C.

Table B2a.q® values at/$=0.191.

k % q® / (kImol?) k % q® / (kImol?)
1 0.0019 % 11 0.0195 -2.992
2 0.0037 -3.159 12 0.0212 -2.967
3 0.0055 -3.201 13 0.0228 -2.915
4 0.0073 -3.142 14 0.0244 -2.881
5 0.0091 -3.098 15 0.0260 -2.885
6 0.0109 -3.100 16 0.0276 -2.865
7 0.0127 -3.035 17 0.0292 -2.827
8 0.0144 -3.067 18 0.0307 -2.815
9 0.0161 -3.001 19 0.0323 -2.764
10 0.0178 -3.017
Table Sa. ¥ values at /8=0.173.

k % ¢® 1 (kImol?) k % ¢ 1 (kImol™)
1 0.0017 % 11 0.0177 -2.560
2 0.0034 -2.830 12 0.0193 -2.624
3 0.0050 -2.817 13 0.0207 -2.576
4 0.0067 -2.774 14 0.0222 -2.507
5 0.0083 -2.740 15 0.0237 -2.438
6 0.0099 -2.710 16 0.0251 -2.402
7 0.0115 -2.692 17 0.0266 -2.433
8 0.0131 -2.670 18 0.0280 -2.421
9 0.0147 -2.613 19 0.0294 -2.259
10 0.0162 -2.575
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Table Sz. g values at/2=0.130.

k % q® / (kImol?)
11 0.0133 -1.538

12 0.0145 -1.546

13 0.0156 -1.567

14 0.0167 -1.577

15 0.0178 -1.489

16 0.0189 -1.505

17 0.0200 -1.486

18 0.0210 -1.422

19 0.0221 %

Table S2d. g values at/2=0.103.

k % a® / (kImol?)
1 0.0013 %
2 0.0025 -1.690
3 0.0038 -1.681
4 0.0050 1,711
5 0.0063 -1.683
6 0.0075 -1.628
7 0.0087 -1.626
8 0.0099 -1.648
9 0.0110 -1.619
10 0.0122 -1.556
k % q® / (kImol?)
1 0.0010 %
2 0.0020 -1.181
3 0.0030 -1.219
4 0.0040 -1.207
5 0.0050 -1.141
6 0.0059 -1.113
7 0.0069 -1.135
8 0.0078 -1.167
9 0.0087 -1.097
10 0.0097 -1.104

Salt Osmotic Coefficient Data

According td%’, the salt osmotic coefficient at 25 C is given by

£

12
1(25°C)= ]$20 391473

LY
1+1.21Y2 3

o&

k % q® / (kImol?)
11 0.0106 -1.087
12 0.0115 -1.072
13 0.0124 -1.021
14 0.0132 -1.049
15 0.0141 -0.990
16 0.0150 -1.012
17 0.0158 -1.020
18 0.0167 -0.995
19 0.0175 -0.944

0.011976 0.9512%6 exp('Z2 #4

'gp 0024359 0.236084 exi 2% #)
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*

wherem, = MCS and /=3 m—(s)

*

W W m

For other temperatures, we fit the experimental data to the following empirical

expression:

2
9. (T)=,(25°C) +1000% 21.377-9.1906 % +o.95293(%j ][(T/ °C)"? = (25/°C)"*]

whereT is in Celsius. In Figre BJ, the plots of/; as a function ofC at 5, 15, 25 and 37

iC show that/ ; increases with temperature at a giveh

"&
% |
~. !"$ :
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11/,012,304

Figure B1. Osmotic coefficient for the N&Oy,-water system.
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Diffusion Coefficient Data

Table B3. DLS dendrimer diffusion coefficienD, as a function of dendrimer volume
fraction, /, , at two salt concentrations Q;/mol dm®=0.044 and 0.949) and two

temperatures (25.0 and 37.0 jC)

Table B3a. Values of D/10° m’s™ at 25.0 and 37.0 {C fa€ / mol dm'® =0.044

/s 25.0 iC 37.0iC
0.0067 0.0924 0.1248
0.0100 0.0947 0.1268
0.0149 0.0944 0.1268
0.0183 0.0945 0.1265
0.0205 0.0955 0.1293

Table B3b. Values of D/10° m’s™ at 25.0 and 37.0 iC fo€, / mol dm'* =0.044

/s 25.0 iC 37.0iC
0.0076 0.0562 0.0774
0.0102 0.0537 0.0733
0.0133 0.0526 0.0715
0.0169 0.0493 0.0671
0.0212 0.0463 0.0622
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Appendix C: Experimental Data for Chapter 4

LLPS Experimental Data for Turbidity Experiments

Tables C1. LLPS temperaturé7,n) as a function of salimolar concentrationds) at
severaldendrimenvolume fractions $) obtained from turbidity experiments.

