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ABSTRACT

Responsive self-assembling polymers are used in wide range of applications in
the food, pharmaceutical, agricultural, electronic and environmental industries, as well as
in the biomedical field. The proper design of such polymers is critical for the particular
applications being considered. In this thesis, different matrices that can be modulated
dynamically by the application of appropriate stimuli were designed and used for two
applications: electrophoretic separation and gene transfection.

Light represents an attractive trigger to change the properties of a polymer
solution because it enables structural transitions to be induced under isothermal
conditions without the addition of other chemical species to the solution, and is externally
reversible and hence amenable to device design and automation. Amphiphilic copolymers
with azobenzene moieties are of interest because the azobenzene can undergo reversible
trans-cis photoisomerization leading to conformational isomers with significantly
dissimilar dipole moments and hydrophobicities and thus different propensities to
aggregate into nanoscale structures in aqueous media. Copolymers of 4-
methacryloyloxyazobenzene (MOAB) and N,N-dimethylacrylamide aggregate strongly
in aqueous solutions with concentration-dependent aggregate size distributions and well-
defined boundaries between the dilute and semi-dilute regimes. The copolymers are
strongly surface active, an uncommon observation for random copolymers, and exhibit
pronounced photoviscosity effects at higher concentrations. Trans-to-cis isomerization
under UV light leads to partial dissociation of the azobenzene aggregates that form
physical crosslinks, thereby significantly affecting the polymer solution rheology, with a
consequent ten-fold loss of viscoelasticity upon irradiation, especially in concentrated
polymer solutions.

Photo-responsive poly(N,N-dimethylacrylamide-co-methacryloyloxyazobenzene)
(MOAB-DMA) and temperature-responsive Pluronic F127 (PF127) copolymers were
blended to obtain mixed micellar systems that were responsive to both stimuli. The
azobenzene groups of DMA-MOAB in the trans conformation self-associate and the
interactions with PF127 are less pronounced when compared to those with cis
conformation of the azobenzene groups. The cis- isomer of the MOAB-DMA copolymer
self-associates less strongly than does the trans conformation, and thus the copolymer
micelles dissociate upon UV irradiation. These polymeric unimers can form mixed
micelles with the PF127 present. This causes the sol-gel transition temperature of the
MOAB-DMA/PF127 blend to be 2-6 degrees lower upon UV irradiation than under dark
conditions depending on the molar ratio of the two polymers. It has been found that



aqueous blends of PF127 (20 wt%) and DMA-MOAB (5 wt%) possess a low viscosity at
room temperature when equilibrated in the dark and undergo a sol-gel transition when
UV irradiated, with a 1000-fold viscosity increase. Such a transition strongly alters the
transport properties of solutes such as proteins, DNA and the like within the polymer
solutions. The electrophoretic mobility of proteins was measured in both the sol and the
gel state obtained in dark and under UV irradiation, respectively. A fifty to seventy
percent decrease in the electrophoretic mobility was obtained by UV irradiation
responsive gelation, depending on the size of the protein molecules. Dynamic changes in
the aggregation behavior of photoresponsive polymers enable novel opportunities for the
control of viscosity and transport properties for the polymer solutions to be used as a
matrix in separation processes. The binary protein mixture separations that were carried
out in dynamically modulated electrophoresis experiments were found to have improved
resolution as compared to the conventional electrophoresis operations. The improvement
in resolution and yield, which depends on three dimensionless parameters, can be
predicted using numerical simulations if the operating conditions, electrophoretic
mobility of solutes and the change in electrophoretic mobility on gelation are known.

A facile, one-step synthesis of cationic block copolymers of poly(2-N-
(dimethylaminoethyl) methacrylate) (pDMAEMA) and copolymers of poly(propylene
oxide) (PPO) and poly(ethylene oxide) (PEO) has been developed. The PEO-PPO-PEO-
pDMAEMA (L92-pDMAEMA) and PEO-pDMAEMA copolymers were obtained via
free radical polymerization of DMAEMA initiated by polyether radicals generated by
cerium(IV). Over 95% of the copolymer fraction was of molecular mass ranging from 6.9
to 7.1 kDa in size, indicating the prevalence of the polyether-monoradical initiation
mechanism. The L92-pDMAEMA copolymers possess parent surfactant-like surface
activity. In contrast, the PEO-pDMAEMA copolymers lack significant surface activity.
Both copolymers can complex with DNA. Hydrodynamic radii of the complexes of the
L92-pDMAEMA and PEO-pDMAEMA with plasmid DNA ranged in size from 60 to
400 nm, depending on the copolymer/DNA ratio. Addition of Pluronic P123 to the L92-
pDMAEMA complexes with DNA masked charges and decreased the tendency of the
complex to aggregate, even at stoichiometric polycation/DNA ratios. The transfection
efficiency of the L92-pDMAEMA copolymer was by far greater than that of the PEO-
pDMAEMA copolymer. An extra added Pluronic P123 further increased the transfecton
efficacy of L92-pDMAEMA, but did not affect that of PEO-pDMAEMA.
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Chapter 1

Introduction

1.1 Motivation and Approach

The self-assembly of synthetic polymers has attracted attention in research for

varied applications from semiconductor microelectronics,' thin films, 2 separations,

pharmaceuticals, and biotechnology application. 3 The ordered self-assembly of proteins,

DNA and biomembranes has been known for a while but this is not the case with

synthetic polymers, until recently. Synthetic polymers, generally, do not show definite

folding structures in solution. Polymer chains assume random coil or simply extended

conformations prevalently when dissolved in solvents. Self-assembly of polymers can

take place due to associations formed by electrostatic interactions, hydrophobic

interactions, or hydrogen bonding. Studies by Morishima et al.4 and Akiyoshi et al.5

clearly demonstrate that linear polymers with hydrophilic main chains and suitably-

substituted hydrophobic side chains can assume compact conformations having definite

molecular sizes and shapes leading to further exploration of such self-assembling

polymers. The self-assembly of polymers can be brought about by change in

concentration or by applying external stimuli. Self-assembling polymers are very

popularly used in research as encapsulation vehicles for gene and drug transfection.6 The

proper design of such polymers is critical for improving the transfer/transfection

efficiency and form focus of many researches.6

Stimuli-responsive polymers which can self-assemble in response to external

stimuli, such as pH, temperature, light, electric and magnetic field, have caught attention

for a decade now. These materials have wide applications in various fields such as food,

pharmaceutical, agricultural, electronic and environmental industries, as well as in

biomedical engineering. Photoresponsive polymers have attracted considerable interest
7,8,9,10,11 because light as an external stimuli can be controlled remotely, changed rapidly,
and it is clean compared with traditional stimuli such as temperature, pH, electric field,



and ionic strength. 12,13"14' 15 Azobenzene-containing photoresponsive polymers especially

have been widely investigated due to their potential applications.16,17,18,19

Azobenzene derivatives are the most widely used chromophores alongwith

stillbene. It is well known that azobenzene chromophores undergo photoinduced trans-cis

isomerization under UV irradiation, while the reverse cis-trans isomerization can be

induced photochemicallly or thermally. 20,21,22,23,24 Accompanied by the isomerization,

both the molecular dimension and the dipole moment change dramatically. This has led

to the use of azobenzene derivatives as photoresponsive "triggers" for controlling

macroscopic properties of surfactants25 and polymers21' 24,26 When azobenzene

chromophores .are incorporated into polymers as pendant groups, the conformational

change of azobenzene would produce a concomitant change in polymer properties both in

solution and bulk solid sates. 26 The change in physical properties especially viscosity

upon irradiation is of importance in applications such as drug delivery, paints and

separation. The change in viscosity upon irradiation termed as photoviscosity effect has

been seen in various synthesized polymers with azobenzene as photoresponsive

moiety.79,80 Most of these polymers are shown to have photoviscosity effect in organic
solvents such as dioxane, N,N-dimethylacetamide and THF. Very few photoresponsive

polymers have been synthesized which showed photoviscosity effect in aqueous medium.

There is a potential need for amphiphilic photoresponsive polymers showing few orders

of magnitude viscosity changes upon irradiation which could be potentially used as a

matrix for delivery and separation processes requiring aqueous medium.

There is an increasing need for the microscale separation and purification of

products from microreactors used for their synthesis, and for the separation of

compounds to be fed to microscale systems for analysis. Such microscale devices are an

attractive option for separations whenever small quantities of specialty materials must be

produced or analyzed. Gel electrophoresis and size exclusion chromatography are two

separation methods that could be exploited effectively in such microscale separations,
and could benefit from the development of tailored gel media that can be readily

modified for specific applications. In addition, such gelation on demand can be exploited

in the loading of the separation media in the microchannel, since low viscosity polymer

solutions can be fed to the system, and subsequently caused to gel in-situ, thereby



avoiding the need for the pumping of viscous gel material into the small radius channels.

The traditional electrophoresis requires modifying the proteins by interacting with other

surfactants like SDS for separation leading to denaturation of proteins. It will be of

significant advantage if the separation can be enhanced by modifying the matrix instead

of solutes/proteins. Finally, the properties of responsive gels could be exploited in the

dynamic tuning of the gel structure at different points within the channel in real time to

aid to the focusing and enhance the resolution of protein separations. These processes

would benefit from the use of imaging and feed-back control to help sharpen the

separation processes as seen in Scheme 1-1 .
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Scheme 1-1: Schematic of dynamic modulation of matrix for selective gelation for
enhanced separation

The miniaturized or so-called "lab on a chip" chemical and biological separation

and analysis systems enable vast improvements in their performance both in terms of the

speed and in throughput, in comparison with the more traditional "full size"

instrumentation. 27 Perhaps the most striking example of these improvements is the

success of capillary electrophoresis (CE) in speeding up the sequencing of the first

human genome project. 28 This accomplishment would have required many more years

with traditional full-size slab-gel technology. The high speed, fast analysis time,

resolution of the capillary electrophoresis has led to this accomplishment. The

advancement of the DNA electrophoresis from slab-gels to capillary arrays represents the

first step in a biotechnological revolution, which will be driven by the miniaturization of

biochemical analysis platforms, in particular based on integrated micro-fluidic devices or

t = ti
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chips made from glass or plastic.29,30 Miniaturized chemical and biological analysis

platforms promise to serve as critical enabling technologies for the revolution in genomic

and proteomic sciences, as well as in the development of sensors for chemical and

biological defense. Reduction of size offers many anticipated advantages such as reduced

costs, faster transport mechanism, and equivalent or perhaps improved sensitivity of the

mini-sensors. The design and fabrication of the hardware and detection systems for these

devices are rapidly maturing. However, the matrices for miniaturized devices are lagging

behind the hardware design. Just as the astounding success of capillary electrophoresis in

the human genome project was enabled to perform optimally, further miniaturized

systems will require the design of materials specifically adapted for their unique features.

The materials that engendered excellent performance in slab-gel electrophoresis fail in

capillary-based systems.31 Similarly, materials that are designed for high performance

capillary-based systems lead to suboptimal performance in microscale systems. Full

realization of the high through put and cost-saving potential of microscale systems for

proteomics, genomics, sensing applications will require the development of novel, smart

polymeric materials fashioned specifically for these systems.

There is a need for the development of separations media that can be easily tuned

for specific applications, and regenerated. For example, when dealing with large-scale

separations, it is desirable to recycle surfactants or polymers in a surfactant/gel-based

separation processes, both for environmental and for economic reasons. For microscale

separations, the capability to tune the separation media will permit multiple stages of

separation (and thus high selectivities) to be achieved. Thus, a system in which separation

media or matrices can be tuned through the manipulation of an easily controlled external

variable such as temperature, an applied potential, or light, will likely be of broad utility.

It would be necessary for such tunable gels to maintain their volume while changing

structure, which generally cannot be anticipated for chemically cross-linked gels. In

many cases physical gels do not shrink when undergoing internal structural

rearrangement. There is no need for surface modification of the microchannel when sol-

gel matrices are utilized. 32 Duke et a133 showed that physical gels serve as better sieving

media than chemically cross-linked gels as the separation limit for physical gels is higher

than that of chemical gels for nucleic acids. As for high molecular weight molecules,



chemically cross-linked gels cannot separate molecules on basis of molecular weight.

Physical gels can extend the range of fractionation, and separation limits can be extended

by a factor of up to 10, or more. 33

1.2 Photoresponsive Polymers

A photoresponsive polymer is a kind of functional polymer having photoreceptor

chromophore, which can transfer the photoenergy into conformational change in

polymer. The light is initially stored as chemical structure change of the chromophores

and then transferred into the polymer chain, causing reversible conformation changes.

The conformational change in azobenzene contained in the polymer should produce a

concomitant change in physical and chemical properties of the polymer solutions and

solids. This is the underlying concept behind controlling polymer chemical or physical

properties by photoirradiation using the photoresponsive trigger molecules.

Many molecules, such an azobenzene 21,22,23,34, stilbene,35,36,37 spiropyran, 34,3839

and triarylmethane 40 can be transformed into other isomers under photoirradiation. On the

other hand, they can also return to the initial state thermally or photochemically. These

isomerizations are termed as photochromisms. Among the many compounds available,

azobenzene is the most frequently used chromophore for photoresponsive polymers.

1.2.1 Azobenzene

Azobenzene and its derivatives are compounds with the characteristic double

bonded -N=N- functional groups. The stereochemistry of the double bond generally has

profound consequence on the properties of molecules. It gives the molecule more rigidity

and imposes geometrical restriction on the molecule, a flatness or planar configuration

upon the double bond.

Azobenzene dye exists in two isomeric states, a thermodynamically stable trans

and a metastable cis state. The energy difference between the ground states of the trans

and cis isomers of azobenzene is about 50kJ/mol showing that trans form



thermodynamically stable. 2 When irradiated with light of appropriate wavelength, the

azobenzene chromophores undergo a reversible trans-cis-trans isomerization process.

