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Catanionic vesicles, made from mixtures of oppositely chargedcsants,
have potential in drug delivery and gene therapy applications. Heoss
correlation spectroscopy (FCS) was utilized to study thérektatic binding of DNA
molecules to vesicles made from cetyltrimethylammonium tesyW&TAT) and
sodium dodecylbenzenesulfonate (SDBS). FCS is employed to makiéveens
measurements of bilayer adsorption and compare the adsorption of twe- sing
stranded, dye-labeled DNA molecules of different lengths. Preexpsrimentation
had shown that small organic fluorescent dyes bind to oppositelgezhaesicles,
thus positively charged CTAT-rich vesicles were used in the study of DiAng).
FCS was performed on samples with a constant DNA concentration and

varying surfactant concentrations in order to construct binding reoshfor a Smer

ssDNA molecule and a 40mer ssDNA molecule. The binding constaertmiletd



for 40mer ssDNA (~ 19 was larger than the constant for 5mer ssDNA (3, hd
binding constants for both lengths of DNA were larger than those preyiousl
determined for small organic molecule fluorescent dyes, whick werthe order of
10*.  Additionally, 40mer ssDNA was found to probe the critical agdieya
concentration, which is the lower limit at which vesicles camfan a surfactant
mixture. Ordinarily it would be expected that very few vesiglesild form at this
surfactant concentration, however the autocorrelation curves indnzdtéhe 40mer

is bound only to vesicles.

Salt studies were also done with the 40mer ssDNA to deterhunethe
binding of cargo molecules to the exterior of the vesicle would bextadl by
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a factor in loss of binding affinity under normal saline conditionecaBse these
surfactant vesicles have been shown to have potential in both drugyalinegene
therapy, it is important that the binding of the cargo moleculebbe ta withstand

normal saline conditions.
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Chapter 1. Surfactants

1.1 Introduction

Surfactants have many uses in detergents, paints, cosmetics, qdaroasds,
and even in the oil industly.Moreover, the aggregate structures that surfactants can
form such as micelles and vesicles have many uses in the ateasand new uses
continue to be proposed. For instance, surfactant vesicles have bpesegras a
replacement in applications where phospholipid vesicles have traditidmegtn
utilized; the surfactant vesicles remain stable for long peridddsne of a year or
moré in comparison to stability of a few days for phospholipid vesiclesorder to
extend the usefulness of surfactant vesicle preparations, thsicahgroperties and
behavior in solutions must be considered. If surfactant vesiclet® dre used in
biotechnological applications, the binding or incorporation of biological entds

such as DNA will have to be studied, and some of these studies are detailed herein.

1.2 Introduction to Physical Properties of Surfactants

Surfactants are composed of a polar headgroup region and a nonpolar
hydrophobic tail region, and can be classified into four categaresnic, cationic,
zwitterionic, and nonionic. This categorization is based on whatdiypeadgroup
the surfactant contains. The term surfactant derives from theeptsarface active
agents,” which refers to one of their interesting physical ptiggeof assembling at
surfaces. Surfactants tend to assemble at surfaces or datetiecause of the

nonpolar hydrophobic tail region (Fig. 1.1). They are generally soiabilater, and



assembly at surfaces, such as the air/water and solidiwtgdace, occurs in order
to minimize contact between the hydrophobic tail region and watbkrs behavior
results in a reduction in surface tension of solutions that contaimctants. As the
concentration of surfactant is increased in solution, there comesitaapavhich the
surface tension no longer changes, and this point is known as the cnioedle
concentration (cmc). The critical micelle concentration is theafactant
concentration at which micelles begin to form, which provides theadarit
molecules with another method of reducing contact between the hydropghdbic

region and watet.

+
VAN P G NP G N g

Br / \
| | |
Polar headgroup Non-polar tail
region region

Figure 1.1 Example surfactant structure
The structure of the cationic surfactant cetyltinggammonium bromide as an example of a surfactant
molecule showing the polar headgroup region witlnterion and the hydrophobic tail region.

1.3 Thermodynamics of Salf-Assembly and CMC

When the thermodynamics of surfactants in solution are consideeed,éte
several opposing forces that come into play because of the amphiatuie of the
surfactants. These forces include the hydrophobic effect, headgeadgroup
repulsion, hydration forces, and steric effects, but the hydropledieict is perhaps
the strongest driving force. The hydrophobic effect involves thester of a
hydrocarbon molecule (the surfactant tail) from a polar environteeat nonpolar

environment, and this process is accompanied by a reduction in egyenThe



hydrophobic effect describes surfactant molecules assemblimgeditices and also
assembling into larger structures such as micelles and vesi&#sw the cmc, only
surfactant assembly at surfaces needs to be considered, buttabore, surfactants
begin assembling into larger aggregates, such as micelles sinttyeand one must
consider the thermodynamics of those aggregates as well.

Surfactant micelles in solution at equilibrium can be described) tise phase
separation model, which treats the micelle as a separate \whasen the chemical
potential of the surfactant is assumed to be the same everywhetker it is in
solution or in a micellé. An expression for the chemical potential of a surfactant
molecule in water is represented as

u=u +RTIna (1.1)
wherey’ is the chemical potential in the standard state aigl the activity of the
molecule in solutior. The activity of the surfactamtcan be defined as eitherf ,
where x is the mole fraction of the surfactant in solution ghds the activity
coefficient of the surfactant, or asf , wherec is the concentration of surfactant in
solution! If the solution is ideal, the activity coefficient is equalotee, and the
chemical potential of surfactant in solution below the cmc can be equated to

Mmonomer = Hmonomer + RTIn C™ (1.2)
whereC™ is the concentration of the monomer in solution. In an ideal solution at
above the cmc, the chemical potential of surfactant monomer in sohkdirbe

eguated to

Emonomer = .u:nonomer + RTIn C” (13)



where C* is the cmc of the surfactant. When describing a surfactait is
partitioning from the solution to a micelle, the free energy chdagthis process is
given by
AG = Gringl — Ginitial = Hmicetle — Hmonomer - (1.4)
When the system is at equilibriumG = 0, so the chemical potential of surfactant in
a micelle is equal to the chemical potential of the surfaataslution, and therefore
the chemical potential of surfactant in a micelle is given by
Umicelle = Mmonomer T RT Ina. (1.5)
This equation can then be combined with equation 1.3 to obtain
Hmicetie = Hmonomer + RTINC* + RT Ina, (1.6)
and then further substituted using equation 1.2 to obtain
Umicetle = Bmonomer — RTINC™ + RTInC* + RT Ina a.7)
which simplifies to give an equation relating monomer conceoitréb the cmc of a
surfactant solution. The simplified equation is
C™ = C*a (1.8)
where a is the activity of the surfactant as described above. @&bigtion is
appropriate for use in surfactant solutions that have a single tauntfapecies and

that behave ideall§. For non-ideal solutions, regular solution theory is applied.

14 Regular Solution Theory

Many surfactant solutions do not behave ideally because of etattros
effects arising from charged surfactants, so regular saldtieory must be used to

properly model the thermodynamics of the system. Non-ideal codutieach



equilibrium (Fig. 1.2) just as ideal solutions do, and at equilibriumctiemical
potential of one surfactant species is the same whether nt $®lution or in an
aggregaté. In an ideal solution with only one surfactant, the concentration of
monomer in solution can be equated to the cmc. In non-ideal solutiorasnaumt
only one surfactant, the concentration of monomer in solution is reprdsbmt
equation 1.8, but in a mixed surfactant solution, the monomer concentratishben
calculated separately and the following equation is used:
" = xifiC{ (1.9)

where x; is the mole fraction of componeitin the aggregatef; is the activity

coefficient of component andC; is the cmc of componenf

air/water interface

555%555655555555

\ 499
e
R

Figure 1.2 Equilibrium of surfactantsin solution
Surfactants arrange at the air/water interfaceiatodmicelles and both states are at equilibriurthwi
surfactant monomers in solution.

In mixed micellar systems, the cmc of the resulting smuis different from
the cmc of either individual surfactant. At the mixed cmc, thenamer
concentration of each species in solution is givéh by

T = aCirix (1.10)



which is derived from equation 1.9. If equations 1.9 and 1.10 are combined, the
mixed cmc can be equated to the cmc’s of the individual componentisein
aggregate:

a;Cyix = xif;C{ (1.11)
and the mole fractions for the individual components in the aggregatieecequated
to:

_ %iChix
X; = fici (1.12)

For a binary surfactant mixture, the sum of the individual moletifras of the

surfactants is equal to one, and can also be equated to:

_ 1Cymix | %2Crmix _
X1+ x, = e + e o 1 (1.13)

and from there, the mixed cmc can be calculated using the following eqtiation:

1 aq as
Cymix [CD G

(1.14)

where Cp;;, IS the mixed cmcq, and a, are the total mole fractions of the two
components in solutiort;; andC; are the cmc’s of each surfactant in solution, And
and f, are the activity coefficients of each surfactant. For aalidelution, the
activity coefficients are one, and the mixed cmc can easilyabrilated; however,
for a non-ideal solution, the activity coefficients must be catedl to determine the
mixed cmc?

The activity coefficients for non-ideal solutions are generi@bs than one,
and the farther the solution deviates from ideality, the smakeattivity coefficient
becomes. The activity coefficient is related to the type dastants used in the

mixture; the smaller the ionic character of the surfactathéscloser the value of the



activity coefficient for that surfactant is to one. To calteithe activity coefficient, a
dimensionless interaction parameter is needed, and for a systanonly two
components, the activity coefficient can be determined as follows:

fi=expB (1—x)° (1.15)

fo=expp x,° (1.16)

where x; is the mole fraction of component 1 in the aggregate fand the
interaction parameter between the two surfactants. In binatymsxwith a strong
attraction between the two surfactant species, the surfactatipeadleviates farther
from ideality, and the value ¢ becomes more negative. Whgns negative, the
values of the activity coefficients are lower, and the mixed becomes lower in

comparison to the individual cmc’s of the individual surfactants in sol@tion.

1.5 Critical Packing Parameter

In addition to using thermodynamics to describe surfactant solutions
geometric constraints can be used to better predict what typgdgate structure
will form in a particular surfactant solution. The geometric tram#s take into
account the basic geometry of the surfactants themselves.suftaetants can be
assigned a critical packing paramet®;, which is related to the shape of the

surfactant molecule as follows:

v

P = (1.17)

aolc
wherev is the volume of the hydrocarbon chanjs the area of the headgroup, é&nd
is the critical hydrocarbon tail length. The tail volume bamapproximated in units

of A® by using (27.4 +26.9n), wheren is the number of carbon atoms in the



hydrophobic tail, and the tail length can be approximated in uni§ by using

(1.5 4+ 1.265n).> The headgroup area can be calculated usjng \/C_/y whereC is

a constant in which repulsive interactions are taken into account entthe surface
tension® The headgroup area can also be determined experimentally thsing
Langmuir trough methof.