Table Cla. Ty, at $=0.22
) CJ/M | TuiC
0.218 0.567 15.1
0.217 0.582 18.6
0.218 0.586 21.2
0.217 0.587 20.2
0.217 0.598 23.7
0.216 | 0.603 25.6

Table C1b. Tyn at $=0.19
% CJM To/iC
0.189 | 0.623 9.4
0.188 0.629 11.0
0.189 | 0.637 13.8
0.188 0.644 16.0
0.188 0.652 18.2
0.188 | 0.660 21.0
0.188 0.667 24.0
0.188 0.675 26.4

Table Clc. Ty at $=0.14

) CJ/M | TuiC
0.143 0.817 16.8
0.144 0.826 20.2
0.143 0.833 225
0.144 0.845 27.0
0.144 | 0.854 30.6
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Table C1d. Tyn at $=0.12

) CJ/M | TuiC

0.120 0.861 7.7

0.120 0.879 14.6

0.120 | 0.885 17.5

0.120 0.893 21.1

0.119 | 0.909 25.3

0.120 0.914 28.8

0.120 0.918 31.1

Table Cle. Tynat $=0.080

% CIM To/iC

0.0798 | 0.965 2.4

0.0799 | 0.981 7.5

0.0797 | 0.988 111

0.0796 | 0.996 13.3

0.0797 | 1.004 17.2

0.0797 | 1.013 20.5

0.0796 | 1.020 23.5

0.0797 | 1.028 27.9

0.0798 | 1.044 34.7

Table C1f. T,n at $=0.062

) CJ/M | TuiC

0.0623 | 1.075 -5.1

0.0622 | 1.097 5.2

0.0622 | 1.106 7.9

0.0623 | 1.116 11.6

0.0622 | 1.121 14.4
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Table C1g. Tpn at $=0.049

% CJM Ter/iC
0.0489 | 1.125 3.0
0.0489 | 1.133 5.6
0.0489 | 1.149 12.0
0.0489 | 1.156 154
0.0490 | 1.164 19.0
0.0490 | 1.180 26.2

LLPS Experimental Data for the Binodal Curve

Linear fits through turbidity data were used to calculate binodal data at four
representative temperatures. Calculated values are reported in Table S2 together with the
corresponding slopeg; C, /" /

o)ys €xtracted by assuming th@t, linearly varies with/,;.

Table C2. Binodal data

Tor/iC 5 15 25 35
% CIM CIM CyM CyM
0.217 0.635 0.602 0.568 0.534
0.188 0.702 0.671 0.641 0.610
0.144 0.866 0.839 0.812 0.785
0.120 0.930 0.905 0.879 0.854
0.080 1.047 1.022 0.998 0.974
0.062 1.171 1.147 1.123 1.099
0.049 1.201 1.178 1.155 1.131
("Cy/" /)M | -3.410.16 | -3.46:0.15 | -3.52:0.15 | -3.58:0.14

ITC Experimental Data

In Table C3, we report the corresponding plot of the differential heat per mole of titrant,
g%, as a function of the dendrimer volume fraction inside the ITC ¢, after injection

k.



Table C3. q® values at/ 2=0.095and 25.0 {C

K 740 q® / (kJ mot?)
13 0.978 -5.89
14 1.048 -5.65
15 1.117 -5.46
16 1.185 -5.16
17 1.253 -4.96
18 1.319 -4.75
19 1.385 -4.57

Salt Osmotic Gefficient Data
See Appendix B for equations.

In Figure C.1 the plots of/¢ as a function ofC at 5, 15, 25 and 8{C show that/

increases with temperature at a given

"&
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Figure C1 Osmotic coefficient for the N&Oy,-water system.
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ABSTRACT

STUDIES OF PHASE BEHAVIOR AND HOSGUEST BINDING IN
AQUEOUS SYSTEMS CONTAINING MACROMOLECULES

by Viviana Cec’lia Pereirda Costa, Ph.D., 2015
Department of Chemistry
Texas Christian University

Dissertation Advisor: Onofrio Annunziata, Associate Professor of Chemistry

The two dissertation goals were to investigate 1) lidigidid phase separation (LLPS) of
dendrimer solubns and 2) thermodynamic stability of polyrpmarphyrin supramolecular

structures in solutions.

LLPS is important in separation and materials science. However, no experimental studies
have been reported on LLPS of dendrimer solutions. Dendrimers are hyperbranched
macromolecules that find applications in these fields. We focused on the LLPS of aqueous
solutions of poly(amido amine) dendrimers of forth generation with hydr¢gRAMAM -

OH) and amine (PAMAM-NH2) functionality. LLPS was observed in the presence of
sodium sulfate. In the case of PAMA®IH, LLPS switches from being induced by cooling

to beirg induced by heating as the salt concentration increases while, in the case of
PAMAM-NH2, LLPS is observed by cooling only. To explain our findings, a
thermodynamic model based on two parameters, describing dendemanimer interaction
energy and saltadting-out strength, was developed. This model successfully describes the
observed LLPS behavior including the unusual thermal behavior of PANWM We

showed that coupling dendrimer oligomerization with LLPS leads to the formation of



globular dendrimer meoparticles. This provides the basis for the preparation of nanopatrticles
of low-generation dendrimers, which may circumvent the need of preparingéngnation

dendrimers.

Porphyrin optical properties can be tuned through polymoegphyrin hosiguest binding
in solution, giving rise to the formation of supramolecular structures. The formation,
thermodynamic stability and spectroscopic properties of polhpogrhyrin supramolecular
structures and their competition with porphyrin sedfociation were ingtigated by
isothermal titration calorimetry (ITC) and absorption spectroscopy. Reaction enthalpies and
equilibrium constants were measured for mietmkis(4sulfonatophenyl) porphyrin (TPPS)
self-association and TPPS binding to poly(vinylpyrrolidoneYR in aqueous solutions at
pH 7 and three temperatures {32;C). ITC provides two independent means to determine
reaction enthalpies: direct measurements and VanOt Hoff plot. This was used to assess thal
selfassociation of TPPS is limited to the forinatof dimers and TPPS binds to PVP in its
monomeric state. TPPS dimerization and PNHPS supramolecular structures are
enthalpically driven. However, polymeorphyrin binding was found to be entropically
favored compared to dimerization. Finally, wewhbat TPPS spectrophotometric properties

become independent of pH in the presence of a large excess of PVP.