The energy absorbed at a particular wavelength by the azobenzene chromophores take

them to an electronically excited state. Then the excited state goes back to the ground

state either in the cis or trans configuration through non-radioactive decay. The

metastable cis state isomerizes to the trans state either by a spontaneously thermal

process or a reverse cis-trans photoisomerization cycle. Since the trans state is more

stable, the cis state can thermally isomerizes back to the trans state. Normally, the

thermal cis-trans reconversion takes place without any irradiation and this process is

significantly slower (orders of magnitude) than the photo reconversion isomerization.4 1' 43

R1 = H, R2 = H --> azobenzene

R1 = Donor, R2 = H -> aminoazobenzene

R1 = Donor, R2 = Acceptor -- aminoazobenzene

Figure 1-1: Classification of azobenzene derivatives

Azobenzene chromophores can be classified into three types based on the

energetic ordereing of (n,t*) and (T,Tr*) states: azobenzene type, aminoazobenzene type

and pseudo-stilbene type, as illustrated in Figure 1-1. 42,43,44 Azobenzene type molecules

display a low intensity n-n* band in the visible region of the spectrum and a high

intensity n-r* in the UV region. Amino-azobenzene type molecules are characterized

spectroscopically by a close or overlapped n-n* and n-ir* band in the violet or near-



visible UV region. Pseudo-stilbene type molecules, a type of the azobenzene molecules

with electron-sonor and electron-acceptor (push/pull) substituents aat 4 and 4' positions,

have a long wavelength n-n* band and the sequence of (n-n*) and (n-n*) states are

reversed on the energy scale, which is similar to stilbene.

1.2.2 Photoisomerization of Azobenzene

There are three main associated changes that take place with photoisomerization

of azobenzene. 21' 24

a) A change in the absorption profile: The trans-cis isomerization causes a decrease

in the absorption at 320nm owing to n-nJ* transition.

b) A change in molecular dimension: The distance between the 4- and 4'- carbons is

shortened from 9.0 A' to 5.5 A' by isomerization from the trans to the cis state,

as shown in Figure 1-2.

c) A change in dipole moment. The dipole moment changes from 0.5 D (trans) to

3.1D (cis).

These photoinduced configuration changes can significantly influence the bulk

and surface properties of polymers containing azobenzene chromophores. Therefore, they

are of utmost value in probing conformational dynamics of macromolecules by site-

specific photo-labeling, in estimating the free volume in cross-linked networks and in

designing photoreactive polymers responsive to external stimuli.

Even though the isomerization of azobenzene groups has been subject of many

studies, the mechanism of photoisomerization and the thermal isomerization of

azobenzene are still not fully understood. The isomerization mechanism has been

investigated since the early 1950s. 23 It was first suggested that the azobenzene groups

isomerizes by rotation around the -N=N- bonds. 45 In this process, the nt-bond is broken

homolytically or heterolytically, as a result of which part of the azobenzene groups may

freely rotate around the -N=N- axis. 46,47,23
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Figure 1-2: Structural geometry changes of azobenzene upon trans-cis isomerization 21

An alternative mechanism was later where the isomerization of azobenzene group occurs

via the inversion of one or both of the nitrogen through a linear sp-hybridized transition

state in which the double bond is retained. 48,49 5 The essential difference between the two

mechanisms is that the rotation mechanism proceeds via a dipole transition state

accompanying a large volume change, where the inversion mechanism requires only a

local movement involving hydridization of the nitrogen atom. In general, it is evident

both experimentally 50 and theoretically 51,52,53 that the thermal cis-trans isomerization of

azobenzene proceeds via the plane inversion mechanism 54 and both the inversion and

rotation mechanism. 42 Rotation and inversion pathways of the trans-cis-trans

isomerization of azobenzene groups are illustrated in Figure 1-3. The debate related to the

interpretation of the mechanism is not settled and further research is carried out in this
area.53,54,55,56,57area:
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Figure 1-3: Schematic diagram of the rotation and inversion pathways of the trans cis
isomerization of azobenzenes. The rotation pathway is obtained by a torsion of the azo
group around the CNNC dihedral angle. The inversion pathway is obtained by an in-
plane inversion of the NNC angle (angle) formed between the azo group and the attached
carbon of one of the benzene rings.58

1.2.3 Photochemical and Thermal Isomerization of Azo Polymers

Azo polymers have attracted considerable interests in the past decade due to their

various potential applications, such as photonics, 59,6o optical information storage

systems 6 1,62 and surface relief gratings.63 Recently, match attention has been paid to

photo-switchable biomaterials for the development of optobioelectronic devices. 64,65

The isomerization rate of azo polymers depends not only on the chemical

structure of the azobenzene chromophores but also on the properties of polymer matrices,

such as the type of attachment of the chromophores to the polymer backbone, glass

transition temperature, crystalline order, etc.21,43 It has been shown that the isomerization

rate in solutions is very sensitive to the local microenvironment surrounding the

/~"·c



azobenzene groups, such as the polarity of the solvent, as well as the polymer

concentration.23,66,67

The steric effect is an important factor that affects the isomerization of

azobenzene moiety. Morishima et. al.68 studied the photoisomerization of amphiphilic

polyelectrolytes, in which the azobenzene moieties were compartmentalized in

hydrophobic microdomains. The concentration of the polymer was kept such that there

were no chromophore-chromophore interactions. It was demonstrated that the

compartmentalization of azobenzene moieties significantly impedes the trans-cis

photoisomerization as a result of compartmentalization owing to the motional restriction

imposed on the trans isomers in the hydrophobic domains. These steric effects on the

isomerization rate depend on the hydrophobic groups surrounding the azobenzene

moieties. The steric constraint decreases in the order of cyclodecyl > adamantly > lauryl.

Badjic et. al. 9 studied the photoisomerization kinetics of azobenzene and its derivatives

within SDS and CTAB micelles. It was seen that the kinetics of azobenzene

isomerization depends on electronic and steric properties of the molecules and on the

environment in which the molecules are held. To this effect it was found that the

isomerization is faster in solution than within micelles. It is also shown that azobenzenes

are capable of undergoing isomerization in highly viscous solutions, liquid crystals,

condensed monolayers, micellar solutions, polar solvents and even solids.70 ,71' 66,43

1.3 Photoresponsive Behavior of Azo Polymers

When azobenzene chromophores are incorporated in the main chain or as a side

chain of the polymers, the conformational changes of azobenzene induced by the

isomerization will produce a concomitant change in chemical or physical properties of

the azo polymers both in solution and in solid states. Table 1-1 lists the properties of azo

polymers that can be controlled by photoirradiation.

Table 1-1: Physical and chemical properties of azo polymers controlled by azo photo-
irradiation 26



Solution Solid

Viscosity Membrane potential

pH Membrane permeability

Solubility Surface wettability

Metal ion capture Shape

Capability Miscibility of polymer blend

1.3.1 Photostimulated effects

Aggregation may be formed between azobenzene moieties in the presence of

water, through hydrophobic interactions and ordered stacking of azo groups. 72,73,74,75,76

These interactions are favored in dark-adapted samples as trans azobenzene moieties are

planar and hydrophobic. Light induces the disaggregation process, as cis form is more

polar and not planar,77 thus inhibiting the associative conditions. Therefore, it is likely

that the different polarity and the different geometry between the trans and the cis form

of the azo moieties provide the driving force for the photoinduced aggregation-

disaggregation process. 78

The viscosity of a polymer system is a direct reflection of the polymer

conformation. The constitution of polymers containing azobenzene in the backbone

suggests that these polymers would behave like semi-flexible rods in solution. The

extended rod-like shape of the semi-flexible chain is expected to shrink rapidly to a

compact conformation when the configuration of the constituent azobenzene units

changes from trans to the cis form. This results in the change in viscosity of polymer

solutions and is termed as the photoviscosity effect.79 Figure 1-4 illustrate the

conformational changes of polymer chains using photochromic chromophores as a tool.

The mechanism utilizes the change induced in the intramolecular interaction between

pendant groups by photoirradiation.
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Figure 1-4: Schematic illustration of photostimulated conformational changes of
polymer chains. Light energy decreases hydrophobic interaction, allowing an extension
driven by coulombic repulsion (polymer being polyelectrolyte). 79

This system of poly(methacrylic acid) with pendant azobenzene groups developed

by Lovrein 79 was first to report the photoviscosity effect. In an aqueous solution, the

viscosity increases by UV irradiation by about 20 percent. However, another study of a

styrene-maleic anhydride copolymer with pendant azobenzene groups showed that the

reduced viscosity decreased by 24-30% in dioxane solution after irradaiation with UV

light. 80 Fernando et. al. investigated the photoviscosity effect of azobenzene modified

poly (methylmethacrylate) copolymers in dimethylsiloxane (DMSO) solutions. A

decrease of 77% of the reduced viscosity is observed after UV irradiation. The majority

of previous publications on photoviscosity of azobenzene have focused on the effect of

these functional groups in the polymer backbone. Irie and co-workers 8l synthesized a

range of polyamides containing azobenzene groups in the backbone. All of the

polyamides exhibited a degree of the photoviscosity effect. They reported a 60% specific

viscosity reduction due to irradiation (410 > N> 350 nm) of a solution in N,N'-

dimethylacetamide. The authors investigated the influence of spacer groups in the

polymer backbone and speculated that the magnitude of the photoinduced change in the

viscosity decreases with the addition of flexible units such as methylene chains. Kumar

and co-workers investigated a range of polyureas 82 with azobenzene groups in the

3"
~-J



polymer backbone in DMSO at 350 C. The intrinsic viscosity was found to be about 30%

lower during UV irradiation (410 > X > 350 nm) than in the dark. The photoviscosity

change was attributed to a conformational change of the polymer chain rather than

interchain interactions. A study of similar polyureas was performed in DMSO at 30oC,8 3

with the intrinsic viscosity reported to be about 40% lower during UV irradiation than in

the dark.

1.4 Electrophoresis

Electrophoresis has been regarded as a powerful technique for the separation of

charged macromolecules such as proteins based on its charge and size. 84 Electrophoresis

offers high selectivity, high resolution and low cost options compared to existing

techniques such as fractional precipitation and liquid chromatography, which require

expensive media and reagents.85

1.4.1 Development in Electrophoresis

Different types of chromatography methods have been used for separation of

proteins for a long time. 86 Chromatographic separations are based on interaction of an

analyte with the surface of a stationary phase. However, proteins are amphiphilic and

thus often surface-active molecules. They also display poor mass transfer kinetics during

the chromatographic process. As a consequence, resolution is often less than desired,

protein recovery may be low, and native protein may be denatured during the

chromatographic process. The other alternative, which parallels chromatography, is slab-

gel electrophoresis, taking into account the charged nature of the protein. But it also has

its own disadvantages. It is laborious and time-consuming technique requiring

preparation of gel, separation of the sample, staining and de-staining and gel-drying. The

gel staining with a dye or stain may occur in a non-linear fashion, i.e., the intensity of the

stained bands may be poorly correlated with the protein amount. Also, the joule heating

caused by the electric field leads to band broadening and hence, low resolution.

Consequently, capillary electrophoresis technique has been developed, which combined



the aspects of both gel electrophoresis and high performance liquid chromatography

(HPLC). The shorter length of the capillary as compared to the slab-gel electrophoresis

reduced the separation time. The capillaries of about 100-300 gm in diameter were able

to effectively dissipate the energy (joule heating). This led to a large increase in the

overall resolution of the separation. The use of capillaries simplifies detection and

process automation, making it more quantitative and reproducible.

The efforts to adapt gels to the capillary format have been due to the gels' high

resolving power compared to polymer solutions.87 Disadvantages of these gel-filled

columns include a short lifetime, low reproducibility, and poor detection sensitivity due

to high UV absorption of the gel matrix. Also, the loading of the gels onto the capillary is

quite difficult. A further miniaturization of the capillary format to microchannel would

reduce joule-heating effect, further increasing the resolving power. The separation time in

microchannel would be further reduced. The problem of the gel loading can be solved by

replacing the permanent gels by responsive physical gels.

1.4.2 Matrices in different electrophoresis

For many years, electrophoresis was performed in a macroscopic slabgel format,

and permanent gels such as agarose or acrylamide were used successfully for sieving.

The first attempts to separate DNA by CE used capillaries filled with gel (e.g., agarose or

cross-linked polyacrylamide), which was a natural adaptation of slab-gel electrophoresis

to a capillary system. In spite of their excellent size selectivity, these media present

serious disadvantages. Firstly, gel polymerization in the capillary involves a change in

volume, which can bring about inhomogeneities, gel breakage and formation of air

bubbles. In addition, gels or buffers can be degraded by hydrolysis, especially at the

alkaline pH used for biopolymer separations. This leads to short-lasting gel-filled

capillaries, that rarely survive more than 100 injections. The idea of substituting gel-

based matrices with physical gels or solutions of (uncross-linked) polymers was

fundamental for the progress and the establishment of CE as a convenient, cost reduced

alternative to slab-gel electrophoresis. The very efficient heat dissipation and

anticonvective properties of thin capillaries allows separation in fluids using high fields

(typically 200-300 V/cm), without loss of resolution, and permanent gels are not required



anymore to prevent convection. As mentioned above, however, a sieving effect remains

mandatory for most applications: polymers in solution can, in suitable conditions, act as

obstacles to the migration of analytes, and provide such sieving, while avoiding most of

the problems raised by permanent gels. The question of analyte-matrix interaction is at

the heart of electrophoresis.

1.5 Thesis Overview

The overall goals of this research were to i) design and prepare matrices with

objectives of proper encapsulation of DNA for gene transfection and for responsive

photoviscosity effect ii) study the solute transport properties through the photoresponsive

matrix and iii) dynamic modulation of the matrix for separation of solutes Chapter 2

details the preparation of amphiphilic nonionic photoresponsive polymer. Photokinetics

and photoviscosity effect in aqueous medium were studied. Chapter 3 contains interaction

of synthesized photoresponsive polymer with well-known thermoresponsive Pluronic

polymeric surfactant. The effect of irradiation on the interaction was studied on their

physical blends. Chapter 4 deals with solute transport properties through the physical

blends of polymer. The models are considered to understand the change in the transport

properties with the change in matrix physical psroperties. Chapter 5 entails the dynamic

separation of solutes by modulating the matrix properties. Chapter 6 outlines details of

synthesis of polycationic Pluronic polymer. Self-assembling properties and transfection

efficiencies of this polymer were studied.
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Chapter 2

Photoresponsive behavior of amphiphilic
copolymers of methacryloyloxy-azobenzene and

N,N-Dimethylacrylamide

2.1 Introduction

Photoresponsive polymers may respond to irradiation by changing their

conformations in water. This, in turn, may reversibly alter the viscosity of the polymer

solution and produce the photoviscosity effect which was first reported several decades

ago.' It has since attracted considerable attention, partly because of its appeal as an

environmentally benign, functional, photoswitchable technology. 2' 3'4' 5 Most photores-

ponsive polymers contain azo- dyes, such as azobenzene, either in their backbones or in

side chains. The change in conformation is due to cis->4trans isomerization transitions in

the dye, which can be followed by changes in the solution viscosity, dipole moment, and

refractive index. In water, a decrease in the solution viscosity upon UV irradiation can

be attributed to an increase in the hydrophilicity of the azobenzene in its cis form relative

to that in its trans form, which leads to fewer azobenzene-azobenzene associations. 3'4

The present study was motivated by our interest in the design and synthesis of

such materials for use as matrices in separation processes, in particular in capillary and

gel electrophoresis. Photoinduced changes in polymer conformation are very attractive as

triggers for modulating the separation medium or gel properties as they are not affected

by any of the external mass transfer limitations associated with pH-, redox-, and other

chemical triggers. Another advantage of these gels is the potential to establish sharp,

spatially well-defined regions of modified gel properties, which may have benefits for the

dynamic control and modulation of the separation processes; it would be difficult to

sustain such spatially-resolved structural features with temperature-responsive polymers



owing to the inevitable establishment of temperature gradients between the heated and

non-heated, or cooled, regions within the gel.