The packing parameter ranges from values of 1/3 to greater thandl,
different values for the packing parameter predict differgpes of aggregate
structures. Values of packing parameters and the aggregavaltmadst likely form
are shown in Table 1.1. Surfactants with a single tail tend o $pherical micelles
or rod-like micelles, and surfactants with two hydrocarbon teits filayers> One
example of a single tailed surfactant that forms sphericaklles in solution is
cetyltrimethylammonium bromide (CTAB),and one example of a single tailed
surfactant that forms rod-like or wormlike micelles in sauati is
cetyltrimethylammonium tosylate (CTAT).The only difference between these two
surfactants is the counterion, and that accounts for the differen@ggregate
structure formed. In CTAT solutions, the tosylate counterion inte=sain between
the CTA ions so that charge screening occurs and the'@QiEAdgroups are brought
closer together, reducing the average headgroup area andsingréae packing
parametef. For CTAB solutions, the bromide counterion does not intercalate and the
headgroups repel each other, giving rise to a larger headgrouparadteamaller

packing parametér.



) Aggregate Structure
Packing Parameter Surfactant Shape Predicted

>1 inverted reverse
truncated cone g micelle
1/2 -1 lind vesicle/
cylinaer bilayer
1/3-1/2 truncated @ rod-like
cone micelle

<1/3 spherical %
cone v micelle

Table 1.1 Packing parameter values and aggr egates for med
Possible packing parameter values, the shape slifi@ctant associated with that packing parameter,
and the structure most likely to form are showndach value. Adapted from reference 5.

1.6 CMC and Critical Packing Parameter in Formation of Catanionic Vesicles

In this work, the surfactant solution of interest is one in whidianianic
vesicles form; catanionic vesicles are composed of a mixtuaecafionic surfactant
and an anionic surfactant. These studies focus on one particulae viesioing
system, the cetyltrimethylammonium tosylate (CTAT) and sodium
dodecylbenzenesulfonate (SDBS) system. In certain mass wdigre one of the
surfactants is in excess, vesicles can form spontaneously whisvotsarfactants are
mixed together in solutioh. Vesicles in this system form above the mixed cmc, also
referred to as the critical aggregation concentration (cackhwtan be calculated
using regular solution theory or determined experimentally. &lsascmuch lower
for a mixture of CTAT and SDBS than the pure cmc’s of each component because the
interaction parametef has a very negative value of -24 for CTAT and SDBS.

Values forg in other catanionic systems are similar; these systemsthavargest,



most negative values compared to other types of mixed surfatat@ms. For
example, anionic/nonionic systems have small negative valyethat range from -1
to -53

The anionic and cationic surfactants form an ion pair that is asinol a
phospholipid because the ion pair has a single headgroup with two hydrocarbon
chains (Fig. 1.3). The opposing charges of the cationic and anionic sntface
essentially neutralized when they are paired, and it has a pgoiiageter ofl
which corresponds to a planar bilayer. For catanionic surfactactesesy form, one
of the surfactants has to be in excess, so the excess surfacimcules have a
packing parameter of1/3 in solution, which generally indicates micelle formation.
Combining these two packing parameters points to a lamellactate with the
curvature of a micelle; the result is vesicle formation. diner leaflet of the bilayer
contains more of the excess surfactant, so there is non-idaagroetween the two
bilayers in order for vesicles to form. With non-ideal mixingnsen the bilayers,
more CTA is in the outer leaflet, and these CTiAns repel each other, giving rise to

a larger distance between headgroups and a larger cur¥ature.

P~1

Figure 1.3 1on pair formation
The surfactants cetyltrimethylammonium and dodemy#enesulfonate combine to form an ion pair
similar to the structure of a phospholipid.

10



References

1. Tadros, T. FQurfactants. Academic Press, Inc.: New York, 1984.

2. Kaler, E. W.; Murthy, A. K.; Rodriguez, B. E.; Zasadzinski, J. A. N.,
Spontaneous vesicle formation in agueous mixtures of single-tailed
surfactantsScience 1989, 245, (4924), 1371-1374.

3. Holland, P. M., Modeling mixed surfactant systems: Basic introduction. In
Mixed surfactant systems, Holland, P. M.; Rubingh, D. N., Eds. American
Chemical Society: Washington, D.C., 1992; pp 31-44.

4. Holland, P. M.; Rubingh, D. N., Nonideal multicomponent mixed micelle
model.J. Phys. Chem. 1983, 87, (11), 1984-1990.

5. Israelachvilli, J. N.; Mitchell, D. J.; Ninham, B. W., Theory of self-assembly
of hydrocarbon amphiphiles into micelles and bilay&r€hem. Soc.,

Faraday Trans. 2 1976, 72, (9), 1525-1568.

6. Israelachvili, J. N.; Mitchell, D. J.; Ninham, B. W., Theory of self-assewibly
lipid bilayers and vesicle®&iochim. Biophys. Acta 1977, 470, (2), 185-201.

7. Pashley, R. M.; Karaman, M. Bpplied colloid and surface chemistry. John
Wiley and Sons, Ltd.: New York, 2004.

8. Shikata, T.; Hirata, H.; Kotaka, T., Micelle formation of detergent molecules
in aqueous-media - Viscoelastic properties of aqueous
cetyltrimethylammonium bromide solutiosangmuir 1987, 3, (6), 1081-

1086.

11



10.

11.

Soltero, J. F. A.; Puig, J. E.; Manero, O., Rheology of the
cetyltrimethylammonium tosilate-water system 2. Linear vissbielaegime.
Langmuir 1996, 12, (11), 2654-2662.

Chiruvolu, S.; Israelachvili, J. N.; Naranjo, E.; Xu, Z.; Zasadzinski, J. A.;
Kaler, E. W.; Herrington, K. L., Measurement of forces between spontaneous
vesicle-forming bilayerd_angmuir 1995, 11, (11), 4256-4266.

Safran, S. A.; Pincus, P.; Andelman, D., Theory of spontaneous vesicle

formation in surfactant mixtureScience 1990, 248, (4953), 354-356.

12



Chapter 2: Catanionic Surfactant Vesicles

2.1 Comparison with Conventional Vesicles

Phospholipid vesicles were first reported in the 1960isased on visual
evidence from electron microscopy studiesnitial phospholipid vesicles consisted
of concentric bilayers, also known as multilamellar vesitldsater studies utilized
unilamellar vesicles which were formed using techniques such asasoni and
extrusion™® Because synthetic phospholipid vesicles are analogous to vesels
for transport in living cells, they have been used as cell m@mbmodefsand for
drug delivery purposés. Vesicles formed from phospholipids are very useful,
however there are drawbacks to their use. Because unilamesiaies are formed
using some sort of external energy or force, these vesimtekirgetically trapped
structures and are not very stable. The vesicles tend to ruptfmeeowith other
vesicles in solution, which causes them to release their cargerued. In addition
to losing their cargo molecules because of instability, theaingfficiency of
encapsulating cargo molecules is low. Finally, the phospholipid$ taséorm the
vesicles are expensive. For these reasons, surfactant veaiteeen proposed as a
replacement for phospholipid vesicles. Surfactant vesicles have diwavn to
remain stable for long periods of tifpehave recently been shown to have high
encapsulation efficiencies with charged molecfifeand are relatively inexpensive

compared to phospholipids.
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2.2 Background on Surfactant Vesicles

Surfactant preparations have recently been shown to have potandalg
delivery and DNA delivery to celf® but initial research into the field of catanionic
surfactant vesicles focused more on their phase behavior and physipatlties.
Catanionic vesicles, formed from mixtures of cationic and anianiacants, were
first reported by Kaler et al. in 1989These vesicles formed spontaneously and were
reported to remain stable for at least a Yedfollowing this discovery, many more
vesicle forming catanionic systems were reported, and morenuentio be
discovered™™® The focus of this thesis is on the first system reportedabgriét al.,
that of the cetyltrimethylammonium tosylate (CTAT) and sodium

dodecylbenzenesulfonate (SDBS) vesicle-forming system (Figuré 2.1).

CHa

CTAT @7803- CH3|<|+CH2(CH2)14CH3
|
CHg

SDBS  Na* "03S CHo(CHo)10CHs

Figure 2.1 Structuresof CTAT and SDBS

This first study and subsequent studies focused on the phase behavior of
different mixtures of CTAT and SDBS. The phase diagram, septed in Figure
2.2, illustrates the important features of vesicle-formingntatec mixtures. There is
a precipitation zone near equimolarity, which is a result of Ca#d DBS forming

ion pairs; these ion pairs have a packing parameter of ~1, so piéangars form
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which precipitate out of solution. The two lobe-shaped regions dendteaid/V-

are the regions in which spontaneous vesicle formation occurs, emticdtes that
stable catanionic vesicles always require one of the surfadianibe present in
excess. In the case of CTAT and SDBS, the lobes extend alaxah CTAT/SDBS
weight ratios of 70/30 (Y and 30/70 (V),” ***®and because of this, CTAT/SDBS
vesicles are most often prepared at these surfactant ratiosddition to phase
studies, these vesicles have been analyzed using Blf&eze fracture TEM;>*°

and cryo-TEM>*"to determine the radius and distribution of aggregates formed. The
average radius of the vesicles ranged from 30 to 80 nm, dependingratidhsd the

two surfactants, and the vesicles have either an overall pos@iVAT(rich) or
negative charge (SDBS-rich)This gives the bilayer a net charge that is responsible
for the remarkable colloidal stability of these systems;ethessicles do not fuse
together like phospholipid vesicles do over titheBecause of the remarkable long-
term stability of these catanionic surfactant vesicles, theg haen proposed for use

in many biotechnological applications.
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Water

3%._ : : - 3%
Micelles  70/30  €qui-  30/70 Micelles

molar

Figure2.2 Ternary phase diagram for CTAT/SDBS solutions

The water rich corner of the phase diagram is sEpred where the lobes labeledand V indicate
mixtures where vesicles form. The 2-phase regiothe left consists of micelles and vesicles in
coexistence, and the 2-phase region on the rigitists of a lamellar phase in coexistence with
vesicles. The micelle region on the left considteorm-like micelles and the micelle region on the
right consists of spherical micelles. Adapted fr@ference 14.

2.3 Encapsulation with Catanionic Surfactant Vesicles

If catanionic surfactant vesicles are to be used in applicatwinsre
encapsulation of solutes is needed, the encapsulation efficiencybmustudied.
Since the first report of formation of catanionic vesicles in 198%risurgly little
work has been done to study the ability of these vesicles topesuiates. In the
initial work by Kaler et al. with catanionic vesicles fornfeaim CTAT and SDBS, it
was reported that the vesicles were able to encapsulate gjludsno quantitative
data was reported. Later, Kondo et al. studied glucose entrapment in a different
catanionic vesicle system, with vesicles formed from the darft

didodecyldimethylammonium bromide (DDAB) and sodium dodecyl sulfais)S
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They reported a maximum encapsulation of ~ 7.9% of the initial gusokition?
Bhattacharya studied vesicles formed from hybrid (bolaphile/ampé)pioin-pairs
and found that they were able to entrap riboflavin, but only with 1-2%psatation
values'®

In recent years, Tondre et al. have worked extensively with caianiesicle
systems and have tried to quantify the encapsulation of various probeutes! In
2000, they reported that vesicles formed from the surfactants
cetyltrimethylammonium bromide (CTAB) and sodiwttylsulfate (SOS) were able
to entrap glucose (~1%) and riboflavin (0.4%) but failed at thésmgdt to show
entrapment of the ionic dye, carboxyfluoresceinSubsequently, they reported that
vesicles formed in Kaler's CTAT/SDBS system were ableritrap glucose, with
encapsulation values of 1-2%. Interestingly, SDBS- ricl) (d@sicles were able to
entrap more glucose than CTAT-rich ‘jWesicles. It was also reported that the
vesicles were highly permeable and had very low long-term ewledips, with the
V* vesicles being substantially more leaky than theasicles:’ Overall, the results
up to this point concerning catanionic vesicles showed low, unremarleafels bf
initial and long-term encapsulation, and this type of vesicle didpar to be more
efficient encapsulating solutes than conventional liposomes.

In contrast to the previous studies discussed above, recent workndoue
lab explored the ability of catanionic surfactant vesicles touca@nd retain small,
charged solutes and found remarkably high encapsulation efficiefariethese
molecule$® This work commenced with the discovery by Wang et al. tha&TCT

rich vesicles (V), from the CTAT/SDBS system were able to sequesterybe(b)-
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carboxyfluorescein (CF) to a much higher degree than uncharged phosgpholipi
vesicless The apparent encapsulation efficiencymeasured by size exclusion
chromatography (SEC) was 22% for ¥@nd only 1.6% for EYPC vesicles. The
guantitye is referred to as the “apparent” encapsulation efficiencyuseci has been
shown that its measured value is nearly identical regardfestiether dye addition
occurs during or after vesicle formation. Adding the solute tefggreed vesicles
decreases the value efby only about 30%. The results indicate that molecular
“encapsulation” by catanionic vesicles of oppositely charged soisitdue largely to
adsorption of molecules to the vesicle exterior through electiosiggractions with
the excess surfactant present in the bildyAdditional studies with several different
fluorescent dye molecules had apparent encapsulation efficieacigsg from 20-

75% and are shown in Table 2.1.

Dye Sequestration
Probe Molecule CTAT-rich V* SDBS-rich V-
Carboxyfluorescein (CF) 24 + 4% 1.0+ 0.4%
Lucifer Yellow (LY) 40 £ 20% 4%
Sulforhodamine 101 (SR101) 32.8% 8.2%
Rhodamine 6G (R6G) 0.07 £0.1% 72 £3%
Doxorubicin 0% 55%

Table 2.1 Dye sequestration with CTAT-rich and SDBS-rich vesicles

Dye sequestration was measured by analyzing theiatnod dye that elutes with vesicles during size
exclusion chromatography. The initial dye concatidn is 1.0 mM. The dyes CF, LY, and SR101
have a negative charge, and the dyes R6G and Duigorinave a positive charge. From reference 8.
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2.4 Surfactant Vesicles and DNA

For surfactant vesicles to be useful in gene therapy and otherrBii&d
biotechnological applications, the binding of DNA to surfactant vesiclast be
understood. Early experiments of DNA binding to bilayers was studsog
synthetic cationic lipids, and it was found that more rigid membriawlesed a larger
change in the DNA conformatiéh and possibly induced strand separafion.
Surfactant vesicles have also been used to induce a conformationgé ¢beDNA,;
for very long double stranded DNA, catanionic surfactant vesiclepacted the
DNA from a long coil to a small globule formatiéfi* The compaction of DNA is
thought to be important in the uptake of DNA through cell membr2ifésand
because high concentrations of surfactants are known to be toxitstaogno acid
based surfactants have been utilized as &%l.Until now, no quantitative measure
of DNA binding to catanionic surfactant vesicles has been madegray very long
double stranded DNA greater than 500 base pairs has been studied. Tée studi
presented in this thesis include quantitative measurements of sHortble and
single stranded DNA binding to CTAT/SDBS vesicles using a \&&gsitive

technique known as fluorescence correlation spectroscopy.
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Chapter 3: Fluorescence Correlation Spectroscopy

3.1 Origin and Theory of Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy (FCS) is a techniquevtheg¢d from
dynamic light scattering (DLS). DLS measures the intensity of light scattered by a
sample at a fixed angle from the incident light (Figure 3.49 #he general
autocorrelation function for DLS?s

G(t) = (I(t) - I(t + 1)). (3.1)
DLS can be used to determine the diffusion coefficient of anwda species in
solution if the species is smaller than the wavelength of theéeiniclight. DLS has
limitations, however, when applied to measuring the kineticscbeaical reaction if
the chemicals involved in the reaction are all of a similag.sit they are all similar
in size, the difference in light scattering is very smailtj eeaction kinetics cannot be

measured.

sample

e o)

Figure 3.1 Basic schematic of DL S experimental setup
The laser hits the sample and the intensity otaead light is measured at an angieom the incident
light.
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Fluorescence intensities are much larger than the scattembegsities
measured using DLS, so if a fluorescent species is used t@omamnieaction with
similarly sized molecules, reaction kinetics can be determimad.technique of FCS
uses this idea of measuring fluorescence intensities combinedheigeneral theory
behind DLS. FCS is done at low concentrations so that deviations deatity will
be small and that fluctuations in fluorescence intensitiesb&ilsignificant, and this
illustrates one of the advantages of FCS over DLS because mualersm
concentrations can be used as well as smaller sample voluRt&S. can monitor
reactions at equilibrium by measuring fluorescence intendifigtulations of
molecules diffusing in and out of a laser focal volume in solutiod, @an also
measure diffusion coefficients of chemical species in soldtiofthe first FCS
experiment performed measured the kinetics of the binding of ethidiomide, a

fluorescent molecule, to DNA.

sample

- /\O reference

Focusing
lens

Figure 3.2 Initial setup of FCS experiments
The laser is focused into the sample and the fhasnece is detected at a 90° angle.

For this first FCS experiment, the laser was focused into snlusing a lens,
and a focal spot with a width on the order of micrometers was pedd{kKigure

3.2)}? The fluorescence intensity of molecules diffusing in and out offdbal
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volume was measured, and the correlation of the laser intdlsityation was used

to determine diffusion coefficients and kinetfcsThe fluctuation in fluorescence
intensity isSF(t), and can be represented as the fluctuations of the fluorescence
intensity F(t) around the average fluorescent intensiiyt)). The fluorescence
intensity fluctuations are autocorrelated and normalized accorditiget following
generalized equation:

G(t) = (SF(t)SF(t + 1)) /(F(t))? (3.2)
and the resulting autocorrelation can be analyzed to determfasialif coefficients
and kinetic informatiof. As shown in Figure 3.3, smaller fluorescent molecules
diffusing through a laser beam will have a faster autocomelatecay, and larger
fluorescent molecules diffusing through a laser beam will haveslower

autocorrelation decay.

S
S

Fluorescence
Fluorescence

Time

Fast decay G(T) m Slow decay

T(s)

Time

Figure 3.3 Example autocorrelation decays for a small molecule and a lar ge molecule

A small molecule will have a faster autocorrelatitetay because it diffuses more quickly through the
laser beam. A large molecule will have a sloweoearrelation decay because it diffuses more slowly
through the laser beam.
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When the laser beam is focused in solution, it has a Gaussianprefi®
(Figure 3.4), so the analytical treatment for FCS autocomwalai different than that
used for DLS autocorrelatioh. Because the laser beam is focused into a small
volume in the sample, this must be taken into account for the autotiorrela
function, which can be approximated for one species in solution as

Gr) =0 +1/tp)7 L. (3.3)
In this equatiorr, the diffusion time for the molecule, is equakib/4D, wherew?
is proportional to the ratio of the radial axis to the axial akithe focal volume and
D is the diffusion coefficient of the chemical species beingctieté This equation,
however, does not account for all processes occurring in solutioraffieat the
detection of fluorescence such as chemical reactions, rotatiofiasiah, and
translational diffusiof. A more specific equation for the autocorrelation of a single

species diffusing through the focal volume is

1

0= (iz) () o0

where N is the average number of molecules in the observatiomepbnds? and

7, are described aboVe.

Figure 3.4 Gaussian beam profile
When the laser beam is focused into the samplédi@nlusing a microscope objective, the resulting
focal volume is approximately 1 femtoliter.
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3.2 Advances and Uses of FCS

Shortly after FCS was first described in the 1970&) advancement was
made in the experimental set-up. A microscope was employextus faser light
into the sample volumirather than the simple lens used in the first experinténts.
The introduction of the microscope to FCS allowed for a very smoedl fvolume of
about one femtoliter, and it led to the typical experimentalgatsing a confocal
microscope which is used tod4y° Using a very small concentration of molecules
combined with the very small focal volume, one can achieve simglkcule
sensitivity’ Other advancements such as autocorrelator electronics, etrieasr
stability, and avalanche photodiodes have helped make FCS an everensitiges
technique’®

FCS has been used for many different purposes such as measuring
kinetics!**? photophysical properti€s;*® and pH sensitivity™'®" Significant focus
has been placed on biological systems as ‘nafid FCS has been performed at or
near bilayers and cell surfacés’ The binding of proteins to larger structures such
as vesicle$? model bilayer$? and nanospherEshas also been investigated using
FCS. Biological molecules such as proteins and DNA can beuliffo obtain and
purify, so large quantities may not be available for experimentautilizing FCS in
studies of biological molecules has an advantage because higgntrations are not
needed for this technique. In this dissertation, the binding of DNA cmlele to

catanionic surfactant vesicles is examined using the time daggghod of data

collection.
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3.3 Time-Tagged Method

In traditional FCS, the fluorescence intensity is recordeadfaaction of time,
and this data is autocorrelated and analyzed. An acquisition sirset ifor data
collection, and in each time period, the number of photons that reachtéoiodés
recorded. Because very low concentrations are used in FCS negpes, the
resulting data contains many data points with a value of zen@ iAcreases the size
of the data file that then has to be autocorrelated. With treetdgged method, the
amount of time between photons reaching the detector is recorded, aretitlues
the file size because every data point has a non-zero valuth tiWitime-tagged
method, each photon that reaches the detector is assigned an tamgjahnd a
trajectory of delay times is constructed (Figure 3.5). In amdito having the
advantage of reduced file size, utilizing the time-tagged methathtaf acquisition
can also provide smaller time scales for experimentation. ed&s i Figure 3.5, the
traditional FCS data autocorrelation has a time resolution ofsedtinds, but the
time-tagged data autocorrelation has microsecond time resolutiontimidwagged
method can also increase the signal-to-noise ratio, reducingamheunt of

background fluorescence that arises from light scattering in the séfvent.
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Figure 3.5 Traditional photon intensity timetrajectory data compared to time-tagged data and
resulting autocorrelations

A) Traditional data is recorded as photon countsagquisition time with 1 msec time resolution. B)
Autocorrelation of freely diffusing DNA data in AC) Time-tagged data is collected as delay time
between photons for each detected photon, andysdhedata indicate a large molecule (vesicle)
diffusing through laser beam. Time resolution jsskc. D) Autocorrelation of freely diffusing vesic
data in C.