We have used azobenzene as the photoresponsive moiety in the polymers. Its

usual water-insolubility has been overcome through the careful design of the copolymer

to be water-soluble without macrophase separation even when all azobenzene groups are

present in their most hydrophobic, i.e. trans, form. The undesirable use of additives such

as surfactants5 or cyclodextrins, 2 which can aid polymer solubility but complicate

separation processes in which these polymers are to be used, was avoided, as was the use

of ionic or ionizable groups of the type used thus far to create water-soluble copolymers

that exhibit the photoviscosity effect.' Such ionic copolymers can change conformation in

the strong electric fields typical of electrophoretic processes because of a decrease in the

positive osmotic pressure originating from the polymer counterions, and because

counterion gradients in polyelectrolyte solutions can lead to the collapse of the polymer

and thus affect its ability to perform as a separation matrix. Hence, we chose a nonionic

vinyl monomer, N,N-dimethylacrylamide (DMA), as one of the copolymer constituents

in developing water-soluble, photoswitchable copolymers. Copolymerization of DMA

with other vinyl monomers and the scaling behavior of its gels are well-known 6 and poly-

DMA has been proven to be an efficient medium in capillary electrophoresis, since it is

both insensitive to electric fields and capable of withstanding high voltages.7'8

Copolymers of DMA with pendant azobenzene moieties along the backbone exhibit a

significant, concentration-dependent photoviscosity effect in water, without macrophase

separation. We have characterized the equilibrium and kinetic photoisomerization

behavior, as well as related gelling and other photosensitive colloidal properties of these

copolymers by using dynamic light scattering, surface tension, absorption spectroscopy,

probe solubilization and rheological measurements.

2.2 Experimental

2.2.1 Materials



Methacryloyl chloride (97%), 4-hydroxyazobenzene (98%), N,N-

dimethylacrylamide (99%), and 2,2'-azobisisobutyronitrile (initiator, AIBN, 98%), and

Nile Red (fluorescence probe phenoxazone-9) were all purchased from Sigma-Aldrich

Chemical Co. (St. Louis, MO) and used as received. Triethylamine (99%) was obtained

from J.T. Baker (Phillipsburg, NJ) and was also used without further treatment.

Deuterated solvents were obtained from Cambridge Isotope Laboratories (Andover, MA).

All other solvents, buffers, and gases were obtained from commercial sources and were

of the highest purity available.

2.2.2 Copolymer Synthesis

Photoresponsive polyacrylamides modified with azobenzene moieties have

previously been reported in the literature.9,10 11 They typically contain tertiary amino

groups and thus behave as polyelectrolytes within the pH range of 5-8. The potential

applications of stimuli-responsive polymers as gel electrophoretic separation media

require neutral copolymers devoid of charges in this pH range. It was for this reason that

we developed copolymers of N,N-dimethylacrylamide (DMA) and trans-4-

methacryloyloxyazobenzene (MOAB), synthesized according to the route shown in

Scheme 2-land Scheme 2-2. The synthesis route was chosen such that the azobenzene in

the resultant copolymer existed as the sidechain. This was done for the purpose as the

interpolymer sidechains association can act as physical crosslink which could be sensitive

to isomeric form. The synthetic route for formation of first monomer trans-4-

Methacryloyloxyazobenzene (MOAB) can be described as follows. It was prepared by

condensation of 4-hydroxyazobenzene and methacryloyl chloride in THF, with

triethylamine (TEA) acting as a promoter). In brief, 4-hydroxyazobenzene (10 g, 50.0

mmol) was dissolved in 120 ml THF, to which triethylamine (acid scavenger; 7.11 ml,

50.6 mmol) and 2,6-di-tert-butyl-p-cresol (free-radical inhibitor, 5 mg) were added. 12 The

resulting solution was purged with nitrogen and stirred at room temperature for 30 mins.

Methacryloyl chloride (15 ml, 150 mmol) was then added gradually from a glass syringe

while the solution was maintained in an ice-cooled water bath. The formation of



triethylammonium salt in the form of precipitate was observed immediately upon

methacryloyl chloride addition. The reaction mixture was stirred for 48 h at room

temperature. The precipitate was removed by filtration, and the solution was diluted with

a mixture of chloroform and water (3:1) to convert the excess methacryloyl chloride into

methacrylic acid. The organic layer was washed three times with distilled water to

remove the polar compounds. Finally, the organic layer was dried by contact with

anhydrous Na2SO 4, and the residual solvent was removed ab vacuo. The product was

twice purified by re-crystallization by evaporation of the n-hexane and dried under

vacuum.

N pCH 2

S N OH + H3C-C
C-0

Cl
THF

TEA

H2C O N?\

H3C O

Scheme 2-1: Synthetic route to the preparation of trans-4-methacryloyloxyazobenzene
(MOAB)

A series of copolymers with a molar MOAB fraction with respect to DMA

varying from 0.1 to 0.4 was synthesized and tested for aqueous solubility at 0.001 wt%

effective concentration. MOAB was copolymerized with a hydrophilic monomer, N,N-

dimethylacrylamide (DMA) via free-radical polymerization with AIBN as the initiator.

(Scheme 2). For MOAB molar fraction of 0.2 with respect to DMA, following procedure

was carried out. A solution containing MOAB (0.1 g, 0.38 mmol), N,N-

dimethylacrylamide (0.154 ml, 1.5 mmol) and 0.15 ml of THF was deoxygenated with

nitrogen while in an ice-cooled water bath. A series of polymers of varying MOAB and



DMA contents were prepared. The solution was then heated to 700 C, and AIBN (5 mg, 2

wt %) was added gradually. The solution was then maintained at a temperature of 70 * C

for 18 hours. To complete the polymerization, the solution temperature was raised to 90

*C and maintained there for 2 hours. The resulting polymer was dialyzed for 48 hours

against deionized water using a 3500 Da MWCO membrane and then lyophilized.

U a

+ H2C-C
H

e
I I

H

THF, AIBN C

700C C

L

Scheme 2-2: Synthetic route toward the copolymerization of MOAB and DMA. The
protons in MOAB-DMA copolymers are labeled with letters which are correspondingly
characterized in NMR as seen in Figure 2-1

A polymer on the borderline of aqueous solubility had a nominal, as-synthesized

MOAB molar fraction of about 0.2. The MOAB-DMA copolymer was characterized by

1H NMR and GPC. The 1H NMR spectra of polymer solutions in CD 2C12 were acquired

with a Bruker AMX400 spectrometer. Gel permeation chromatography (GPC) was

carried out with THF as the mobile phase. The MOAB-DMA copolymer with nominal

molar fraction of about 0.2 was found to be of a weight-average molecular weight of 24

kDa. Based on obtained molecular weight and nominal molar fraction, there are about 38

MOAB units present on the polymer chain containing 150 units of DMA. The

polydispersity found by GPC was about 1.4. The actual average content of azobenzene

groups was determined by NMR analysis to be 0.185, based on the ratio of the protons in



the azobenzene moiety to those of the methyl group of DMA (See Scheme 2-2 and Fig.1

for the proton designations). All analogous copolymers with nominal molar fraction

values exceeding 0.2 appeared to be water-insoluble.

10 8 6 4 2 0
ppm

Figure 2-1: A representative 1H NMR (400 MHz) spectrum of MOAB-DMA in CD2Cl2.
Protons are labeled as shown in Scheme 2-2.

2.3 Polymer aggregation phenomena

The colloidal properties, and in particular the aggregation behavior, of the

copolymers in water as a function of concentration were characterized by surface

tensiometry, probe solubilization techniques and dynamic light scattering. In all these

studies, illumination was provided by a Model 6283 200-W mercury lamp (Oriel,

Stratford, CT) equipped with either a 320 nm band-pass filter (Oriel Model 59800, used

to obtain monochromatic UV light) or 400 nm pass filter (Oriel Model 59472, used to

obtain radiation in the visible range) mounted on an arc lamp housing (Oriel Model

66902) and powered by an arc lamp power supply (Model 68910). The setup was

equipped with a heat-absorbing filter (Schott KG 4 Heat Absorbing, Oriel) to remove the

heat generated by the UV and IR light. The intensity of irradiation was measured by an

Accu-CalTM 30 Radiometer (Dymax, Torrington, CT) and found to be 0.1mW/cm 2

(325nm).

Equilibrium surface tensions were measured at a 25'C with a Kruss K1OT

tensiometer (Kruss USA, Hamburg, Germany) using the Wilhelmy plate method. 13



Equilibrium surface tensions,y, of the aqueous polymer solutions at varying polymer

concentrations before and after UV irradiation are reported in Figure 2-2. It is notable

that the MOAB-DMA copolymer exhibited significant surface activity, which is

uncommon for random copolymers, and appeared to form micelles or aggregates above

critical micellization concentrations (cmcs) of about 0.15 to 0.20 wt% for both the trans

and cis forms of the copolymer. After UV irradiation, there is presence of both isomers,

i.e., the establishment of a photostationary state with incomplete interconversion of the

photoisomers from one state to the other, on same polymeric chain. The trans isomer on

the polymer chain can lead to interpolymer associations via Rn-i stacking forming

aggregates. Furthermore, the cis- isomers that are present on the chains can be

incorporated into those hydrophobic aggregates. Thus both trans and cis taking part in

mixed micelle-like aggregates.

E 70
z
E
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·t-
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Figure 2-2: Concentration dependencies of the equilibrium surface tension in MOAB-
DMA at 25°C and pH =7 before (filled points) and after (open points) UV irradiation
using a Hg lamp with 0.1 mW/cm2 (325nm).

Studies 14'15 have shown that the aggregation pattern of the micelles is different

between the trans surfactant and trans/cis surfactant mixture in terms of aggregation

number, structure of micelles and so on. The difference in cmc of pure trans and cis is

shown to depend on the design of the surfactant. For azobenzene containing ionic

surfactants 14 ,15 it is shown that for different tail chain lengths and spacer chain lengths,

the ratio of increase in cmc changes which can vary from 1.2 to 4 times but the

mechanism is not explained. In accordance with their experimental observations, the



slight difference of cmc seen in our case can be attributed to the design of our polymer

with a large hydrophilic part with shorter tail chain length and spacer group.

Fluorescence spectra were recorded on a TimeMaster Fluorescence Lifetime

Spectrometer (Photon Technology International, PTI, Canada) in the steady-state mode

(band-pass, 3 nm; integration time, 2 s). FeliX software was used for data acquisition and

analysis. Properties of the aggregates formed in the polymer solutions were assessed by

steady-state fluorescence studies by employing a fluorescent dye, Nile Red, as the probe.

A 0.5 pM aqueous stock solution of Nile Red was prepared from which 0.02 ml aliquots

were removed and added to 2ml of polymer solutions of varying concentrations. The

resulting Nile Red solutions were then allowed to equilibrate for 3-4 hrs. The sample was

excited at a wavelength of 570 nm and the emission scan was run from 600-700 nm.

Aggregation in the MOAB-DMA solutions was further probed by following the

effect of polymer concentration on the solubilization of Phenoxazon-9 (Nile Red), a

hydrophobic fluorescent dye sensitive to the lipophilicity of its environment. 16 Nile Red

is especially suited to probe the MOAB-DMA solutions because its excitation

wavelength maximum (Xex = 570 nm) is remote from the absorption wavelength of both

trans and cis-forms of the copolymer, and thus Nile Red excitation per se would not

cause any isomerization of the azobenzene moieties of the copolymer.

Changes in the spectra and fluorescence intensities of Nile Red with changing

polymer concentration before and after UV irradiation are shown in Figure 2-3. Above a

threshold value of about 0.005 to 0.01 wt%, the fluorescence intensity increased

dramatically with increasing polymer concentration, indicating a molecular (and thus

fluorescent) dispersion of the water-insoluble dye in the hydrophobic cores of the

MOAB-DMA aggregates. 16 The significant hypochromic or blue shift of more than 40

nm in the maximum observed emission wavelength provided evidence of this less polar

dye environment. The increase in fluorescence is over a broad range of concentrations as

seen in most of the associative copolymers. 7,18 These observations suggest the presence

of a premicellization process, i.e., the formation of di-, tri-, tetrameric aggregates, etc. at

Cp < cmc, obtained from surface tension measurements.' 7 At concentrations above 0.1 to

0.2 wt%, the probe fluorescence intensity reached a plateau, and no further increases in



fluorescence intensity were observed with increasing polymer concentration. This

concentration range over which the fluorescence varies coincides with the range over

which the surface tensions changed dramatically from those for the fully dispersed states

to the fully aggregated condition (compare with Figure 2-2). It is notable that the relative

increase in the fluorescence intensity of Nile Red when the majority of the azobenzene

groups in the polymer were in the cis- conformation was about 25 percent lower than

when these groups were in the trans-conformation, reflecting the higher solubilizing

capacity and more hydrophobic environment provided by the azobenzene aggregates of

the trans-isomers vis-a-vis the cis form.13
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Figure 2-3: (a) Effect of polymer concentration on fluorescence emission intensity of
Nile Red in aqueous solutions of MOAB-DMA. Dye concentration is 0.1mM in a
solution of pH 7.0 and at a temperature of 250C. (a) Emission spectra obtained before
UV irradiation; (b) Maximum fluorescence intensity versus polymer concentration before



(filled points) and after (open points) irradiation. The irradiation intensity was
0.1mW/cm 2 (325nm), irradiation time for each sample was equal to the time required to
reach UV-photostationary state.