For experiments performed herein, laser light from an argon dser lat
wavelength 514 nm is directed via mirrors and a fiber optic cable confocal
microscope with a 100X oil immersion objective (Figure 3.6). The liasmcused
into solution, and fluorescence is collected through the objective agxteatirto the
base of the microscope using a long pass filter and a ntigah firinally, the photons
are detected using an avalanche photodiode (APD), which is connecteduoter-
timer board. The input from the APD acts as a gating mechdoisthe counter-
timer board. The timer portion emits pulses at a frequency of B@, Mvhich
corresponds to a time interval of 12.5 ns. The counter portion counts therrafmbe

pulses from the timer from one photon event to the next, and the nuhhdses is
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converted to a length of time, which then becomes a point indfeetiory. Data is

collected using a homemade LabVIEW program and autocorrelated) @s

homemade Igor routine for Igor PTo.

sample
objective
interference
filter
Dichroic

Art laser .
mirror

Notch
filter

APD

> Dichroic

mirror

Figure 3.6 Microscope setup for FCS

long pass

The laser light is directed through an interferefilber and reflected off a dichroic mirror intogh
objective where it is then focused in the samplatem. The resulting fluorescence is collected
through the objective where it then passes thrabgtdichroic mirror, through a notch filter, anéih

reflected onto the avalanche photodiode (APD).
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Chapter 4 Catanionic Surfactant Vesicles for Electrostatic
Molecular Sequestration and Separation

Physical Chemistry Chemical Physics, 11 (41), 9315-9325, 2009

Reproduced with the permission of the PCCP Owner Societies

4.1 Introduction

In an effort to quantify interfacial adsorption of DNA at the belagxterior,
fluorescence correlation spectroscopy (FCS) studies were coddudsing FCS, the
adsorption of a small organic ion, carboxyfluorescein (Cad a single stranded
DNA (ssDNA) molecule were compared in an attempt to compareantast the
two systems. DNA adsorption is an important topic for transfecmplications,
which is one of the proposed biotechnological uses for catanionictsuntfaesicles.
Catanionic surfactant vesicles have been proposed as a replatencamtventional
phospholipid vesicles because of their long term stability. For #tadees of DNA
binding to surfactant vesicles, FCS offers the advantage of aslggmall amounts
of sample. This is particularly advantageous when working witiA st has to be
isolated and purified from cells, as it would in transfection apjphiea. FCS is a
powerful technique for measuring molecular interactions with vanyfluorophore
concentrations based on the fluorescence intensity fluctuations ésdoeith the

diffusion of fluorophores into and out of a laser béam.
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4.2 Materials

Amine modified DNA 40 base oligomer for subsequent labeling wasemtder
from Integrated DNA Technologies. Succinimidyl ester Al&%& reactive dye for
labeling DNA was ordered from Molecular Probes. Sodium chloricegnesium
chloride, and sodium bicarbonate for fluorescent labeling buffer wechgmed from
Fisher Scientific. The surfactants CTAT and SDBS were eddérom Aldrich
Chemicals and were kept in a desiccator to prevent waterpgiosor The fluorescent
dye rhodamine 6G was purchased from Fluka. G25 illustra MicroSpimoslwere
purchased from GE Healthcare. Water used in FCS experinagtsvesicle

preparations was purified using a Millipore water purification system.

4.3 Methods

4.3.1Vesicle Preparation
Vesicle samples were prepared at a total surfactant corntcamtod 1% by
weight. Vesicle preparations used here were 7:3 CTAT:SDB®dght, so 0.07 g
CTAT and 0.03 g SDBS were weighed out and Millipore water wiag to bring
the total mass to 10 g. The vesicle solution was stirred foraedays to ensure

surfactants had dissolved and equilibrium had been reached.

4.3.2DNA Labeling
Amine modified 40mer DNA from IDT was rehydrated using 10 pL of
Millipore purified water. Buffer for labeling reactions was deausing 25 mg of
sodium bicarbonate dissolved in 1 mL of Millipore purified water. tRerlabeling

reaction, 3 pL of rehydrated amine modified DNA was added to fpiabeling
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buffer. The Alexa 555 dye was dissolved using 2 pL of DMSO, ther8thé&
DNA/buffer mixture was added to the dissolved dye, and then theéomraes placed
in a 37 °C water bath for three hours. The labeling reaction akas tout of the
water bath, 55 pL of labeling buffer was added, and the DNAseparated from the
excess dye using a G25 MicroSpin column. The DNA was ethanappaésd after
20 pL of 1 M NaCl, 2 uL 1 M MgGJ and 108 pL of Millipore purified water were
added. Following ethanol precipitation, the DNA was vacuum dried einglirated
in Millipore purified water. UV-Vis measurements were demeletermine labeling

efficiency and DNA concentration following the labeling procedure.

4.3.3Fluorescence Correlation Spectroscopy

FCS was performed with an instrument described previdtisynsisting of
an air cooled argon ion laser (532-AP-A01, Melles Griot, Carlsbad, &Anverted
microscope (Axiovert 200, Carl Zeiss, Gottingen, Germany) and glesphoton
counting avalanche photodiode (SPCM-AQR-15, Perkin Elmer, Vaudreuil, QC,
Canada). The collimated laser beals 614 nm) was focused into the sample
solution approximately 10 um from the coverslip surface using a 100XN1A3Mil
immersion objective (Fluar, Carl Zeiss). A nearly diffractlonited spot with a
lateral radius ofr = 360 nm was achieved. Typical laser power was 5 pW.
Fluorescence was collected through the objective and filtered thainglographic
notch filter = 514.4 nm, Kaiser Optical, Ann Arbor, MI) to remove scattered
excitation light. Collection optics consisted of a pair of achramdublets placed
after the primary image plane and were used to match theositee colleted

fluorescence spot with the 180 um diameter area of the APDoukpet of the APD
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was fed to a counter timer board (PCI-6602, National InstrumentsjnATXt)
operating in time-tagged photon counting mode using home written software in
LabVIEW (National Instruments, Austin, TX.).

The adsorption of 40mer ssDNA to CTAT-rich vesicles was siudsng
preformed vesicles, followed by DNA addition and overnight sample ikatibn
before performing FCS experiments. Vesicles were prepardde ratio of 7:3
CTAT:SDBS, with a total of 1% surfactant by weight and then edufor each
sample prepared. A constant concentration of 10 nM 40mer ssDNAIsgdswith
varying surfactant concentrations. The DNA diffusion coefficiess wetermined by
performing FCS on a 10 nM solution of 40mer ssDNA and fitting thecautelation
curve to Equation 4.3. Equation 4.4 was used to fit the solutions containing both
vesicles and DNA. When fitting these autocorrelation curves, thiele@eiffusion
coefficient was not held constant, but the diffusion coefficient folDiN& was held
constant. The FCS DNA binding experiments were performed imcaip] and the
fraction of DNA bound to vesicle§, was determined from fitting the autocorrelation
curves to equation 4.4. All three values for the fraction bound at eafettant
concentration were averaged, and one standard deviation around thye avasaalso
calculated.

Finally, the fraction of DNA bound to vesicldswas plotted versus surfactant
concentration for each mixture of vesicles and DNA. Error bars were constihated t
were one standard deviation around the average bYallies for a certain surfactant
concentration. An adsorption isotherm was constructed using thisrdhfa o the

following equation:
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KXxC

f=—— (4.1)

T 14(KXC)

whereC is the surfactant concentration afds the binding constant.

4.4 Results and Discussion

FCS was implemented to measure the fraction obrdeésl dye molecules
as a function of total surfactant concentrationd &CS was performed with an
instrument described previously. The fluorescence intensity fluctuations were
recorded from solutions of dye molecules (10 nM)levkiarying the concentration
of vesicle-forming surfactant mixturés. The fluctuations were processed by
standard autocorrelation analysis according toftilewing equation (described
in more detail in chapter 3):

__ (SF(t)6F(t+1))

G(7) (F(0)2

(4.2)

Figure 4.1A shows fluorescence fluctuation autoslation decays acquired for
CF in water at three different concentrations. Tdecays are fit with the
functional form describing a single fluorescent@ps freely diffusing through an

ellipsoidal 3D-gaussian observation volume:

1

G(1) = C * <1+1L> % (lez L) (4.3)

where C is inversely proportional to the average numbernaflecules in the

observation volumerp is the characteristic diffusion time related te tlateral
beam dimensiom, and the lateral diffusion constabt by t, = rZ/4D. The

quantityw? is a factor proportional to the ratio of the rddiad axial axes of the
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three dimensional observation volumh®. The best-fit parameters for the three
curves in Figure 4.1A are consistent with expeotetj yielding amplitudes that
are inversely proportional to concentratioand a diffusion coefficient,

D = 1.5 x 10° cn’s™?, consitent with previously reported valdes.

030 = Carboxyfluorescein in Water at 20C
c% o 1nM (C=0.30)
0.25 — O 5nM(C=0.06)
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Figure4.1 FCSresultsfor dyesand DNA in water
A) Autocorrelation decays for 1 nM, 5 nM, and 10 eltboxyfluorescein samples.
B) Autocorrelation decays for 10 nM CF and 10 nMné0 ssDNA.

Figure 4.1B shows a comparison of autocorrelatiecays acquired for 10

nM solutions of the dye carboxyfluorescein (CF) aamd40 base dye-labeled
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ssDNA sequence referred to as the 40mer. To parfe€S, the 40mer was
covalently labeled with Alexa555. For the 40megueenceD = 7.5 x 10" cnfs™,
which is in good agreement with literature valuésimilar sized ssDNA. The
clear distinction between the two traces in FigliEB illustrates the ability of the
FCS technique to distinguish different speciesdhutson, and this has proven to
be a powerful technique for studying the interactad biological molecules with
vesicles and beads® We have utilized this ability to investigate bing of dye
and DNA molecules to oppositely charged surfactasicles.

The adsorption of probe molecules to the exterior of surfactanieesias
studied by adding pre-formed vesicles to dye solutions. In altscése dye
concentration was 10 nM with varying surfactant concentrations. eTéasiples
were studied with FCS and the autocorrelation decays were dittwam component

equation:

1 1

=1+ (s) () + 00+ (Rg)- (=) e

where f is the fraction of probe molecule (dye) that is bound to vesiclese T

diffusion times for vesicles and dye molecules grandz,, respectively. Diffusion
times for probe molecules were determined from autocorrelaticayslexbtained in
the absence of vesicles. Separate experiments were conductduch vesicle
diffusion times were determined independently using the autocorreldicey of
vesicles doped with a low concentration (0.1 pM) of the lipophilic Diy€.5. The

diffusion times for DilGg doped vesicles yield values Dfthat agree well with those
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calculated for vesicles with radii of 70 nm at 293 K using 8tekes-Einstein
equation.

Figure 4.2A shows a series of autocorrelation decays from msxtur
containing the anionic dye CF with increasing amounts of equilibi@ieAT-rich
solutions. In this example the decay grows longer as the wnfamoncentration
increases. The increase in autocorrelation decay time is duslettrostatic
adsorption of the dye to surfactant aggregates rich in"CTPhese aggregates are
almost certainly vesicles, since the decay titpeis consistent with 150 nm diameter
vesicles. These values are consistent with our previous studigge aiddorption
using both DLS and small angle light scatterihgControl experiments in which the
SDBS-rich mixture is added show no increase in the decay ldetiddditionally,
control experiments with only CTAT added show an increase in decay time aonsiste
with the formation of micelles, not vesicles.