Dynamic light scattering experiments were performed on a Brookhaven

Instruments BI-200SM equipped with goniometer alignment software, a BI-9000

Correlator and a Spectra Physics He-Ne Model 127 laser operating at a scattering angle

0 = 90' and a wavelength of incident light of 633 nm at a power of 50 mW. A 10 mL

glass scattering cell was immersed in a bath of refractive index matching silicone oil The

bath also provided temperature control within 0.02 0 C. Dynamic light scattering data also

showed that at concentration above 0.1 wt%, hydrodynamic radius was about 30 nm in

size indicating the formation of aggregates.

2.4 Copolymer photoisomerization kinetics

Photochemical isomerization of azopolymers in solutions has been extensively

investigated by many researchers. Previous studies concentrated on azobenzene behavior

in organic solvents where aggregation mechanisms are different from those in water.' 9' 20

However, only a few studies have been performed in aqueous solutions. This is partly

because most azo polymers are water-insoluble. It has been shown that the isomerization

of azo polymers depends not only on the azobenzene chromophores but also on the

properties of polymer matrixes, such as the type of attachment of chromophores to the

polymer backbone, glass transition temperature, crystalline order and so on.21',22 In

solutions the isomerization rate is very sensitive to the local environments surrounding

the azobenzene chromophores, such as the polarity, pH of the solvent.23 Previous studies

concentrated on azobenzene behavior in organic solvents where aggregation mechanisms

are different from those in water.' 9' 20 Numerous isomerization kinetics studies of azo-

derivatives have been conducted on films or liquid crystals, 24' 25' 26 and there have been

reports dealing with the isomerization kinetics of azo-surfactants in the aggregated

state. 27,28 Herein, we report on photoisomerization kinetics of the azobenzene-containing



amphiphilic polymer in aqueous solutions, where concentration-dependent aggregation

phenomena prevail. Hence, kinetics studies were conducted over a concentration range

covering the transition from unimers to aggregated hydrophobic domains.

The kinetics of photoisomerization of the pendant azobenzene groups in aqueous

solutions of these polymers were characterized by electronic absorption spectroscopy in

the UV/vis region. 29 The kinetics of the copolymer isomerization were monitored by UV

absorbance. UV-vis absorption spectra were obtained using a Hewlett-Packard HP 8453

spectrophotometer with a quartz cuvette (1 cm or 1 mm path lengths). The path length

was chosen such that, even at the highest polymer concentrations, absorbance value was

less than or equal to 2 for UV-vis spectrophotometer instrumental accuracy. As the

absorbance is negative logarithm to the base 10 of transmittance, to remain within 1%

transmittamce and not letting the stray light reduce the accuracy of the measurement, the

absorbance value is usually kept less than or equal to 2. Figure 2-4 depicts typical

absorption spectral changes due to photoisomerization after the polymer solutions had

been exposed to either UV or visible irradiation for different periods of time. The strong

absorption band centered at 325 nm corresponds to the r -- iz* transitions of the

azobenzene.30 The value of /max for an isolated azobenzene group is typically 350 nm,

but the peak shifts to shorter wavelengths when the azobenzene is derivatized with

electron-withdrawing groups such as the methacryloyl moiety.3 1 The band of lower

intensity at 430 nm corresponds to the n --> z*transition. The dark-adapted state is

obtained under conditions where there is no irradiation at all, and is the lowest energy

state. Essentially all of the azobenzene moieties are in the trans form under these

conditions. Under visible light irradiation, the photostationary state is a mixture of the

two isomers, but with the trans form in great excess. Similarly, a photostationary state is

obtained under UV irradiation, in this case with the cis form being in excess. The

decreasing intensity of the 325-nm band following UV-irradiation corresponds to the

trans--cis transition, while its increase after irradiation with visible light (Xmax >400 nm)

indicates the cis--trans rearrangement.
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Figure 2-4: (a) UV-vis absorption spectra for 0.001 wt% MOAB-DMA solution under

UV irradiation (325nm bandpass filter) for different times (b) UV-vis absorption spectra

for MOAB-DMA solution after visible light (> 400nm filter) illumination for different

times.

The kinetics of such rearrangements are readily monitored by following the

changes in the spectra with time. The transition between the two photostationary states on

exposure to alternating UV and visible illumination was completely reversible. In all

experiments, only transparent solutions with absorbance below 0.003 in the 600-800 nm

ranges were used.

The polymer solution was illuminated continuously with a narrow band photon

flux of 0.1 mW/cm 2 and the trans and cis absorption bands were monitored until the

system reached its photostationary equilibrium state (Figure 2-4). The kinetics were

analyzed quantitatively by assuming that the absorption of photons of a particular



wavelength by an isomer A leads to the excitation of this species to A*, which then either

reverts back to A or transforms to the other isomer, B, according to the reaction scheme 24

krA

where CA is the molar absorption coefficient and I is the local illumination intensity. The

rate constants of the A*--A and A*-> B conversions are krA and kd4, respectively. The

reverse reaction with conversion B --- A was assumed to follow a similar pathway, with

the reaction scheme

B<1 B* k- >A

Neither fluorescence nor phosphorescence was detected in the photoresponsive polymer

solutions, consistent with literature reports to the effect that most azobenzene groups are

essentially nonemitting. 32 The experimental evidence indicated that most if not all the A*

that reverts back to A does so non-radiatively. Thermal reconversion of the cis to the

trans state also occurs, but the time scale of this reaction at room temperature is on the

order of several hours9 and thus it can be neglected in the kinetics analysis when the

light-induced isomerization occurs within less than an hour. In most analyses of

photoconversion processes, the solution is well stirred so that the concentration of each

species is uniform throughout. In unstirred systems, and in rigid gels, this assumption

may not be valid, since the light intensity falls as the beam traverses the solution, and the

conversion rate varies across the cell. The time-dependent changes in the isomer

concentrations at any particular point within the beam are:

d[A]d[] - - AI[A] + krA[A*]+kdB[B*] Eq.2-1

d[A*]-d = EaI[A]- krA[A*]- kd [A*] Eq. 2-2dt Eq. 2-2



d[B*]d[B*= eBI[B] - kB[B*] - kB[B*]
dt

d[B]d -eBI[B] + krB[B*]+kd [A*]
dt

Eq. 2-3

Eq. 2-4

where I is the light intensity at the point of interest, with spatial dependency at any given

time satisfying the equation

= -(eA[A]+ e~([A]o - [A]))I; I(x = 0) = Io

It has been shown that the concentrations of the intermediates [A*] and [B*] are

small, and we make the quasi-steady-state assumptions that d[A*]/dt=0 and

d[B*]/ dt = 0 .26 The rate expressions given by Eq. 2-1 to Eq. 2-4 can thus be combined

to give the overall rate expression for the production or loss of isomer A:

d[A]
dt - EA

SkdA
krA + k dA

( k )
I[A]+E, I[B] E

S-K - [A] - ([IA]o - [A])J

where K = eAOAI0 is the apparent rate constant for the isomerization reaction A -- B

under an irradiation intensity of Io; the quantum yield of the isomerization process A - B

is OA k , and that of B - A is B= kdB
krA+ kdA krB + kdB

Under photostationary conditions(ss), the conversion as the of the isomer from A

to B at a given wavelength X, can be obtained from Eq. 2-6 by setting d[A] / dt = 0

Eq. 2-5

Eq. 2-6



-1

a =1-[A]= 1+ ' Eq. 2-7

These equations indicate that while the dynamic approach to the photostationary state

depends on the local light intensity I, which can vary with position, the final state is

independent of the irradiation intensity, and the photostationary species concentrations

are constant across the cell.

For unstirred systems and for rigid gels, the isomer concentrations [A] and [B]

vary across the cell. The average concentration in the beam path at any given time can be

related to the total absorbance, Abs, using

Abs EA ([A]) + e ([B]) (- I ([A]) B

Abso LA[A]O eA [A]0  4

( eB Eq. 2-8

provided that Beer's law holds. The initial absorbance is Abso, while the notation

(*) represents the spatial average over the beam path. This relationship provides a direct

link between the experimentally accessible absorbance and the spatially-averaged photo-

isomer concentrations during the dynamic experiments.

The extinction coefficient ratio eB /EA was determined to be 0.45 ± 0.072 in

separate experiments following published procedures and was assumed to be independent

of polymer concentration described in the Appendix of this Chapter.26 This information,

together with experimental steady-state absorbance measurements, was used to estimate

the quantum yield ratio OB / OA by combining Eq. 2-7 and Eq. 2-8:

B -A Abs ) ((l Abs) Eq. 2-9
A EB Abso ,S (Abso SS
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Figure 2-5: The equilibrium conversion for different concentration obtained from
experimental data. The product of ratio of extcintion coefficient and quantum yield is also
plotted. All the values are plotted with error bars considering 1% error in absorbance
value measurement in experiments.

The variations in the equilibrium conversion and the quantum yield ratio with

polymer concentration are summarized in Figure 2-5. The ratio of the quantum yields

was assumed to be independent of the isomeric composition, and to depend only on the

total polymer concentration. The quantum yield ratio, and hence equilibrium

photoconversion efficiency, varied significantly over the polymer concentration range

between 0.01 and 0.1 w%, consistent with the surface tension and fluorescence assay

results, a direct result of the increasing steric confinement of the azobenzene groups as

the aggregates begin to form; these effects will be discussed further below.

The value of the apparent isomerization rate constant, K, was obtained

experimentally for our aqueous copolymer solutions from the rates at which the

absorbance of the solution changed following irradiation. The kinetic scheme presented

by Eq. 2-1 to Eq. 2-4 has been solved and used by other workers for conditions under

which the spatial dependence of the absorbance intensity and the reverse reaction could

be neglected.9'28 In our work, however, because the azobenzene concentration, and hence

absorption, are high, the light intensity falls as the beam passes through the polymer

--

- BB
AA



solution, and this decrease must be accounted for in analyzing the experimental

absorbance results.

The coupled Eq. 2-5 and Eq. 2-6 were integrated simultaneously using numerical

methods to obtain [A] and I as functions of time and position for any given value of K.

This enabled calculation of the spatial average concentration ([A]) as a function of time,

which was then used with Eq. 2-8 to estimate the corresponding time-variation in the

absorbance ratio, Abs/Abso. The sum of squared errors between these numerically

predicted Abs/Abso values and experimental results over the time course of the

experiment was minimized with respect to K for each initial concentration, [A]o, to obtain

that value of K that gave the best fit to the data. As is seen in Figure 2-6(a), good fits of

the data were obtained, with R2 > 0.98 in all cases. The rate constants, K, determined

from the fits are shown in Figure 2-6(b) to exhibit a sigmoidal dependency on polymer

concentration, with values ranging from 0.006 s-1 at low concentrations (Cp < 0.01 wt%)

to - 0.0006 s-' at higher concentrations (Cp > 0.1 wt%) over the concentration range

studied. For the non-aggregated MOAB-DMA solution, K was close to that reported

previously for azo-polymers with electron-withdrawing groups under similar irradiation

conditions. 33

The quantum yield for isomer A can be calculated directly from the apparent rate

K
constant via OA = - and that for isomer B using the now-known values OA and of the

eAIO

ratio ,/OA given in Figure 2-5. For concentrations less than 0.01 wt%, i.e., when the

copolymer exists in the non-aggregated state, the quantum yield for the trans isomer,

trans, is 0.11, close to that of azobenzenes derivatized with electron withdrawing

groups;29 ,33 typical quantum yields have been reported to be in the range of 0.2-0.4 for

underivatized azobenzene, depending on the polarity of the solvent,34 and are known to

be lowered by the presence of electron-withdrawing substituent groups. For azo-

copolymers the quantum yield can be significantly smaller still ( << 1) due to the steric

hindrance to isomerization presented by the neighboring groups and polymer segments.28
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Figure 2-6: (a) Kinetic plots based on Equation (8) found from the ratio of absorbance at
325nm at different times to that at initial time (Abso) for varying MOAB-DMA
concentrations. (b) The rate constant for the trans-cis photoisomerization, K, at 25 oC and
pH 7.0 as a function of polymer concentration, obtained from the slopes of the lines in
(a). The illumination was carried out at 0.1mW/cm 2 (325 nm).

Our results at the higher concentrations (Cp > 0.1 wt%) at which the azobenzene

groups reside primarily in aggregates are consistent with those from the azo-copolymer

studies in that the quantum yields are an order of magnitude smaller (,,rans ~ 0.015) than

at the lower concentrations. When confined within these aggregates, the groups are

constrained sterically from converting efficiently from one geometric conformation to the

other. Consequently, the reversion of A back to A* non-radiatively is facilitated, causing

a reduced efficiency of the A-> B conversion and hence a lower quantum yield. For the

cis isomer at low concentrations, the quantum yield #cis = 0.021 is five-fold lower than

1



that for the trans conformation, while when in the aggregated state, the quantum

efficiencies of the two isomers are essentially the same. The decrease in the rate constant

or quantum efficiency of the trans--cis, and, to a lesser extent, of the cis-trans

isomerization on aggregation is consistent with the reported studies by Badjic et.al.,35

who showed a three-fold decrease in the isomerization rate of azobenzene when it was

incorporated into surfactant micelles.

2.5 Photoviscosity phenomena

Rheological measurements were performed on a controlled stress Rheolyst Series

AR1000 Rheometer (TA Instruments, New Castle, DE) with a cone and plate geometry

system (cone: diameter, 2 cm; angle, 20, truncation, 57 gm). Temperature control

(internal resolution 0.016 oC) was provided by two Peltier plates. Steady-state flow

experiments were conducted in a stepped shear rate ramp mode. Creep measurements

were accomplished in a retardation mode where compliance versus time is measured

under a given stress and fitted to yield zero-shear viscosity, r1o. Dynamic mechanical

analysis (oscillatory rheological measurements) was carried out on polymer solutions

using frequency sweep mode with constant shear of 0.6 Pa. The rate of strain amplitude

was below 10-3 S-1. The irradiation- and concentration-dependent behavior of the

rheological properties of the DMA-MOAB polymer solutions in steady shear are

compared with those under dynamic oscillatory shear in Figure 2-7.