A sudden increase in the decay time occurs in Figure 4.2A whetotdde
surfactant concentration goes above 40 uM. Below this point the aetatomn
decay is consistent with free, unadsorbed dye. Below 40 uM thee measurable
association with vesicles even though this concentration is well dheveac. The
data in Figure 4.2A was fit to equation 4.4 using two diffusion coefftsi consistent
with free dye (106 cnfs?) and vesicle§10® cnfs?). From the fit we obtained a value
of f for each mixture and these values are plotted in Figure 4.2B. eMg2B does
not follow a simple adsorption isotherm but instead shows a sligiphlase followed
by a Langmuir-like region and binding saturation at 200 uM, whigkelsabove the

cac. In these experiments, the dye solution was added to pre-egedilsurfactant
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mixtures and therefore the rise in Panel 4.2B reflects iritemalbetween anionic CF

and the CTAT-rich vesicle exterior.
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Figure 4.2 Raw data and isothermsfor CTAT-rich vesicleswith carboxyfluorescein and DNA

A) Autocorrelation curves for 10nM carboxyfluorestwith varying concentrations of surfactant. B)
Binding isotherm for carboxyfluorescein and CTATHrivesicles. C) Autocorrelation curves for
10nM 40mer ssDNA with varying concentrations offaatant. D) Binding isotherm for 40mer
ssDNA and CTAT-rich vesicles.

Figure 4.2C is analogous to Figure 4.2A, but the fluorescent prabéGmer
ssDNA labeled with Alexa 555. The results from FCS studiegyube dye labeled
DNA differ significantly from those of CF in several ways.o8fl notable is the much
lower saturation concentration of 1.9 uM in Panel 4.2D. DNA bindingjeiarly

facilitated by the flexibility and high charge density, which ldaes the DNA
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phosphate groups to pair with multiple CTaonomers in the vesicle bilayer, and
this is consistent with the lower saturation point.

There is also a notable difference between the autocorrelatmaysdet
saturation for the two systems, as seen in Panels A and C wieHig2. The
autocorrelation decay obtained from CF at 3.9 X MDis substantially slower than
that of the 40mer at 1.9 x £V, indicating that the CF probe is bound to a larger
aggregate. The vesicle radius measured by FCS with Qipliexamately five times
greater than that measured by DLS in 1% w/w solutibn$his observation is not
inconsistent with previous measurements using DLS by McKelvay. &ho report
dramatic increases in CTAT-rich vesicle radii at high dilutforiThe shorter decay
times observed at saturation for the 40mer studies correspond ficla redius of 75
nm, which is consistent with DLS measurements at higher coatiens. These
results strongly suggest that the presence of DNA appearalidizet a higher
curvature as the cac is approached when compared to CF or nekgsveBrevious
reports have shown that polyelectrolytes can affect vesicle morphGlogy.

The saturation point in Figure 4.2D corresponds to a DNA moledraof
Xpna= [DNAJ/([DNA] + S) =0.005 and a nucleotide mole fraction of=0.21.
Hence DNA forms a significant component of the aggregates ddtbgtFCS at the
saturation point. The concentration of vesicles at the DNA dmtarpoint can be
estimated at 6.5 x 18 M by assuming an average vesicle radius of 75 nm and an
average surfactant head group area of 0.48'rThis is an upper limit that assumes
all surfactant molecules are aggregated and gives an estiDidi&diOmer/vesicle

ratio of 1.5 x 16, While this number is only a rough estimate, it demonstthtes
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each vesicle consists of a significant amount of DNA, presunadggrbed to the
bilayer exterior.

Other groups have observed significant morphological changes induced by
polymer interactions with vesicles. For instance, Lee and coveorabserved
morphological changes induced by hydrophobic ends on modified chitosan, a
naturally occurring polysaccharid®. In their experiments, modified chitosan
associates with the vesicle bilayer through hydrophobic insertion, aanidw
concentrations the vesicle size decreases by about 50%. Upon fandlthgon of
polymer, co-existence of unilamellar and bilamellar vesickebserved. In a
separate study, Regev and co-workers used cryogenic tramsmiglectron
microscopy to record morphological changes induced by polyelecsolyte
electrostatically adsorbed to the exterior of negatively @thrgsicles that include
formation of disk-like aggregates and “faceted” vesitlesThese transitions were
observed at relatively low polymer concentrations. To charaetehe relative
amount of polyelectrolyte present in the solution, they calculateiasge mole
fraction, which is the fraction of polymer charge relativeh® excess charge of the

surfactant system. We used this value to characterize our systemsadicsatur

Cc_
F = 4.5
C-+(Ccrar—CspBs) (4.5)

whereC. is the total molar concentration of adsorbate charge, i.e. conommtod
nucleotides. The value at adsorption saturation for DNA shows ®atof the
excess surfactant in the mixture is balanced by phosphate groughe ddNA
adsorbate. This remarkably high degree of charge neutralization would gentaial

an effect on the bilayer curvature based on the arguments givespdataneous
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curvature in Chapter *f, and one would expect that charge neutralization would
lower the curvature. However, it appears this is not the gaen the smaller vesicle
size measured with bound DNA versus bound CF.

Figure 4.3 shows the DNA adsorption isotherm superimposed withceurfa
tension data which closely matches previous measurefieriftse surface tension
data indicates a cac of 2.6 uM in good agreement with previousiragents® The
fact that the saturation point for the 40mer matches well wéhsured values of the
cac is significant because it suggests that DNA may hasmlalizing effect on
vesicle formation. The formation of single DNA-surfactardbgles with cationic
surfactants in dilute solutions has been well documérite8luch aggregates have a
distinctly smaller hydrodynamic radius than that measured abovigure 4.2B. In
fact, these globules are smaller than the free DNA itsdfurthermore, these
aggregates are unstable in the presence of co-solutes including anitfactants®
Many studies have appeared in the literature documenting the fiderat DNA
with positively-charged catanionic vesicl@s?*?® Mel'nikov et al showed that large
Coliphage T4 DNA molecules (i1®) remain in an extended conformation in the
presence of sodium octyl sulfate-rich (SOS-rich) catanionicchessiformed from
SOS and CTAB. They noted that when CTAB was the minor componentNAe D
conformation was not measurably affected. This result suggeste@ThA®, as the
minor component, was sufficiently stable in the vesicle bilayeritlthd not exist in
solution at a high enough concentration to cause DNA compaction: eGIAS

concentrations as high as 29 mM there was no compaction observ€d.ABirich
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mixtures they observed compaction and in solutions with a 1.15:1.00 mataofrat

CTAB-to-SOS they found the DNA adsorbed to the vesicle sutface.
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Figure 4.3 Surface tension measurements of 7:3 CTAT:SDBS surfactant mixture and isotherm
for ssDNA 40mer

The 7:3 CTAT:SDBS surfactant data is denoteddyyahd isotherm for sSDNA data denoted by (
The dashed lines are linear fits of the two pogiohthe surface tension data. The lines interse2t6
uM surfactant. The isotherm data are from FiguBeahd the solid line is simply meant to guide the
eye.

The data from CTAT-rich samples presented in Figure 4.2 wasctedl at
surfactant concentrations of 300" lower than those presented by Mel'nikov.
Additionally, the DNA used in our experiments are small singiended oligomers
and it is unlikely that large globular aggregates would form. Hemcéelieve that
the saturation point in Figure 4.2D corresponds to vesicles coatedDiNikh As
pointed out above, this observation suggests that there is a relatiuatglaat
number of vesicles present at surfactant concentrations sligblibhyv the cac we

measured and those reported previot&IyThis is unexpected since vesicles should

be the minor component just above the cac and absent below the cac, rhinweve
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consistency of the autocorrelation decaysSat 1.94 uM implies that vesicles are
present and stable below the cac when DNA is present. Whitamet state with
absolute certainty that the structures are unilamellar vesithe data strongly
supports the fact that large aggregates exist. Direct imaging by metiobdssscryo-
TEM would likely yield little definitive evidence given the vedpw sample
concentrations. Additional evidence that we observe vesicles doomeshe fact
that our results mirror those reported recently in which the logesf the cac and
formation of vesicles by dodecyltriethylammonium bromide (DEAB)he presence
of DNA was reported by Guo and coworkéfs.

The findings in this section show that FCS provides a convenient method f
monitoring the electrostatic binding strength of a solute t@xiterior interface of the
catanionic vesicle bilayer. Using this method we have monitorectreseatic
adsorption of probe molecules to vesicle exteriors and this has dllesvi® monitor

interactions down to concentrations where vesicles begin to become unstable.

45 Conclusions

Catanionic surfactant vesicles display useful prtps in sequestration of
oppositely charged solutes, whether they are snoafjanic molecules or
polyelectrolytes such as DNA. These systems haen lgilized as separations
media, and due to their stability and strong etesttic interactions, catanionic
surfactant vesicles are promising in the areasro dlelivery and gene therapy,
especially since DNA binds so strongly to CTAT-rieksicles. Advantages of

these systems include low cost and ease of preparand long term stability and
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robustness with respect to pH and ionic strengthallenges for biotechnological
applications include development of formulationsatthutilize biologically-
degradable or non-toxic components. It is intengsto note that regular solution
theory predicts a small amount of CTAT in the bilay& low surfactant
concentrations; however, if this was the cases uinlikely that DNA would bind
so strongly. Regular solution theory is perhapdy oapplicable at higher
surfactant concentrations and not relevant when DisApresent in solution.
Future studies with surfactant vesicles will foocms the toxicity and delivery
capabilities of these vesicles. It is likely thary low surfactant concentrations
will not cause harm to cells, thus DNA stabilizedsicles could be used in
biological study. Additionally, the long-term staibty and slow release properties
of catanionic vesicles may make them good candiddtes time-release
applications in chemotherapy. For instance, thbaened permeability and
retention observed for tumor tissue with respectlipmsome-sized particles
suggests that drug bearing catanionic vesiclesfthdttheir way, or are targeted
to, tumor vasculature will be taken up and retaibgdthe tumor tissu& This

could shorten the time required between chemotlyargatments.
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Chapter 5: Fluorescence Correlation Spectroscopy Studies
of Electrostatic Adsorption of Small DNA Molecules
Catanionic Surfactant Vesicles

5.1 Introduction

In this chapter the adsorption of a short piece of single stranded DN
five bases long, is compared with the 40 base long ssDNA and thlensotecule
organic dye carboxyfluorescein (CF). The 40mer ssDNA is alsgpared to double
stranded 40mer DNA. In addition, salt studies were done to deterhuw the
adsorption of cargo molecules to the exterior of the vesicle wouldffeeted by
physiological salt concentrations and a different counterion. Thesetantfaesicles
have been shown to have potential in both drug delivery and gene thbrapit, is
important that the adsorption of the cargo molecule be able to avithshose salt

concentrations.