A significant (up to a 20-fold) reduction in the zero shear rate ( q 0) viscosity

occurred on switching from visible to UV radiation, with the effect being greatest for the

more concentrated solutions. Such a viscosity reduction, or photoviscosity effect, is due to

the trans-cis transition of the azobenzene groups in the copolymer. 1' 3' 4' 36,37' 38

Isomerization of the azo units from their planar, apolar, trans form to the skewed, polar,
cis form inhibits hydrophobic interactions and causes the azo units to dissociate from the

aggregates thus reducing the number of associations, or physical junctions (cross-links),
in the polymer matrix. Hence, the photoresponse can be attributed to the network-like,



elastic properties of associative polymer solutions, which are dictated by the numbers and

lifetimes of the cross-links.39,40

100

10

0.01

0.001 1 I I 1 I I
0.001 0.01 0.1 1 10 100 1000

Shear Rate y(sl'); Angular Frequency o (rad s1)

Figure 2-7: Dynamic and equilibrium viscosity of MOAB-DMA aqueous solutions
before and after UV irradiation obtained in the oscillatory shear and equilibrium flow
experiments, respectively. The results at some concentrations are given by open and
closed symbols, while those at other concentration are given by solid and broken lines for
easier identification of the curves.

Both oscillatory and steady-state flow modes of shear exhibited broad plateau

viscosity ranges before shear-thinning, spanning yand cwranges from 0.0028 to 500 s-1

and 0.00628 to 100 rad/s. In some cases, an increase with shear rate prior to shear

thinning could be observed in the 1l( y) vs ycurves. This is attributed to structuring of the

system under the influence of large deformations. 36



The q* (o) curves obtained at low strain amplitudes showed a monotonic decrease

with increasing frequency, and deviated from the empirical Cox-Merz rule, in that

'7(y) was measurably greater than 7* (co) over most of the range of experimentally

accessible time scales. In addition, a transition to shear thinning at higher rates of shear in

the steady-state flow compared to that in the oscillatory shear experiment was observed,

again deviating from the Cox-Merz behavior.41 The empirical Cox-Merz rule expects the

equilibrium shear viscosity to be equal to the complex dynamic viscosity observed under

oscillatory shear, and indeed many polymer melts and solutions follow this rule, although

deviations are rather typical for transient networks of amphiphilic polymers.4 1'42 These

deviations can be attributed to the shear rate dependency of the junction dissociation rate

and to a nonaffine deformation of the network.

At polymer concentrations •10% (not shown in Figure 2-7), the steady-state flow

data exhibited significant scatter due to spindle slip at relatively low equilibrium

viscosities. This limited our ability to obtain reliable data at these concentrations. Creep

retardation measurements can be used in this region, however, and reproducible

Newtonian viscosity data were obtained over the entire concentration range of interest

from the steady-state shear compliance, Jo, based on the relationship

r(t)/To = j0 +t/r0o Eq. 2-10

where t is the time, F(t) is the shear strain, and co is the shear stress.

The concentration dependencies of 01o are presented in Figure 2-8. In the

concentration range up to 10-15 wt %, the zero-shear rate viscosities, both before and

after irradiation, grew as the square root of polymer concentration (Cp), in accordance

with the empirical Fuoss law (7 oc C' 5) indicating that the polymer solution could be

classified as semidilute (above the overlap concentration, C*) and unentangled. At higher

concentrations (Cp > 15 wt%), viscoelastic gels evolved, characterized by a very high

scaling exponent on the order of 10. It has been argued that very strong concentration

dependencies of 11o in solutions of hydrophobically modified amphiphilic polymers

reflect extensive chain entanglements,43 but in solutions of relatively low molecular



weight polymers, analogous to our case, the high scaling exponents may be better

explained by a specific network topology dominated by the intermolecular associations at

higher concentrations. It is interesting to observe that the effect of the UV irradiation on

viscosity was magnified at the high concentrations, where the 70 values diminished up to

20-fold after irradiation (Figure 2-8). In this concentration regime the viscosity is

dominated by the associative junctions of the azobenzene aggregates, and thus is affected

the most by the isomerization of the azobenzene groups. For concentrations Cp > 10

wt%, the steady shear rate viscosity measurements gave similar results, further

confirming the more than an order of magnitude decrease in viscosity on UV irradiation

at 30 wt% concentration.
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Figure 2-8: Concentration dependencies of zero-shear viscosity of aqueous MOAB-
DMA solutions before (filled squares) and after (open squares) UV irradiation. The two
different slopes shown indicate l,~C0 5 and 1i~Clo scaling regimes as described in the text.

The frequency dependencies of the storage and loss moduli of representative

DMA-MOAB solutions are depicted in Figure 2-9. These results show that even at

concentrations as high as 30 wt% the solutions exhibited a dynamic response

characteristic of viscoelastic fluids (G" > G' at most frequencies), consistent with the

transient nature of the hydrophobic associations among the azobenzene groups. The

number of these associations was lowered by the UV light, as evidenced by the drop in

the moduli upon irradiation (15 times decrease for 30wt% copolymer concentration).
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When irradiated, the 15 wt% solution exhibited the G'oc d and G'oco

relationships characteristic of network dynamics represented by a single Maxwellian unit.

Such behavior is typical of polymers interacting via topological entanglements. Solutions

at higher concentrations exhibited weaker frequency dependencies of the moduli, both

before and after irradiation, reflecting broadening of the terminal relaxation spectrum due

to the combined effects of the topological entanglements and hydrophobic-associations. 42

2.6 Conclusion



Solutions of the MOAB-DMA copolymers exhibit a multitude of effects due to

self-assembling phenomena such as dramatic changes in surface activity, micellization,

and viscoelasticity previously observed in aqueous solutions of hydrophobically modified

amphiphiles, 43 but with a new twist: the MOAB-DMA copolymers are also capable of

photoisomerization, which alters all of these self-assembly-related properties. At low

concentrations (C < 0.01 wt%), most polymer molecules are either monomeric or present

in oligomeric aggregates. At polymer concentrations exceeding 0.01 wt%, small

oligomeric aggregates are formed. Hydrophobic micelle-like microdomains formed at C

> 0.1 wt% are evident from surface tension and fluorescence solubilization studies. A

value of the critical overlap concentration, C*, (C* - 3M w
value of the critical overlap concentration, C*, (C* =3 ,where Rg is the radius of

47tNRg

gyration) can be estimated to be 1.2 wt% from the empirical scaling laws describing the

molecular weight dependence of Rg.44 This estimate matches the semidilute region

boundary found herein (Figure 2-9). Above about a 10 wt% concentration, entanglements

take place along with both intra- and intermolecular associations. The sharp rise in

viscosity at concentrations above 15 wt% indicates formation of a gel network with an

infinite structural correlation length and a wide distribution of aggregate sizes. A range of

structures observed is shown schematically in Figure 2-10.
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Figure 2-10: Schematic of suggested polymer solution structures as a function of
polymer concentration.

Photoisomerization upon UV irradiation leads to a loss of viscoelasticity. The

presence of aggregates that are impermeable to certain solutes such as proteins can alter

the overall transport of those solutes through the polymer network undergoing

aggregation, as the solutes negotiate a more torturous diffusional path through the

aggregate-cross-linked gel.43 We believe that such structural changes with their effects on

the permeability of amphiphilic solutes such as proteins, can be exploited in the dynamic

control of, for instance, protein gel electrophoretic separation processes and topical drug

release.



2.6.1 Appendix

A. Calculation of Ratio of Extinction Coefficients45

When azobenzene is irradiated with any wavelength absorbed by both trans (A)

and cis (B) isomers, a photostationary state will be established eventually.

OA
A <-> B

where, QA is the quantum yield of trans-cis isomerization and #4 is the quantum yield of

the cis-trans isomerizaton due to UV light irradiation. We have different photostationary

state depending on the irradiation wavelength X,

[A] =( j E, e )  AAiC[B]C,) B )A - =B B I AA , Eq. 2-11
[B] A A -CA ) A )X AB

where, AA and AB denote the absorbance, at this wavelength, of similar solutions

containing only A or only B, respectively, i.e. the equilibrium A -->B is shifted

completely toward either A or B.

If a is defined as the extent of conversion of A -+ B at any particular wavelength of

irradiation, the concentration ratio of trans- and cis- isomers at a photostationary state can

be expressed as:

[-B]J a Eq. 2-12

At any particular wavelength, the absorbance at the photostationary state (As) of a

mixture of trans- and cis- isomers is given by Eq. 2-13, where the overall concentration

of [A]+[B] is constant



A Eq. 2-13
A, = A A +-

where, A is observed change in absorbance (As - AA) when starting from A only. aX can

be calculated as shown by Fischer12 employing the two different photostationary states,

resulting from irradiation by two different wavelengths X1 and X2 respectively.

,2 AAI 2  2/ 1-n+ Aal nAz2 Eq. 2-14
AAA1 AAA2 AAA1 AAA22

where A/ AA denotes the relative change of absorbance observed at a particular irradiation

wavelength, X1 or X2. Eq. 2-14 contains two variables the conversion, 0a2 and n, the ratio

of a for the two different photostationary states obtained from irradiation at two different

wavlength, ao, / a 2 2.

The factor n can be related to measurable quantities, the expression for which can

be deduced with following method. UV-vis spectra used for the quantification of the

conversion obtained by the irradiation experiment at two different irradiation wavelength.

From Eq. 2-8 we have for any irradiation wavelength X, if we monitor absorbance values

at a certain wavelength y from UV-vis spectra we can write following equation

rAbs IB [A] EEq. 2-15A y= 1- + Eq. 2-15
Abs r  )e•A r [A]0  8 A r

Defining in terms of conversion at the irradiation wavelength X

[ Abs
aAbso )y,) Eq. 2-16

The ratio of conversions obtained at two different irradiation wavelength (1 and 2) can

hence be given by



Abs
,Abs° ),21)

1-(C

-2 Abs Eq. 2-17

Abso J, J

Hence,

r- Abs
al Abso )ry,,

a2 Abs Eq. 2-18

Abso ),,12

If we are looking at same solution and same wavelength then Abso will be same in both

irradiation case and so,

a2 1l ((Abs- Abso)r,, Eq 2-19)
aa2  ((Abs-Abso)r , 2)

The ratio n thus can be related to measurable absorbance values by following expression.

n-a, _ A=y=, Eq. 2-20
a22  AyA2

Using this value of n in Eq. 2-14, we can obtain the value of a,. The value of a i can

then be found using Eq. 2-20. The ratio of extinction coefficients can then be calculated

using Eq. 2-21 which is obtained by rearranging Eq. 2-11 and Eq. 2-13 . Plugging this

eB = AB, = A 1+l--
S (A AA - 1 ) Eq. 2-21\1 221 \ •'2 1 A i



In the present study, photoisomerization experiment was carried out for aqueous solution

of MOAB polymer with UV irradiation at two different irradiation wavelength of 325nm

and 360 nm respectively. The EB/EA ratio is determined using the above method and is

found to be 0.45 at 325 nm and 0.73 at 360 nm.

B. Calculation of the ratio of quantum yield at a given wavelength

We assume here that the ratio of extinction coefficients of trans- to cis- form

EB/SA to be constant for a given wavelength for different concentration and states as

extinction coefficients are primarily function of the photochemical properties of the

compound.

From the UV photo-stationary state, we can calculate the conversion as

Eq. 2-22

A EB

[A] Ao CA
= (1 - a)=[A]o EI

The ratio of quantum yield for a particular concentration can then be obtained using

Eq. 2-11

Table 2-1: : Equilibrium conversions of A to B and the ratio of quantum yields for
different concentrations are summarized

Cone. (wt%)

0.001

0.005

0.01

0.05

0.1

0.2

Conversion (a)

0.92

0.91

0.88

0.79

0.72

0.71

(EBO)/(EAOA)

0.08

0.09

0.13

0.27

0.39

0.41

AB/lA

0.18

0.20

0.29

0.60

0.87

0.91

--



C. Does there exist an analytical solution for obtaining the value of K? If not, then

special cases where analytical solution can exist!!!

The Eq. 2-6 can be written in following form with average and dimensionless

concentration and intensity

d[A]
dt= -KI[A]+k 2KI (1-[A]) Eq. 2-23

where k2 is the ratio of product of extinction coefficient and quantum yields of trans- and

cis- form which is assumed to be constant. Non-dimensionalizing concentration using

[A] = [A]0 , which can be related to A/A0, the ratio of the absorbance at a given time t

to that at the commencement of the kinetics experiment (t = 0) for a given polymer

concentration by equation 16. Also, I = is the ratio of the intensity at a given

location x in the cell to that of the incident intensity (x = 0).

The fractional changes in [A] across the cell are small even when the changes in I are not,

so it can be treated as being constant at the average value, <[A]> and <[B]>, in the cell.

Hence, integration of Eq. 2-5 over the path length of the cell yields the intensity of light

absorbed by the molecules

I = Ioe(-A<[A]>+eB<[B>)x Eq. 2-24

The time dependence of the average absorbent concentration is obtained by averaging

Eq. 2-5 over the cell, and approximating the average of the product <[A]I> as the product

of the averages, i.e.:

d < A] > Eq. 2-25
dt -K < I >< [A] > +k2K < I > (1- < [A] >)dt



The average light intensity within the cell is

<I >=
(CA < [A] > +eC < [B] >)l

Eq. 2-26
(1_ e-( <[A]>+eB<[B]>) )

where I is the path length within the cell.