5.2 Materials

Amine modified DNA 5 base oligomer for subsequent labeling and
unmodified 40 base DNA was ordered from Integrated DNA Technologies.
Succinimidyl ester Alexa 555 reactive dye for labeling DNAswordered from
Molecular Probes. Sodium chloride, magnesium chloride, and sodium bicabonat
for fluorescent labeling buffer were purchased from Fishem8fite The surfactants
CTAT and SDBS were ordered from Aldrich Chemicals and wereikeptlesiccator

to prevent water absorption. The fluorescent dye rhodamine 6G wasgendnom
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Fluka. G25 illustra MicroSpin columns were purchased from GEthtszak. Water
used in FCS experiments and vesicle preparations was purified aditifipore

water purification system.

5.3 Methods

5.3.1Vesicle Preparation

Vesicle samples were prepared at a total surfactant corntcamtod 1% by
weight. Vesicle preparations used here were 7:3 CTAT:SDB&eght and 6.5:3.5
CTAB:SDBS by weight. For the 7:3 CTAT:SDBS vesicles, 0.07Tg¢TCand 0.03 g
SDBS were weighed out and Millipore water was added to bringptakemass to 10
g. For the 6.5:3.5 CTAB:SDBS vesicles, 0.065 g CTAB and 0.035 g SDBS we
weighed out and Millipore water was added to bring the totabrtad0 g. Vesicle
solutions were stirred for several days to ensure surfactadtsdisaolved and

equilibrium had been reached.

5.3.2DNA Labeling
Amine modified 5mer DNA from IDT was rehydrated using 10 pL of
Millipore purified water. Buffer for labeling reactions was deausing 25 mg of
sodium bicarbonate dissolved in 1 mL of Millipore purified water. therlabeling
reaction, 3 pL of rehydrated amine modified DNA was added to fpiabeling
buffer. The Alexa 555 dye was dissolved using 2 pL of DMSO, ther8 thé&
DNA/buffer mixture was added to the dissolved dye, and then theéomaes placed

in a 37 °C water bath for three hours. The labeling reaction akas tout of the
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water bath, and 55 pL of labeling buffer were added, and the DNA eyssated
from the excess dye using a G25 MicroSpin column. The DNA ethanol
precipitated after 20 pL of 1 M NaCl, 2 uL 1 M MgCand 108 pL of Millipore
purified water were added. Following ethanol precipitation, the DN# dveed and
rehydrated in Millipore purified water. UV-Vis measurementsrav done to
determine labeling efficiency and DNA concentration followinge thkabeling

procedure.

5.3.3Fluorescence Correlation Spectroscopy

FCS was performed with an instrument described previblisiynsisting of
an air cooled argon ion laser (532-AP-A01, Melles Griot, Carlsbad, &Anverted
microscope (Axiovert 200, Carl Zeiss, Gottingen, Germany) and glesphoton
counting avalanche photodiode (SPCM-AQR-15, Perkin Elmer, Vaudreuil, QC,
Canada). The collimated laser beah¥514 nm) was focused into the sample
solution approximately 10 um from the coverslip surface using a 100XN1A3il
immersion objective (Fluar, Carl Zeiss). A nearly diffractlonited spot with a
lateral radius ofr=360 nm was achieved. Typical laser power was 5 pW.
Fluorescence was collected through the objective and filtered (holograptgh
filter A=514.4 nm Kaiser Optical, Ann Arbor, MI) to remove scattered ex®tati
light. Collection optics consisted of a pair of achromatic doubletsepl after the
primary image plane and were used to match the size of the colleted fluoeesgenc
with the 180 um diameter area of the APD. The output of the AR®fed to a
counter timer board (PCI-6602, National Instruments, Austin TX) dpgrat time-

tagged photon counting mode using home written software in LabVIEW (Niationa
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Instruments, Austin, TX.). In time-tagged mode, each detected plsotmsigned a
number corresponding to the elapsed time from the previous deteetioh elhese
“time-tags” are then used to reconstruct the photon intensity érgnsor

autocorrelation curve. Temporal resolution for timed tagged dataiied by the

dead-time of the APD (50 ns) and the on-board clock of the coumirioard (80
MHz). The time tagged data was autocorrelated off-line usinfines written with

Igor Pro 5.0 (Wavemetrics, Portland, OR) according to the following equation:

__ (OF(t)6F(t+1))

G(7) (F(0)2

(5.1)

Autocorrelation curves were then fit with either a one componernwor
component autocorrelation equation for diffusing molecules. SingledsalaDNA

autocorrelations were fit to the following single component equation:

1

G(t) =C * <1+1%> * <1+:2 %> (5.2)

where C is inversely proportional to the average number of molecules in the

2
observation volumerp is the characteristic diffusion time =D whereD is the

diffusion coefficient) andv? is a factor proportional to the ratio of the radial and axial
axes of the three dimensional observation voldifhe.

The adsorption of sSSDNA or dsDNA to CTAT-rich vesicles was stlidising
preformed vesicles, followed by DNA addition and overnight sample ilkatibn
before performing FCS experiments. Vesicles were prepardde ratio of 7:3
CTAT:SDBS, with a total of 1% surfactant by weight and then edufor each

sample prepared. A constant concentration of 10 nM DNA was uskdvarying
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surfactant concentrations. The autocorrelation curves from theiesswere fit to a

two component autocorrelation equation:

1 1

cw=r+(z) () +a-n+(2) () e

wheref is the fraction of probe molecule (dye) that is bound to vesiahesy,andr,

are the diffusion times for vesicles and DNA molecules, rey@bgti The DNA
diffusion coefficient was determined by performing FCS on a 1Goldtion of each
DNA sample and fitting the autocorrelation curve to equation 5.2D&kAl diffusion
coefficients compare well with literature valedVhen fitting the vesicle and DNA

solutions using equation 5.3, the vesicle diffusion coefficient was eomsdr to

values on the order & x 10 cnf/s to3 x 10 cnf/s, but the diffusion coefficient
for the DNA was held constant. Vesicle diffusion times wererdehed using
vesicles doped with a low concentration (0.1 uM) of the lipophilie BYC;s (see
Chapter 4). The FCS DNA binding experiments were performedoiicéte, and the
fraction of DNA bound to vesicle§, was determined from fitting the autocorrelation
curves to equation 5.3. All three values for the fraction bound at eafelttant
concentration were averaged, and one standard deviation around tlye avasaalso
calculated.

Finally, the fraction of DNA bound to vesicldswas plotted versus surfactant
concentration for each mixture of vesicles and DNA. Error bars were constheted t
were one standard deviation around the average bYallies for a certain surfactant
concentration. An adsorption isotherm was constructed using thisrdhfd # the

following equation:
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F=—t [CTA excess
1+ (KX[CTA  Jexcess)

(5.4)

where [CTA]excess iS the concentration of excess CTAT given by

[CTAY] .., = [CTAT] — [SDBS] andK is the adsorption constant.

€XC

5.4 Results and Discussion

The spontaneous formation of charged unilamellar vesicles in CTARSD
mixtures is well documentéd. For CTAT/SDBS and other catanionic systems,
spontaneous vesicle formation is only observed when one of the sudaistant
stoichiometric excess. Because the excess surfactantidesol the vesicle bilayer,
these vesicles always carry a net charge. Figure 5.1 ihematic depiction
illustrating how the vesicle bilayer is formed from a mixtureoofpaired surfactants
interspersed by monomers of the excess surfactant. The spontaneoatire
necessary to form vesicles is believed to stem from nonideahgnivhich results in
the majority of the excess surfactant residing in the extdeiaflet. The excess
unpaired surfactant in the outer leaflet leads to spontaneous carbgtumcreasing
the average head group separation in the outer leaflet and alstsimpaégh surface
charge to the vesicfe.

The unpaired surfactants in the external leaflet also provideradeatic
adsorption sites for counterions in solution. It has been shown previbaslthese
sites can be used to attain relatively high loading of changgahic ions when the
cargo molecule is oppositely charged from the bildy8rand recently it was

demonstrated thaFCS can be used to measure adsorption isotherms for small
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molecules and a ssDNA molecule adsorbed to CTAT-rich cataniosicle® Using
FCS the adsorption of probe molecules was followed at concentratidow as the

critical aggregation concentration (cac) where vesicles are just begimoniorm™*

paired surfactant unpaired
\ surfactant
CTAT
CHs
@—sos- CH3N*CHy(CHy)14CHg f('
CH,
SDBS
Na* 'OSS—QCHQ(CHz)mCHS
+ -_— § § =
lon pair

Figure5.1 Bilayer composition and electr ostatic binding

As described in the experimental section, adsorption isothermsbean
constructed by measuring the fraction of the fluorescent probe uwld¢tat is
adsorbed at the vesicle interface as a function of surfactacémation. Figure 5.2
shows normalized autocorrelation decays obtained with our Alexa558dassDNA
5mer as a function of total surfactant concentration. These dataasguired by
spiking diluted vesicle samples with the dye-labeled DNA. The ativer
autocorrelation decay time increases with the total surfactamtentration due to
electrostatic adsorption of DNA to the more slowly diffusingicles. Equation 5.3
was used to fit the data in Figure 5.2. At each surfactant concentration, tiom fodct
adsorbed dye was determined and an adsorption isotherm was obtanEdure
5.3, the isotherm for the S5mer is compared with isotherms for a 46sidXA

molecule and the small dye molecule, carboxyfluorescein. The liswtlere plotted
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against the concentration of excess CTéns ([CTAexcess) Which provides a good
estimation of the initial concentration of available electrastafiisorption sites;
adsorption at the surfactant vesicle interface occurs when chgrgags on the
solute form ion pairs with the excess surfactant in the vdsilelger. The solid lines
in Figure 5.3 are fits to equation 5.4 and were used to obtain adsorption binding

constants for the three probe molecules and these are reported in Table 5.1.

1.0 [

Total Surfactant Concentration
oM

1.9e-6 M
3.9e-6 M
7.7e-6 M
1.9e5M
2.7e-5M
3.9e-5M
7.7e-5M

0.8 =

Ce®XHEHXONR

0.6 —

G(t)/G(0)

04—

N
a5
P,

001 4+ 41yl Lol Lol I
10° 10" 10° 10° 10"

1 (S)

Figure 5.2 Normalized autocorrelation decays for 5mer ssDNA with varying surfactant
concentrations
These autocorrelations are representative of dama dne experiment.
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Figure 5.3 Adsorption isothermsfor 40mer ssDNA, 5mer ssDNA, and CF

Adsorption isotherms obtained from fits of the aatwelation decays. The 5mer ssDNA isotherm is in
the center (open diamonds), the 40mer ssDNA isotheon the left (filled diamonds), and the CF
isotherm is on the right (open circles). Errorsbare one standard deviation around the mean value
obtained for fraction bound at each surfactant eatration.

The binding constant and CTAaturation concentration for the 5Smer are an
order of magnitude smaller than those of the ssSDNA 40mer, refieatdecrease in
electrostatic binding due to the decreased number of charged groupe &mer.
Likewise, the binding of the Smer is an order of magnitude strohgerthat of CF.
CF and the 5Smer are relatively similar in size, but have mudbrelit binding
affinities due to the higher net charge of the Smer. In additionletttrestatic
interactions, hydrophobic and van der Waals interactions may contributiee
overall attraction. This is evidenced by variability in bindef§ciencies of two
molecules with the same net chatgeHence, while electrostatic adsorption is the
predominant driving force for molecular sequestration by catanioniclegsother

forces and structural features come into play.
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Sample D (cnres?) KM1)

CF 1.5x 16 45x 10
Smer 2.2x 160 3.7x10
40mer 7.5x 10 4.0x 160

Table 5.1 Diffusion coefficients and binding constantsfor 5mer ssDNA, 40mer ssDNA, and CF
Diffusion coefficients for each probe molecule usethe study and binding constants for each probe
binding to CTAT-rich vesicles.