Substituting Eq. 2-8 and Eq. 2-26 in Eq. 2-25, we get

d Ao - [A1 -AO A) A-K 1-e _ _ +k1,K 1-e I- k
dt A E AO

AO A-

Eq. 2-27

This equation can be written in general form as

dy -K 1e-k3  K [1 -k3

dt k, y k3 Y
Eq. 2-28

The analytical solution to this general form of differential equation does not exist. The

equation is analytically solvable only for specific case of k2 = 0 and k4 =0. This case is

true when there is no reverse isomerization reaction B -> A taking place and also when

the ratio extinction coefficient of cis- and trans- form is quite small (k4 = 0). For this case,

the equation 22 reduces to

dy K [1e-k3y
dt k3  Eq. 2-29

Integrating above equation we get,

ln -kY] = -Kt

k3 In
Eq. 2-30

The expression can be hence used for cases where the designed azo-containing surfactant

or polymer satisfies the above conditions.
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Chapter 3

Dually responsive system with blends of Pluronic
F127 and MOAB-DMA

3.1 Introduction

Stimuli-sensitive materials find a wide range of applications in the food,

pharmaceutical, agricultural, electronic and environmental industries, as well as in the

biomedical field, in which they are used as cell scaffolds and site-specific drug delivery

systems.' In particular, temperature-responsive polymers may provide liquid systems

with in-situ-gelling ability to form solid drug depots once in a contact with the living

tissues.2 The temperature responsiveness is due to conformational changes caused by an

entropy-driven association of moieties on the polymer chains with temperature-dependent

water solubility. 3 The appearance of associations with resulting aggregates acting as

physical cross-links between polymer chains leads to a gelation or to a complete phase

separation.4 Pluronic or poloxamer copolymers, consisting of poly(ethylene oxide) (PEO)

and poly(propylene oxide) (PPO) blocks (PEO-b-PPO-b-PEO), are prevalent

representatives of temperature-responsive copolymers used as pharmaceutical excipients.

In aqueous solution, the copolymer molecules aggregate forming spherical micelles with

a PPO core and a hydrated PEO shell. If the concentration is sufficiently high, an increase

in temperature causes an ordered packing of the micelles and their entanglement,

inducing gelation of the system. 5 A number of studies on the performance of Pluronic

F127 (F127) as a micellar carrier of drugs or as a component of in-situ gelling systems, 6

which is approved for intravenous, inhalation, oral solution, suspension, ophthalmic, and

topical formulations,7 have been reported. It is known that the polymer-polymer and

polymer-water interactions can be altered by the addition of cosolvents or other

polymeric components, which strongly modify the sol-gel transition temperature and the



gel strength and, as a consequence, modify any property dependent on the micro- and

macroviscosity of the system, such as solute diffusion or release. 8,9' 10

Photoresponsive systems have been used as sensors or actuators in various

fields." Some recent papers have demonstrated ain interest in these systems as

membranes able to control the transfer of ions or the flow of monatomic gases or liquids

through microchannels. 12 The development of suitable new materials and the study of the

photoregulation of the permeation of larger molecules may open new possibilities for

photoresponsiveness in separation and drug delivery. Light can be applied externally to

the body to switch on and off drug release at a specific site, offering a potential for

controlling the release that can be difficult to achieve using other stimuli. 13 Research in

this field has been mainly focused on copolymer micelles or liposomes that can be

dissociated by the action of light.' 4 Photoinduced conformational changes are typically

due to the photoisomerization of a dye molecule such as azobenzene bonded to the

polymer. The trans-cis isomerization of azobenzene groups alters the polarity and

conformation of the polymer chains in a rapid and reversible fashion. The self-association

of the azobenzene groups that occurs in the trans conformation is lost when, upon

exposure to UV light, the relatively more hydrophilic cis conformation is adopted which

causes a decrease in the viscosity as seen in Chapter 2.

Implementation of temperature-induced gel systems with photoregulation may

open new approaches for enhancing the performance of matrices that can be started as a

free flowing fluid that gels in-situ upon exposure to light enabling external tuning using

an adequate light source in field of separations and delivery. Hence, the goal of this work

is to develop temperature- and light-responsive solutions based on blends of F127 and

poly(N,N-dimethylacrylamide-co-methacryloyloxyazobenzene)(MOAB-DMA) polymer.

Herein, we are interested in exploring the effect of conformational changes in MOAB-

DMA in response to changes in irradiation wavelength on the temperature-responsive

behavior of Pluronic solutions.



3.2 Pluronic F127 micelles and gels

Copolymers of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)

(PEO-PPO-PEO, commercially known as Pluronics, generic name poloxamers) are water

soluble and exhibit low toxicity. Certain molecular weight classes of Pluronics have been

approved by the Food and Drug Administration (FDA) for clinical use, 15'16 including

Pluronic F127. Nonionic polymer surfactant Pluronic F127 has the molecular formula of

(E0 97PO69EO97). These compounds are surface active and form micelles and liquid

lyotropic crystalline phases. 17'18 Ultrasonic and light-scattering measurements 19,20,21 have

indicated a micellar association for Pluronic F127 over the temperature range 10-40 0 C.

Other techniques such as NMR,22 rheology, and fluorescence have also shown the

micellar arrangement of block copolymers. At low concentrations they form

monomolecular micelles, but higher concentrations result in multimolecular aggregates

consisting of a hydrophobic central core with the surrounding hydrophilic

polyoxyethylene chains facing the aqueous medium. Micellization occurs in dilute

solutions of block copolymers in selected solvents above the critical micellar

concentration, at a given temperature. The spherical micelle consists of a core of mainly

the hydrophobic PPO blocks with a low water content surrounded by a water-swollen

corona of PEO blocks. At higher concentrations, above a critical gel concentration, the

micelles can order into a lattice. These scenarios are illustrated in Figure 3-1

C Ic ECMC cma €c€te

Figure 3-1: Illustration of the critical micelle concentration (cmc) and critical gel conc-
entration (cgc) in a block copolymer solution.23

An increase in hydrophobicity of the PPO block and a lower degree of PEO

hydration occur at higher temperature or concentration. This leads to a compact packing



of copolymer molecules at higher temperatures in agreement with experimental results

showing that the hydrodynamic radius is roughly constant while the aggregation number

and the volume fraction of the micelles increases with temperature. 24 ,25' 26 A liquid

micellar phase is stable at low temperatures but transforms into a face-centred cubic

structure by increasing the temperature for concentrations higher than 17wt% (Figure

3-2).27 The formation of a gel at higher temperatures is due to an ordered three-

dimensional structured state or network. Neutron scattering studies have showed that the

observed change in viscosity is due to a "hard sphere crystallization" as the micelle

volume fraction approaches the critical volume fraction of 0.53 (micelles close-

packed).28' 29 A Pluronic F127 (C> 17wt%) gel is a self-forming liquid-crystalline gel

phase, consisting of large, spherical micelles of Pluronic F127 that becomes so crowded

that the micelles are forced to pack together into a semiregular lattice (cubic

lattice).30' 31' 32 The phase is gel-like because the micelles cannot easily slip past one

another, despite the absence of crosslinks. The micelles of Pluronic F127 are packed with

local face-centered cubic symmetry.30 The hydrophobic PPO micelle core has a diameter

of about 6 to 9nm, whereas the surrounding brush of hydrated PEO chains has an

effective diameter that decreases from about 9 to 7nm as the polymer concentration is

increased. 33,34,35,36 At even higher temperatures, the gel structure breakdown resulting in

a solution of low viscosity.

000I10 CLIC

Figure 3-2: Schematic illustration of micellar phases formed by the Pluronics@ with
increasing temperature. 37

Ir



3.3 Physical blends of Pluronic F127 and photoresponsive

polymer MOAB-DMA

Physical blends were made instead of grafting or co-polymerizing Pluronic F127

with MOAB-DMA as it then gives flexibility of changing the composition of the mixture.

Lower molecular weight MOAB-DMA (4kDa) was used for this study.

DLS experiments

The DLS measurements were performed using an ALV-5000F optical system

equipped with CW diode-pump Nd:YAG solid-state laser (400 mW) operated at 532nm

(Coherent Inc., Santa Clara CA, USA). The intensity scale was calibrated against

scattering from toluene. The 0.1% DMA-MOAB solutions were filtered (Millipore 0.45

mm, Ireland) into the quartz cell (previously washed with condensing acetone vapour)

and maintained at normal light or irradiated at 325 nm. The diffusion coefficient was

deduced from the standard second-order cumulant analysis of the autocorrelation

functions measured at 900 angle. The apparent hydrodynamic radius (rh,app) of the

micelles was calculated from the apparent diffusion coefficients. The hydrodynamic

radius of the micelles is around 10-15 nm for the trans isomer as compared to 2-6nm for

the cis form. The most interesting result of these experiments was the evolution in the

number of counts of the irradiated samples when the UV irradiation finished caused due

to the power visible light emitted by the laser. The UV irradiated sample showed a lower

number count relative to the non-irradiated sample immediately after UV irradiation for

10 minutes but progressively increased to reach the number of counts observed with the

non-irradiated sample over a period of about 15 minutes. This may indicate that UV

irradiation causes the number and/or size of micelles/aggregates to decrease. When UV

irradiation is stopped, the system recovers its initial state with visible irradiation. This

behaviour was found for both MOAB-DMA solutions and MOAB-DMA/Pluronic 1:1

solutions.
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Figure 3-3: Intensity fraction distribution of the apparent hydrodynamic radius for 0.1%
MOAB-DMA solution (a, b) under different irradiation conditions
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Figure 3-4: Evolution of the count number as a function of time for MOAB-DMA
solution (0.1%) UV irradiated for 10 min. The increase in counts is related following the
progressive self-aggregation of the azobenzene groups as they recover to the trans
conformation.
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The UV-vis spectra of MOAB-DMA in the presence and absence of Pluronic F127 is the

same indicating the trans- to cis- isomerization is not affected by the presence of F127.

The isomerization is completely reversible in the presence of Pluronic Fl127.

To obtain a homogeneous blend, different ratios of MOAB-DMA and F127 were

dissolved in excess THF and the solvent was removed under vacuum. The solutions with

different total copolymer concentrations were then prepared (keeping the F127:MOAB-

DMA weight ratio constant) by adding appropiate amounts of the dried mixture to cold

water under shaking and then stored at 40 C for complete dissolution.

3.3.1 Effect of MOAB-DMA on Pluronic F127 micelles: mixed
aggregates

Mixed amphiphile systems (including surfactants, polymers, and copolymers) are

fascinating from a scientific standpoint because of the complex ways in which they can

associate into "supramolecular", "nanoscale", and "self-assembled" structures. They are

technically important because mixtures provide a way of tailoring microdomain

properties through simple composition variations; new structures may thus be obtained

by changing the system composition, rather than through synthesis of new materials.

Formation of mixed micelles or aggregates in case of hydrophobically modified polymers

and nonionic surfactants have been observed in past for different systems for which the

mixed micelle theory described below can be used.38

3.3.1.1 A pseudo-phase model for mixed micellization/ aggregation

The thermodynamic formulation for the mixed micellization process of noninonic

surfactants in terms of the phase model is simple because nonionic mixed micelles do not

suffer from the complications of the micellar counterion binding and electrostatic effects

observed with the charged systems. This formulation can be extended to the aggregation



of nonionic surface active polymer mixture, here we use the model described by Clint.39

The following symbols are used.

91 b .92b: chemical potentials of monomeric surfactants 1 and 2 in bulk.

,a °Ob, Ob12 : standard chemical potentials.

l m, /12m: chemical potentials of surfactants 1 and 2 in mixed micelles.

'1 ma , 1120m: standard chemical potentials in micelles.

CMmix : CMC of mixed micelles.

CM1, CM2 : CMCs of pure surface active polymer 1 and 2.

y: mole fraction of surfactant 1 in the total polymer mixture.

x: mole fraction of surfactant 1 in the mixed micelles.

C: total concentration of mixed polymers.

C m, C2m: concentrations of monomeric surfactants polymer 1 and 2.

Below the CMC ( C < Cmmix), the monomer concentrations are

C'" = yC Eq. 3-1

C"' = (1- y)C Eq. 3-2

Above the CMC ( C 2 CMnix), the micellar mole fraction is expressed by

yC - Cf'
x C - C-C Eq. 3-3

The chemical potential for surfactant i in a mixed micellar system can be given as

follows.40



m Om
ab _, +RTlnx Cm

iibO =GU0b ±RTlnCC

Om Ob
ui i +RTlnCMi

Eq. 3-4

Eq. 3-5

Eq. 3-6

The difference in the standard states (yo'm -_ Ob) is identical to AG0,ic since it describes the

difference per mole between the free energy of surfactant in a micelles and in water,

which id equal to RT In CM,,.41

Case 1: Ideal binary mixed surfactant system

If solution ideality can be assumed, then activity coefficient y, = 1 and from the

condition of the micellization phase equilibrium, yJ" = ib (i = 1,2), we obtain

C"i= xCl

C = (1- x)CM2

Eq. 3-7

Eq. 3-8

Eliminating x from these equations gives

C"
C"

C-M CM 2
M1

Eq. 3-9

and from Eq. 3-3 and Eq. 3-7

C =_ (yC- C')C••
c - ctC -Ch "

At the CMC, we have

Eq. 3-10



yCmix = xCM1 Eq. 3-11

(1- y) CMix = (1- x) CM,2
Eq. 3-12

Re-arranging Eq. 3-9 and Eq. 3-10 and combining with Eq. 3-11 and Eq. 3-12, we get

1 Eq. 3-13
Y/ CM, +(1- y)/ CM2

Cix = xCM, + (1- x)CM2
Eq. 3-14

Thus, Eq. 3-13 can be used to calculate the cmc of an ideal mixed surfactant system

provided the pure surfactant CMCs are known. Eq. 3-9 and Eq. 3-10 enable calculation

of the concentrations of monomeric surfactants Cjm and C2' above the CMC in such a

system. If the monomer concentrations are evaluated at a certain concentration C above

the CMC, the micellar/aggregate composition x can be calculated by means of Eq. 3-3,

as a function of the concentration C. In addition, one can predict solution properties

primarily depending on monomeric surfactant/polymer concentrations under certain

conditions.

Case 2: Nonideal binary mixed surfactant system

The preceding equations have been derived for systems containing ideal mixed

micelles composed of nonionic surfactants. However, the equations Eq. 3-4 to Eq. 3-6

can be applied to systems of nonideal mixed micelles by not eliminating the activity

coefficient for surfactant i in the mixed micelles. For a binary surfactant system, applying

the condition for micellization equilibrium (/im = Aib), we get



Eq. 3-15

Cm = x.y.C
i z s Mi (i = 1,2) (a,b)

At the CMC, Eq. 3-15 (a,b) become

YCcmMx = X71CMl Eq. 3-16

Eq. 3-17(1- y)CMix = (1- x)y2CM2

Eq. 3-16 and Eq. 3-17 lead to the expression for the cmc of the non-ideal mixed

surfactants,

CMX = y (1- y)

yCM,1 72CM2

Eq. 3-18

The micellar activity coefficients under the regular solution approximation42 are

75 = exp(f(1- x)2 Eq. 3-19

Eq. 3-2072 = exp(flx2)

where 8 is an interaction parameter. The single parameter f is expressed in terms of the

molecular interactions in the mixed micelles:

NA(w 11 +W22 -2W 12)
RT Eq. 3-21

where wn1 and w22 are the energies of interaction between the same kinds of surfactant

molecules in the pure micelles; w12 is the interaction energy between the different kinds

of molecules in the mixed micelles; and NA is the Avagardo number. If the value of f is



obtained from the experiment, one can discuss the mixed micellization in terms of

molecular interactions.