The two ssDNA samples provide an interesting comparison in which the
predominant difference is the number of charges and size of the uheoledn
addition to the increased number of charges, the 40mer is longerrantboa easily
span the distance between charge sites on the bilayer tatafacimultiple
electrostatic interactions. For the surfactant composition aséhese studies, CTAT
is in 1.8-fold molar excess. Hence, if bilayer composition folltiweg of the bulk

composition, the mole fraction of unpaired surfactant in the bilayef i, . =0.44.

cha
Walker and Zasadzinski previously reported the average head groupiraris
CTA'/DBS bilayer to be 0.48 nfit? From these values one can estimate an average
area per CTA of 1.1 nnf and an average distance between CEBhes of
approximately 0.6 nm. The average distance between phosphates in $sDNA
approximately 6.3 A% so adjacent phosphates can span the same distance calculated
between CTA sites.

Figure 5.4 shows the binding isotherm for both DNA molecules plotted

against the ratio of excess CTBharge to total DNA charg®cra+. The quantity

Rcrat is calculated by
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R __ [cTA*]-[DBST]
CTA™ ™ [DNAJX{Ny—1}

(5.5)

where the quantities in square brackets denote molar concentrationy; is the
number of nucleotide bases, i.e. 5 or 40. There is a 100 fold differertbe
saturationRcta’ values for the two ssSDNA samples. From Figure 5.4 it can lve see
that binding saturation for the 40mer occurs at equimolar chargdistogtry, i.e.
when the total concentration of DNA phosphate charges and unpaired &&A
equivalent. In contrast, saturation for the Smer occurs \Ragi is >100, indicating
that a much higher number of CTAnolecules is required to adsorb the smaller
oligomer. This observation can be explained by considering théhtetcthe 40mer
can span a much larger area on the bilayer interface and aitilgafes more
interactions between sparsely spaced Ciohs. The 5mer can only interact with

multiple CTA" that lie within a much smaller area of the vesicle bilayer.

10

—&— 40mer ssDNA
—O— 5mer ssDNA

0.8

0.6

Fraction Bound

0.2

0.0_II 1 Lol 1 Lol 1 Lol 1 I T I |
0.1 1 10 100

Rerar

Figure 5.4 Adsor ption isother ms of 5Smer ssDNA and 40mer ssDNA
Adsorption isotherms are plotted against the rattiexcess CTAcharge to total DNA charge.
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Since the length of the DNA strand is a factor in binding to cat@ni
surfactant vesicles, it was thought there could possibly be aetiffe between single
stranded and double stranded DNA as well. Single stranded and dtablged
DNA have different conformations in solution because double stranded BN
shorter than the persistence length (~150Hp)exists as a rigid rod while single
stranded DNA in solution has flexibility in conformation. In orttecompare single
and double stranded DNA, a 40mer dsDNA was used to compare with theugrevi
40mer ssDNA data. The data appeared to have the same saturation point (not shown),

and the resulting isotherm was nearly identical to the isotlierMOmer ssDNA.
The binding constant for 40mer dsDNA wh&x10° M, compared to the value of

4.0x10° M™' for 40mer ssDNA. Perhaps because the 40mer dsDNA existsgiid a r
conformation, only one charged face of the DNA molecule could comentact
with the vesicle surface at a time. Therefore, the vesicleinding to the same
amount of charge as it does when the single stranded 40bwairid, but the dsDNA
experiences slightly lower binding affinity, most likely due its diminished
flexibility in comparison to ssDNA.

Because catanionic surfactant vesicles have potential asdetivgry and
gene therapy agents, the interaction of dyes and DNA witltlgesivas probed at
physiological salt concentrations. The concentration of surfas@sntmaintained at
the saturation point of the binding isotherm, the DNA or CF concemntratas kept
constant at 10nM, and the concentration of NaCl was varied. $bksref the salt
study with the 40mer and CF are shown in Figure 5.5, along with a salt study done for

comparison purposes using SDBS-rich vesicles and rhodamine 6G (R6®).thB
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40mer and the CF “salted off” at an NaCl concentration of 0.lvéh éhough the
40mer has a larger negative charge and a larger binding constaontrst binding
of R6G to the SDBS-rich vesicles appears to be unaffectedndrgaising salt
concentration, which brings into question the role of the counterion inl&yebi In
the SDBS-rich vesicles, the counterion in the majority i§ Ba adding more sodium
ions to these vesicles would not produce much of an affect on binding asssdi
already present in the Stern layer. In the CTAT-rich vesidlee counterion in the
majority is tosylate, an organic anion that can intercalate imgdotlayer instead of
just residing in the Stern layer. To test the role of thelatsyon in cargo binding,
CTAB-rich vesicles (cetyltrimethylammonium bromide) were sitlted for CTAT-
rich vesicles used in the binding study with the ssSDNA 40mer $%9y. The CTAB-
rich vesicles gave the same result as the CTAT-rich essiat normal saline levels,
there was no 40mer ssDNA bound to the vesicles. Since the counterionadoes
appear to be a factor in cargo binding, it is possible that thintsaff’ of the DNA
is due to the loss of the entropic driving force for DNA binding.

In work by M.T. Record et al. on the binding of DNA to severglesy of
ligands such as magnesium ions, polymers of the amino acid lysingheaiRNase
enzyme, the driving force for the DNA binding process was datednto be the
release of counterions bound to the DNAIn addition, in studies of the nonspecific
binding of the Lacl protein frork. coli to DNA, it was determined that the binding
could be modeled in the same manfeihe release of monovalent counterions from
the DNA increased entropy, making it thermodynamically faverdor binding to

occur. The observed binding was also found to be sensitive taltimscentration
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in solution. It was initially discovered by Latt and Sober thataasing the sodium
ion concentration decreased the binding constant for DNA birdiagd was later

corroborated by Record et al. in their DNA binding experim&hts. This result

mirrors what is seen in our experiments wherein the 5Smer and 4ppear to be
“salted off’ the surfactant vesicles. The electrostatic bigpdif the Smer and 40mer
must be driven by the release of counterions from the DNA andopotse vesicles,

and that process becomes less favorable as the NaCl concentsatimreased,

reducing the binding constant and producing the observed results titatl#he no

longer bound to vesicles at higher NaCl concentrations.

0.8 —

0.6 —

0.4 —

fraction bound

—O— Rhodamine 6G, SDBS-rich
—O— Carboxyfluorescein, CTAT-rich
—o— 40mer ssDNA, CTAT-rich
—+— 40mer ssDNA, CTAB-rich

0.2 —

0.0 —

10° 10" 10° 107 10" 10°
NaCl concentration (M)

Figure5.5 Salt study comparison
Salt studies for 40mer ssDNA with CTAT-rich vesgknd CTAB-rich vesicles, CF with CTAT-rich
vesicles, and R6G with SDBS-rich vesicles.
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5.5 Conclusions

In the binding isotherm study, it was determined that the length DNA
molecule does affect binding affinity, while the difference betwsingle stranded
DNA and double stranded DNA in solution seems to have a much snfédler an
binding. This could change if the double stranded DNA becomes longethian
persistence length, as the DNA conformation will no longer bgidnod. With the
results of these first experiments under physiological conditibappears as though
CTAT-rich catanionic surfactant vesicles may not be able tainrgheir cargo
molecules. More extensive studies will have to be done, espdoighysiological
buffered systems, as all these studies were performed én puaified by a Millipore
system, which has a pH lower than 7. Other positively changéactants could be
tested as well to determine if a different type of cation waquladuce stronger

binding that would not be affected by an increased salt concentration.
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Chapter 6: Cell Viability Studies

6.1 Introduction

Surfactant vesicles have been proposed for use as drug delivezythgespy,
and transfection agents. If CTAT/SDBS vesicles are to be fosedis application,
cell viability studies must be done to ensure that the surfactaitiegwill not harm
cells. Previous toxicity studies showed that catanionic surfastsntles made from
sodium dodecylsulfate (SDS) and hexadecyltrimethylammonium broiditi1AB)
were indeed toxic to murine macrophage-like RAW cell3o test the viability of
cells exposed to CTAT/SDBS vesicles, two preparations of lessiSDBS micelles,
and glucose modified surfactant vesiéfesere tested on rat marrow stromal cells

(MSC) and bovine chondrocyte cells.

6.2 Materials and Methods

6.2.1Materials

The surfactants CTAT and SDBS were ordered from Aldrich Craedsnand
were kept in a desiccator to prevent water absorption. Glucogdied surfactanhb-
dodecyl$-d-glucopyranoside was purchased from Sigma. Rat marrow stoetsa
and bovine chondrocyte cells were harvested in the laboratory obl.Rlsher of
the University of Maryland. The Live/Dead Assay kit was pureddsom Molecular

Probes.
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6.2.2Vesicle Preparation

Vesicle samples were prepared at a total surfactant corntcamted 1% by
weight. Plain vesicle preparations used here were 7:3 and 3:7 GDBE. by
weight. For the 7:3 CTAT:SDBS vesicles, 0.07 g CTAT and 0.03 g Sh&®
weighed out and Millipore water was added to bring the total nea$6 g. For the
3:7 CTAB:SDBS vesicles, 0.03 g CTAT and 0.07 g SDBS were weiglg and
Millipore water was added to bring the total mass to 10 g.cdskl modified vesicles
were made using two different mole fractions of glucose modsfiethctant, and the
amounts of CTAT and SDBS were adjusted so that the ratio ATGDBS was 3.7
and the total surfactant concentration was 1% by weight. SDB&les were made
by weighing out 0.07 g of SDBS and adding 9.9 g of Millipore purifietenvso that
the concentration of SDBS was the same as in the 7:3 SDBS:@fdparation.
Vesicle and micelle solutions were stirred for severabdayensure surfactants had

dissolved and equilibrium had been reached.

6.2.3Cell Viability Determination

The two cell types (bovine chondrocyte cells and rat marrow atroeils)
used were incubated on a 96-well plate using DMEM (Dulbecco’s MadHEagle
Medium) plus 10% FBS (Fetal Bovine Serum). Before incubating thielgs with
the cells, the vesicles were filtered through a 0.22 um syfiftgr and then diluted
using the DMEM plus 10% FBS. The initial vesicle concentratoprapared was
1% w/w, and dilutions for incubating with the cells were made \hik initial
preparation and diluted using DMEM and 10% FBS. The dilutions for thele®si

were a series of 10-fold dilutions, so that the final concentraiongsicles with the
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cells were 0.1%, 0.01%, 0.001%, 0.0001%, 0.00001%, and 0.000001% w/w. The
vesicles were incubated for 24 hours with the cells, and then te¢Didad Assay
(Invitrogen) was performed according to instructions that come thahkit. The
Live/Dead Assay contains two dyes: calcein AM and ethidium homodene the
fluorescence of each molecule was used to determine the peecehtals alive and
the percentage of cells dead. Two reference samples wereousempare with the
cells exposed to vesicles: living cells that only react wéltaein AM to produce
green fluorescence, and dead cells that only react with ethidamodimer-1 to
produce red fluorescence. After incubating the dyes for 30-45 esimutall sample
wells used on the 96 well plate, the fluorescence was read ugiladeareader, and
calculations were performed to determine the percentage lisf alese in each

sample. The following equation was used to calculate the percentage of live cells

. Fsample —Fbcked
% Aljve = —mple™"beked 6.1)
Fref_Fbckgd

The fluorescence was measured at 530 nm for each samplg.) and the
background fluorescence was subtracted,(;), which was then divided by the
fluorescence of the live cell reference sampk.)( minus the background
fluorescence Ryqq). The background fluorescence was obtained from the

fluorescence at 530 nm for the dead cell reference sample, amdféhence cell
fluorescence was obtained from the fluorescence at 530 nm faveheell reference
sample. It is possible for the percentage of living cells teekcl00% if the
fluorescence of the sample was larger than the referengadesa fluorescence. The

fluorescence for three individual samples of cells exposed to eadiactant
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concentration was recorded, and the resulting percentages of liellsy veere

averaged and error bars of one standard deviation around the average werteaalcula

6.3 Results and Discussion

At surfactant concentrations of 0.001 mg/mL and below, cell viabifity i
unaffected by SDBS-rich (Y and CTAT-rich (V) surfactant vesicles. This
concentration corresponds to a total surfactant concentration of 2.uGTAT-
rich vesicles and 2.7 uM for SDBS-rich vesicles. From lingréscence correlation
spectroscopy (FCS) experiments shown in chapter 4, it has been $tatwedicles
still exist at concentrations just below 2 uM. Because of thé can be certain that
vesicles are present at this concentration and the fact theiad®lity is unaffected is
encouraging. For some of the experiments, cell viability nesnlaigh at even higher
concentrations of surfactant, indicating that it could be possiblelipeutesicles as
drug delivery and transfection agents and not harm the cells.

There is, however, a difference in how the CTAT-rich vesialesSDBS-rich
vesicles affect the two different cell types testedsesn in Figure 6.1. In both cell
types, the CTAT-rich vesicles seem to affect cell viabititgre than the SDBS-rich
vesicles do, but this result is more dramatic in the chondrocyts. ceThe
chondrocytes are still viable at a total surfactant concemtraif 27 uM for the
SDBS-rich vesicles, while a total surfactant concentratioddoftM for the CTAT-
rich vesicles had no viable cells remaining. The viability ofntlaerow stromal cells
is very similar for both the CTAT-rich and the SDBS-rich igles, and is only

slightly less when exposed to the CTAT-rich vesicles. Thewallility could be
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lower for CTAT-rich vesicles because the cells have an ovezghtive charge. The
CTAT-rich vesicles have an overall positive charge, and would dre @attracted to
the cell surface than the negatively charged SDBS-rich lessicBecause of this
attractive force, the CTAT-rich vesicles may come into contattt cells more often

and hence affect the viability more.
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Figure 6.1 Cell viability with CTAT-rich vesiclesand SDBS-rich vesicles
Cell viability of marrow stromal cells (top) andaridrocyte cells (bottom) when exposed to SDBS-

rich vesicles and CTAT-rich vesicles.
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Pure SDBS micelles were incubated with both cell types in daodegst the
affect of having positively charged surfactant present in thBSSiich vesicles. For
both cell types, the SDBS-rich vesicles affected the cell itiabiore than the SDBS
micelles. The cells were found to be basically immune t&DBS micelles except
at the very highest concentration of 2 mM (Fig. 6.2), where niagylany surfactant
at that concentration would cause cell death. Even though the SCiBSesicles
have an overall negative charge, the positively charged CTAT saanfgatesent in

those vesicles still appears to have an effect on cell viability.
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Figure 6.2 Cell viability with SDBS-rich vesiclesand SDBS micelles
Cell viability of marrow stromal cells (top) andaridrocyte cells (bottom) when exposed to SDBS-

rich vesicles and SDBS micelles.
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Finally, SDBS-rich surfactant vesicles with glucose modifiedfastants
present at different mole fractions were tested and compatked 8DBS-rich vesicle
results (Fig. 6.3). The cell viability for marrow stromallseleemed to be affected
more than the viability for chondrocyte cells. Even at very low eoinations of 0.2
mf glucose modified surfactant vesicles, the marrow strazahl viability was at
about 60%, but the chondrocyte cells exposed to very low concentratiOn? wiff
glucose vesicles had a cell viability of higher than 80%. Fomthgow stromal
cells, the 0.01 mf glucose vesicles had cell viabilities around 80%iealowest
concentrations of surfactant tested, which was about the same fohdhdrocyte
cells. The cell viability for marrow stromal cells wasfeliént for each mole fraction
of glucose modified surfactant vesicles compared to the pure 3DBSesicles,
while there was less of a difference in cell viability whehondrocyte cells were
exposed to the pure SDBS-rich vesicles and SDBS-rich vesidlis ghucose
monomers. The 0.01 mf glucose vesicles had very little effetherchondrocytes
when compared to the plain SDBS-rich vesicles, while the 0.2 mebgé vesicles
had a visible difference when compared to the plain SDBS-richleesi8oth types
of glucose vesicles have fewer surface charges than the pure-&tbBvesicles, so
even with fewer charges interacting with the cells, theability decreased. This
could possibly indicate that the cells have glucose receptors, whighl increase
the likelihood of a vesicle interacting with a cell, thus desirgacell viability when

the cell is exposed to surfactant.
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Figure 6.3 Cell viability with SDBS-rich vesicles and glucose modified SDBS-rich vesicles

Cell viability of marrow stromal cells (top) andaridrocyte cells (bottom) when exposed to SDBS-
rich vesicles, SDBS-rich vesicles with 0.01mf glseanonomer, and SDBS-rich vesicles with 0.2mf
glucose monomer.
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6.4 Conclusions

Catanionic surfactant vesicles made from CTAT and SDBS coulddekins
application with live cells at low surfactant concentration bexzaedl viability is
high. However, because of results shown in chapter 5, the effectsroal saline
would have to be overcome in order for the cargo molecule tamesnahe exterior
of CTAT-rich vesicles. If the cargo molecule is added to tastant solution
before vesicles are formed, some of the cargo molecules woelicbpsulated in the
interior. Because these vesicles are more stable thanadnadlitipid vesicles, this
preparation may still be a better alternative than lipid ves$mimulations. SDBS-
rich vesicles maintain their cargo molecules in normal satinemost likely would
not fuse with cell membranes, as they both have the same ovenajecnd would
repel each other. Modifications to surfactants such as addiegsgl seem to have
more of a negative effect on cell viability, suggesting tifnat cells might have
glucose receptors in the outer leaflet of the bilayer. Thidtresspromising in that
vesicles could be targeted to certain cell types if theecbaurfactant modification is

made.

83



References

1. Kuo, J. H. S.; Jan, M. S.; Chang, C. H.; Chiu, H. W.; Li, C. T., Cytotoxicity
characterization of catanionic vesicles in raw 264.7 murine macrophage-like
cells.Colloids and Surfaces B-Biointerfaces 2005, 41, (2-3), 189-196.

2. Park, J.; Rader, L. H.; Thomas, G. B.; Danoff, E. J.; English, D. S.; DeShong,
P., Carbohydrate-functionalized catanionic surfactant vesicles: Preparati
and lectin binding studieSoft Matter 2008, 4, 1916-1921.

3. Thomas, G. B.; Rader, L. H.; Park, J.; Abezgauz, L.; Danino, D.; DeShong,
P.; English, D. S., Carbohydrate modified catanionic vesicles: Probing
multivalent binding at the bilayer interfack Am. Chem. Soc. 2009, 131,

(15), 5471-5477.

84



Chapter 7: Conclusions

Initial results of 40mer ssDNA binding to the exterior of CTAdhrvesicles
showed that the DNA binds much more strongly than small molecuéamiorgyes.
A quantitative measure of DNA binding to catanionic surfactantchessihad not
previously been done, and in addition, none of the previous studies in thteitgeof
DNA binding to surfactant vesicles used FCS. FCS has been shownatwérg
sensitive technique for these studies, as a small 40mer ssDNécutelcan be
differentiated from a small organic molecule fluorescent dy/bas also been shown
that DNA may stabilize vesicle formation, as DNA bound to vesitteseen at
concentrations near the cac for CTAT/SDBS mixtures.

The strength of the interaction between DNA and surfactant legsis
dependent upon the length of the DNA, but does not depend as strongly on whether
the DNA is double stranded or single stranded. A small Smer AsiNind less
tightly than the 40mer ssDNA but more tightly than small molecugmnic dyes.
This indicates that the DNA can interact with more than one GiBadgroup on the
surface of the vesicle, and because the 40mer ssDNA is longamn ihave more
interactions and bind more tightly than the Smer ssDNA. A cosparof 40mer
ssDNA to 40mer dsDNA vyielded nearly identical values for the bindomggtant, but
binding for the 40mer dsDNA was slightly lower because of its rigidity.

Subsequent salt studies of DNA bound to CTAT-rich vesicles showedttha

normal saline conditions, the DNA is no longer bound to the vesicles Ingeisn
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solution. The binding of small organic dye molecules to CTAT-richcless had
previously been shown to be to a lesser degree than binding of snaalicodye
molecules to SDBS-rich vesicles. This indicates that theaictien between the
CTA" and the cargo molecule may be weaker, and if another smallem @i
introduced, that it would replace the DNA on the vesicle and the DNA is “salted off.”
CTAT-rich vesicles may not be the best option for DNA delivierycells
unless the DNA is trapped on the interior of the vesicle as welihe DNA were
inside the vesicle, the normal saline concentrations would not #ffe®NA and it
could still be delivered to cells. The cell viability studiedicate that there is a
chance of using CTAT-rich vesicles if the surfactant conceotrgs sufficiently low.
Cells remained viable at low concentrations of surfactant, socth@y be used for
more than just DNA delivery; they could be useful in drug deliveryeaB. In
addition, if surfactants are modified, as the glucose surfactants weee ceit types
could be targeted so that delivery of cargo molecules to those cell typesldeposs
More experimentation could be performed to determine if the CBiAding
to cargo molecules is indeed weaker than SDBS binding to cargazutede A
different positively charged surfactant could be used to creatéivpbsicharged
vesicles with SDBS, and binding studies could be done on the sameosyaalic
molecule fluorescent dyes used in previous studies and the DNAutesacsed in
this current study. In addition, salt studies could be done to detifihe CTA
ion affects the binding under normal saline conditions. It is impottadetermine
binding under normal saline conditions, but it is important to performriexeets

with physiological buffer systems as well since celldanditions are most often at
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neutral pH. Catanionic surfactant vesicles could still be veryfulusi
biotechnological applications, but more experimentation will have taldre to

determine if they are useful under the correct conditions for the application.
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