Using Eq. 3-19 and Eq. 3-20, we can get In Y which can be further equated

to those obtained from Eq. 3-16 and Eq. 3-17 leading to two expressions,

x2 n(cMmixY•M1x Eq. 3-22

(1- x)2 In( C Mmi (1- CM 2 (1- X)

From experimental measurements of the CMC of a binary mixed surfactant system,

CMmx, as a function of the monomer composition in bulk, y, and the CMCs of pure

surfactants, CM, and CM2, Eq. 3-22 can be used to determine the compositions, x and

(1- x), of the mixed micelle formed at the Cm, .The interaction parameter # can then

be fit using the values of y, C,, and determined value of x in Eq. 3-18 by comparing it

with the observed CM . The value of CMm4 can in turn, be calculated by using Eq. 3-18,

Eq. 3-19 and Eq. 3-20 using the determined value of f and x as a function of monomer

(bulk) composition. From Eq. 3-22, it can be seen that if B is large and negative, the

interaction between the two surfactants in the mixed micelles is strong and the mixed

micelles are stabilized.

Fluorescence spectroscopy has often been commonly used to obtain critical

micelle concentration in case of Pluronics 43 and is similarly used to determine the CMCs

of the lower molecular weight (-4000 kDa) MOAB-DMA, the other surface active

polymer used in this study. The fluorescence spectroscopy was also used for measuring

cmc for high molar ratio MOAB-DMA solutions for two reasons (i) consistency of the

technique used and (ii) that we are using smaller molecular weight polymer here as

compared to the one discussed in Chapter 2, the formation of pre-micellar aggregates

would not exist over long range of concentration as in case of low-molecular weight

surface-active polymer the n-mers forming aggregates will be low in number. The



transition from unimers to micelles/aggregates in both cases is found to be narrow

enough for the cmc/cac can be obtained from intersection of the tangent to the transition

line with the baseline as shown in Figure 3-5.26

33.1.2 Experimental

Fluorescence spectroscopy was used to obtained the critical micelle/aggregate

concentration of the mixture of Pluronic F127 and the photoresponsive polymer, MOAB-

DMA. Solutions containing Pluronic F127 and MOAB-DMA were prepared at different

molar ratios ranging from 0 to 1. Nile red was used as a probe in the study. Nile Red is a

positive solvatochromic dye and shows one of the largest shifts in excitation and

emission maxima in going from nonpolar solvents (A,.ex - 484 nm, -2 ,em - 529 nm) to

polar solvents (in water, A,,e - 591 nm, ,r,,axe m ~ 657 nm). All three of the absorption,

excitation, and emission maxima shift to the lower energies when the polarity of the

medium surrounding Nile Red is increased. Nile Red has photochemical stability and

strong fluorescence nature and has been extensively used in many different applications

where the dipolarity of the medium needs to be explored. 44 Nile Red was chosen as a

probe also for the reason that its absorption curve in water does not overlap with that of

MOAB-DMA in constrant to the absorption spectra of pyrene, DPH.

A concentrated solution of Nile Red in methylene chloride solvent was prepared

(2.65 jtM). About 0.02 ml of this concentrated solution was added to 1 ml of the solution

under study. The methylene chloride from the resultant mixture was removed via

evaporation. The emission scan over the wavelength range from 600 to 700 nm was

recorded using TimeMaster Fluorescence Lifetime Spectrometer (Photon Technology

International, PTI, Canada) in the steady-state mode (band-pass, 3 nm; integration time, 2

s) with excitation wavelength, Zex = 570nm for Nile Red. The fluorescence intensity was

measured for different polymer concentrations of a given molar ratio.
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Figure 3-5: Maximum fluorescence intensity normalized by the fluorescence intensity of
Nile Red in a non-aggregated state as affected by the concentration of the mixture of
Pluronic F127 and MOAB-DMA (molar ratio 80:20). The estimation of critical
micelle/aggregation concentration from the data is shown by the dotted line.
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Figure 3-6: Experimental values of the cmcs (o) of the F127/ MOAB-DMA mixtures at
different MOAB-DMA mole fraction from fluorescence measurements at 25 0 C plotted in
inverse form; calculated cmc's for ideal mixed micelles according to Eq. 3-13 (dashed
line); and calculated cmc's according to regular solution theory with 83 value of -5.5(solid
line).
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The critical micelle/aggregation concentration for physical blends of different

molar ratios is given in Figure 3-6. Very good fit of regular solution theory to

experimental values was found to be with R2 > 0.99. The interaction parameter /
provides a useful way to identify synergistic (P < 0) and and antagonist behavior (,p > 0)

between two surfactants in a mixture. The value of /9 =-5.5 fits the data well with R2

close to 1. These results show that there is synergy between F127 and MOAB-DMA at

250 C. For comparison purposes a fi of -3.4 was reported for C12EO6 / SDS mixed

micelles in presence of NaC145 and a value of -2.7 for C12EO6 / Pluronic F127 mixed

micelles.46 This all shows that in all cases mixed micellar aggregates are formed in the

mixture of Pluronic F127 and MOAB-DMA. The mixed micellar aggregates are formed

with inclusion of azobenzene side chains of MOAB-DMA within the PPO core of

Pluronic F127 micelles.

Table 3-1: Critical Micelle Concentrations of Aqueous Mixtures of F127/MOAB-DMA
at 250 C deduced from fluorescence measurements. XMOAB-DMA is the mole-fraction of
MOAB-DMA in the mixed micelles and y is the activity coefficient. The values of
activity coefficient calculated using f of -5.5.

Overall Molar CMCMiX YMOAB-DMA YF127

fraction of (mM) XMOAB-DMA

MOAB-DMA

0 0.550 - - -

0.01 0.239 0.40 0.14 0.84

0.05 0.093 0.59 0.40 0.68

0.1 0.059 0.67 0.54 0.61

0.2 0.031 0.71 0.62 0.58

0.3 0.028 0.79 0.78 0.51

0.4 0.024 0.84 0.87 0.46

0.5 0.022 0.91 0.96 0.40



0.6 0.018 0.90 0.94 0.41

0.8 0.014 0.93 0.98 0.38

1 0.012 - -

The value of activity coefficient of both F127 and MOAB-DMA is close to 1 when they

are close to pure state as expected. The large mole-fraction of MOAB-DMA in mixed

micelles even at total lower molar ratio of MOAB-DMA can be attributed to the fact that

the short hydrophobic azobenzene-containing side chain can be easily solubilized in the

PPO core of the Pluronic F127 surfactant micelles. On the other hand the mole fraction of

F127 in mixed micelles is smaller (less than 0.1) even at a molar ratio of 0.5 and less. The

reason can be that the azobenzene core formed by MOAB-DMA is smaller and can only

accommodate a lower mole-fraction of F127 in mixed micelles.
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Figure 3-7: Plot of mole-fraction of F127 and MOAB-DMA in mixed micelles with
respect to added mole fraction of MOAB-DMA in the total surfactant solution
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3.4 Thermodynamics of physical blends of Pluronic F127 and

MOAB-DMA

A micro DSC III instrument (SETARAM, France) with an ultralow background

noise (< 0.2gW) was employed in the conventional differential scanning calorimetry

(DSC) measurements. Liquid samples weighing 100 mg were placed in a fluid-tight batch

vessel and run against distilled water as a reference. Multiple heating - cooling cycle

scans were performed with scan rates of 1K/min.

In the DSC experiments a well-defined endothermic peak characteristic of the

micellization of triblock copolymers was obtained. The concentration of Pluronic F127

used in this study was 10wt%; at higher concentrations it was not possible to obtain a

complete peaks within the range of the equipment capability (e.g. for 12-15 wt% the

onset temperature with addition of MOAB-DMA is below -50 C). The transition from

unimers to micelles results in a broad endothermic transition. The determination of the

critical micelle temperature from DSC experiments has been of debate. The transition can

be characterized either by the temperature of the peak transition at maximum heat flow

(Tp) or by the onset temperature (Ton), which is determined from the intercept of the base-

line prior to the transition and the tangent to the increasing part before the peak defining

the CMT.47 ,48 In this study both the temperature at the onset of the peak and peak

temperature will be analyzed.

Typical DSC peaks for 10% wt% F127 in the presence of various amounts of

MOAB-DMA ranging from 0.1 to 3.5 wt% are shown in Figure 3-8. These endothermic

transition peaks occur as a result of heating, and from the peak area the micellization

enthalpy AH~ic can be evaluated for each composition. The narrow peak of F127 alone is

broadened on addition of MOAB-DMA as the population of micelles is diversified. From

Figure 3-8, it can also be seen that both Tp and T,, are shifted to left, i.e. a decrease in Tp
and Ton as the amount of MOAB-DMA is increased in the mixture with F127.
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Figure 3-8: Change of the peak temperature and CMT of F127 caused by the addition of
different amounts of MOAB-DMA. DSC data in which heat flow is plotted as a function
of temperature for lOwt% F127 in the presence of different amounts of MOAB-DMA

The addition of MOAB-DMA to a fixed amount of F127 seems to stabilize the

mixed micelles in the sense that the CMT moves to lower temperatures (cmc is

decreased). The solubilization of azobenzenes present as sidechains in the MOAB-DMA

polymer in Pluronic F127 micelles leads to a stabilization of the micelle and thus lowers

the critical micellization temperature (cmt), analogously to the well-documented effect of

solubilization of other non-polar solutes. 49

The heat of micellization for an ideal surfactant binary mixture can be given by

AHmic = xAHmic,i + (1- x)AHmic, 2  Eq. 3-23

The excess molar enthalpy of micellization can be given by

HE = x(1- x)/JRT Eq. 3-24

and hence
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AHmic = xAHTmic,F127 + (1- )AH ic,MOABDMA + x(1 - x)/PRT
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Figure 3-9: The heat of micellization of mixed micelles of F127 and MOAB-DMA for
different mole fraction of MOAB-DMA in solution. The (o) shows the values obtained
experimentally from DSC whereas solid line represents the calculated heat of
micellization using Eq. 3-25 with P = -5.5

The heat of micellization obtained for 10wt% F127 in our study is close to that

reported by Shishido et. al.50From Figure 3-9 it can be seen that the regular solution

theory for mixed micelles can be applied to our system of Pluronic F127 and MOAB-

DMA. These data clearly indicate that the interaction of MOAB-DMA and F127 causes

mixed micellization process with an enthalpy of the micellization that is very sensitive to

the composition of the mixed micelles.

3.5 Effect of MOAB-DMA on gelation of Pluronic F127

solutions

Rheological measurements on higher concentration of F127 solutions were

performed using a controlled stress Rheolyst Series AR1000 Rheometer (TA Instruments,

Eq. 3-25

CAA



New Castle, DE) with a cone and plate geometry system (cone: diameter, 2 cm; angle, 20,

truncation, 57 gm). Temperature control (internal resolution 0.016 OC) was provided by

two Peltier plates. Dynamic experiments were carried out in a controlled stress mode

(temperature ramp ca. 2.5 deg/min). With increases in the amount of MOAB-DMA

copolymer added to a Pluronic F127 30wt% solution, the gelation temperature decreases

as shown in Figure 3-10. The trans- isomers are in their planar, apolar form that is

extremely hydrophobic and promotes formation of aggregates which can localize

Pluronic unimers and the unassociated trans- azobenzene can be solubilized in the PPO

core. 51 The solubilized azobenzene in the PPO core leads to a reduction in the gelation

temperature for any given Pluronic F127 concentration. 52
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Figure 3-10: Plot of storage modulus with respect to temperature of 30 wt% Pluronic
solution with different composition of MOAB-DMA copolymer added (added MOAB-
DMA wt%s' shown as legends next to its respective plot) under dark-adapted state.

3.5.1 Gelation temperature dependence on UV irradiation for the
blends of Pluronic F127 and MOAB-DMA

Similar to the effect of lowering the critical micellization temperature,

solubilization of azobenzene in PPO core can lead to increases in micelle volume fraction

to exceed the critical and form ordered three-dimensional gel. Also the backbone of the



MOAB-DMA can help in bridging the Pluronic micelles to induce the gelation of

micellar suspension. The schematic of the association is shown in Figure 3-11 A.

A B

Figure 3-11: Schematic of association of MOAB-DMA with Pluronic F127 micelles.
The spherical micelles are of Pluronic F127 and the polymer with sidechains is
representative of MOAB-DMA polymer (azobenzene shown by filled circles), (A)
represents trans-isomer whereas (B) represents cis-isomer

The temperatures at which the storage moduli increased, which indicate massive

formation of micelles that crowd the system thus dramatically enhancing its

viscoelasticity, corresponded to the gelation temperatures (further referred to as Tge,). The

gelation point was taken to be the temperature at which G'=G". Tgel declined

systematically with the concentration of the added MOAB-DMA, resulting in a decrease

of over 150C at the highest concentration studied. Figure 3-12 shows the gelation

temperature for the mixture of 30wt% Pluronic F127 with varying mole fraction of

MOAB-DMA under dark-adapted state as well as after UV irradiation. The effect of UV

irradiation i.e. conversion of the trans- to cis- on gelation temperature can be seen clearly

from Figure 3-12. Notably, the UV irradiation of the blends resulted in measurable and

systematic shifts in the Tge,, which was observed to be lower in the solutions where the

majority of the azobenzene groups were in their cis- conformation. Trans moieties

associate with each other forming aggregates that incorporate Pluronic unimers while the



unassociated moieties are incorporated into the Pluronic micelles (PPO core) leading to

the reduction of gelation temperature. The formation of the mixed micelles dramatically

impacts the Tge,. The findings in Figure 3-12 are likely due to a less persistent formation

of MOAB-DMA aggregates upon UV-irradiation with more unassociated cis-azobenzene

groups becoming available for incorporation within the Pluronic micelles to form mixed

micelles, as can be seen in Figure 3-1 1.On the other hand, the persistence of the DMA-

MOAB aggregates in the dark reduces the availability of the azobenzene moieties for

incorporation in the Pluronic micelles, and thus Tget changes to comparatively lower

extent.
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Figure 3-12: Plot of gelation temperature with respect to the composition of MOAB-
DMA copolymer added. The shift in gelation before UV (filled squares) and that after
UV (open squares) shows that there is 2-3' C decrease in gelation temperature upon
irradiation.

Additional experiments were done to confirm that the interaction of the

azobenzene and the micelles caused the above effects. It is known that cyclodextrins may

form complexes with azobenzene groups, altering their self-associative behavior,53 the

effects of the hydroxypropyl-p-cyclodextrin (HP-PCD) addition to the MOAB-DMA

solutions were also investigated. The DLS analysis of F127: MOAB-DMA 2:1 weight

ratio solutions stored at dark with addition of HP-PCD showed two populations with



diameters centered at 0.6 and 7 nm, respectively (Figure 3-13 a). The first peak at 0.6nm

can be attributed to the free HP-[CD units.54 After UV irradiation, the peak at 0.6 nm

disappeared, which indicates that as self-association of the azobenzene groups decreases,

complexation with cyclodextrin units becomes more favorable (Figure 3-13 b).
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Figure 3-13: Intensity fraction distribution of the apparent hydrodynamic radius for
0.05% DMA-MOAB solution in presence of F127 and cyclodextrin such that
F127:MOAB-DMA:HP-PCD 2:1:1 solution (a, b) under different light conditions. In
sample a, the peak at 0.6 nm, which corresponds to free HP-PCD units, disappeared after
UV irradiation for 10 min mostly due to complexation of the azobenzene groups of
MOAB-DMA with HP-PCD.

This means that the self-association of the azobenzene groups at trans conformation

makes the complexation with HP-PCD difficult despite of being energetically more



favorable than when they are at cis conformation. The isomerization to the cis

conformation, with the consequent rupture of the aggregates, was needed to enable the

cyclodextrin to complexate the azobenzene group.

To test the hypothesis of the hydrophobic interaction of the aromatic groups of the

MOAB- DMA with Pluronic F127 micelles, additional rheological experiment was

carried out by adding HP-PCD to the solutions. The DLS data indicated that

complexation of azobenzene with HP-PCD indeed occurs. The addition of HP-PCD to

F127:DMA-MOAB 2:1 solutions for F127 concentration greater than 17wt% caused the

system to lose the light-induced gelation; i.e., Tgel remained constant regardless of the

irradiation conditions. The lack of light-responsiveness can be explained by the greater

proportion of MOAB groups that form complexes with the cyclodextrin units. Thus, the

gelation temperature of the system becomes independent of the irradiation conditions

when there are insufficient extra free azobenzene groups to interact with the F127

micelles. These results indicate that the effect of light on the Tgel of the blend system is

due to its influence on the extent of the hydrophobic interactions between both

copolymers.

3.5.2 Sol-gel transition using photo-stimuli

The lowering of the gelation temperature with UV irradiation indicates that there

will be a small range of temperature for which sol to gel transition can be carried out

using only light as stimuli converting trans- to cis-. It was found that with 20 wt%

Pluronic F127 with 5wt% azobenzene, the gelation temperature under trans- state was

close to room temperature. The gelation temperatures from storage modulus plot can be

seen from Figure 3-14 for the composition described above for both trans- and cis-

dominant states. At intermediate temperature of T=230 C, sol-gel transition can be

obtained by shining UV irradiation (Figure 3-14). It was observed that the viscosity

changed from 2x 102 cP to 3x 105 cp for this composition (- 1500 fold increase) upon

UV irradiation at this blend composition.
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Figure 3-14: Plot of storage moduli (G') with respect to temperature for 20wt% Pluronic
F127 solution with 5wt% MOAB-DMA copolymer before UV (open circles) and after
UV (filled circles).

3.6 Conclusion

Surface-active polymer mixtures are widely used in many different commercial

formulations. 55,56 One of the fundamental requirements in understanding the behavior of

these systems is the knowledge of the equilibrium concentrations during the binding

process. During the course of these studies it is discovered that the nonionic surfactant

MOAB-DMA interacts strongly with the triblock copolymer F127. This is a surprising

observation in the sense that under normal circumstances it is generally accepted that

nonionic surface-active polymers have little or no affinity toward nonionic polymers,

particularly at room temperature. 57" 58 But the strong interaction is due to the azobenzene

solubilizing in the PPO core of the Pluronic F127 micelles. The light-induced trans-cis

isomerization of DMA-MOAB alters the interaction of this copolymer with F127

micelles and, as a consequence, modifies the sol-gel temperature of the system.

Therefore, it is possible to prepare a liquid system of low viscosity in the dark and to

increase the viscosity rapidly when light is applied at room temperature. The dual light-

iv



and temperature-responsiveness of the DMA-MOAB:F127 blend can be used as matrix

for delivery as well as for separations.
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Chapter 4

Solute transport properties in physical blends of
Pluronic F127 and MOAB-DMA

4.1 Introduction

The change in the rheological and structural properties of the matrix on application

of light stimuli have led us to explore whether the change in the solute transport

properties within the matrix also take place during the process. The change in solute

transport properties upon irradiation can be exploited in applications like separations,

drug delivery, encapsulation of solutes, and so on.Solute transport properties in a polymer

matrix have been an important subject of study from theoretical as well as practical points

of view. A large number of investigations have been carried out since the publication of

the classical book of Crank and Park.' Hindered transport of macromolecules through a

polymer matrix occurs in a wide range of systems, such as gel chromatography,

ultrafiltration, gel electrophoresis and controlled release drug delivery systems. In the

case of electrophoresis through a polymer matrix, in gels and in non-gel systems, the

electrophoretic mobility is solute transport parameter of importance. The reduction in

electrophoretic mobility due to hindrance in solute transport in electrophoresis through

polymer matrices has been discussed theoretically in large body of work. 2,3,4,5 Sieving

polymers or gels that have been commonly used are polyacrylamide (PAAm),

polysaccharides, poly(ethylene oxide), cellulose derivatives and agarose.6 Models of

molecular sieving within polymer solutions or gels described the solute transport as being

through a matrix comprised of cylindrical fibrous obstacles, as first formulated by

Ogston. 19 Since then, various models have been proposed based on three different

approaches, as described below in Section 4.3. There has not been much attention paid to

to describe the matrices which are micellar or colloidal in nature; such models are needed

to understand and predict the changes in the solute mobility due to changes in matrix

properties. The effect of change in viscosity does not translate directly into an equivalent
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amount of change in diffusion or electrophoretic mobility of solutes as defined by Stokes

equation. In this chapter we examine the transport properties of proteins in associative

polymeric surfactant systems. In particular, we probe the electrophoretic mobility of

proteins in the low-viscosity (sol) and high-viscosity (gel) states of the matrix developed

in Chapter 3. Models for the electrophoretic mobility of proteins in both states of the

matrix are developed and compared to simulation data available from the literature and to

our experimental data.

4.2 Experimental

Pluronic F127 and photoresponsive polymer (MOAB-DMA) blend solutions were

made in IX TBE buffer solution to increase ionic strength to enhance the passage of ions

through the polymer matrix. Fused-silica capillaries were coated with polyvinylalcohol

(PVA) to mask the negative charge on the glass capillaries so as to avoid electro-osmosis

and also protein adsorption.17 Since fluorescein dye does not fluoresce in the presence of

azobenzene, which absorbs strongly at its excitation wavelength (480 nm), the proteins

for the study were labeled with red dye (TRITC) with an excitation wavelength of 550

nm and emission wavelength of 580 nm. The labeling reaction was that of isothiocyanate

with the terminal amine group of the proteins. The labeling procedure used for this

process is described below and the reaction scheme is shown in Scheme 4-1. The TRITC

dye (1mg) of was added to a 1ml protein solution in 0.1 M sodium carbonate, pH9, at a

concentration of 2mg/ml in dry DMSO. This mixture was stirred at 40 C for around 10-12

hrs in the dark. The reaction was quenched by the addition of ammonium chloride to a

final concentration of 50mM. It was further reacted for 2hr to block the remaining

isothiocyanate groups. The obtained derivative was then dialyzed using a membrane with

MWCO 1000. The unreacted TRITC and the side products were removed by dialysis in

de-ionized water. The dilute dialyzed derivative was then lyophilized to obtain dry

TRITC-labeled proteins.



(CH)2N

O

)- C - (aminoacids) - NH 2

H N--C-NH - (arninoacidS) -COO-

N

II
S

Nlitrooen from a variety of modifications
yielding a primary amine yielding a primary amine

Scheme 4-1: Generic protein labeling reaction with red dye TRITC

4.2.1 Electrophoresis experiments

The electrophoresis experiments were conducted in a a fused-silica capillary of

13cm in length with I.D. of 340pm. The device was machine shopped within MIT facility

to meet the requirements and the setup can be seen in Figure 4-1 . The capillary was

capped on both ends by buffer cell custom-made of polyacrylic with holes made in the

center at the top forming port for adding buffer. An additional hole was drilled on the

side of the buffer cell for inserting Platinum wire used for the electrodes. The Platinum

wires were then connected to a high voltage potientometer (Fischer Biotech

Electrophoresis Systems, FB650) for carrying electrophoresis experiments. A rectangular

casing was machined such that it can be assembled to surround the capillary with

connections available to connect it to water bath for temperature control. The polymer

blends in low-viscosity state were filled into the capillary using syringe. The buffer cell

was filled the same working buffer TBE. 5mg/ml protein solution is injected into the

capillary using a syringe. A small volume of a solution was injected hydrodynamically

and the buffer was added slowly at equal rates to both buffer cells. A microscope was

placed distance of 6 cm from the injection end to detect the fluorescently labeled proteins

as they migrated along the channel.
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cell

Figure 4-1: Schematic of electrophoresis setup and the fluorescence output of the labeled
protein at a given location.

The electrophoretic mobility data obtained for different proteins under the sol and

gel states are shown as function of charge to mass ratio in Figure 4-2. Since the

Z
electrophoretic mobility (g) of a protein in a buffer varies approximately as g 0 3 •M2/3

The estimation of charge to mass ratio for the common proteins used in the study was

done in combination with the process described by Gao et. al.7 and other documented

research. 8'9 From the Figure 4-2, it can be seen that the electrophoretic transport of

proteins/peptides in the presence of our matrix in the background electrolyte occur on the

charge/mass ratio basis with molecular sieving effects acting as a secondary mechanism.

The electrophoretic mobility of proteins at the concentration of 5mg/ml and pH

8.3 were in gels were lower than those in sols by about 30 to 60%. The reduction in

protein electophoretic mobility correlated well with protein size, with increasing protein

radius, as shown in Figure 4-3. It indicates that the sieving/obstruction mechanism also

plays a role in mediating the transport of proteins through polymer matrix. The decrease

in the electrophoretic mobility is not directly proportional to the increase in the viscosity

as anticipated.
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Figure 4-2: Electrophoretic mobility of proteins varies with charge/mass ratio in both sol
(before UV) and gel state (after UV) polymer blend used as matrix in a 13 cm long
capillary column.

Proteins radius (nm)

1 Cytochrome c 1.4

2 Lysozyme 1.6

3 Myoglobin 1.7

4 Insulin 1.9

5 Pepsin 2.2

6 BSA 3.4

7 ConA 6.0
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Figure 4-3: Plot of protein's electrophoretic mobility ratio (in gel and sol state) with
respect to their size. List of proteins used in electrophoresis study are tabulated on the left
and the data points are respectively marked.
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4.3 Mechanisms and Models in Literature

The electrophoretic mobility i and diffusion coefficient D are related through the

Einstein relation. 10 The reduced electrophoretic mobility and diffusion, which is the ratio

in the presence of obstacles to that in free solution, can be equated even in semi-dilute

and concentrated regions. 11' 12 In many studies they have been considered as one and the

same and represented as the retardation factor, R =- m = Dm 13,14 Numerous models that
o0 Do

have been developed for diffusion in polymer solutions and hydrogels can be applied to

electrophoretic mobility in the same systems. Diffusion in polymer solutions and gels

have been studied for decades by the use of various techniques such as gravimetry,' 5

membrane permeation, 16 fluorescence recovery after photobleaching, 17and dynamic light

scattering. 18 In modeling diffusive hindrance in polymer solutions and hydrogels, it is

usually assumed that a single type of cylindrical fiber, of radius rf is arranged in either a

random or spatially periodic array. 19,20,21,22,23,24 The various mechanisms and models

available to describe the solute diffusion within such polymer solutions and in hydrogels

are described well in the review article by Amsden.23 There is lack of combination

models to describe transport in micellar solution or gel such as those offered by the

Pluronic family of copolymers. In the section that follow, we summarize the literature on

the modeling of solute transport in various matrices, and use this information to interpet

electrophoretic mobilities of proteins in sols and gels determined experimentally.

Free volume theory. These models are based on the theory put forward by Cohen and

Turnbull to explain the process of solute diffusion in a pure liquid.25 In this theory the

solute diffuses by jumping into voids formed in the solvent space by the redistribution of

the free volume within the liquid. It is assumed that the free volume can be distributed

without any energy change. The voids are pictured as being formed by a general

withdrawal of the surrounding liquid molecules due to random thermal motion. These

holes are then filled in by reverse process. 26

Solute diffusion is dependent on the jumping distance, the thermal velocity of the

solute, and the probability that there is a hole free volume adjacent to the molecule. At a
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given temperature, the rate of diffusion is determined by the probability of a void being

formed of sufficient volume to accommodate the solute molecule. The diffusion

coefficient of the solute in the liquid at infinite dilution, Do, is then expressed as

Do oc V2Aexp(- ) Eq. 4-1

in which V is the average thermal velocity, X is the jump length roughly equivalent to the

solute diameter, v* is the critical local hole free volume required for a solute molecule to

jump into a new void, y is a numerical factor used to correct for the overlap of free

volume available to more than one molecule (0.5 < y < 1) and vf is the average hole free

volume per molecule in the liquid. Based on this basic theory with variations, Peppas and

Reinhart27 suggested the form

DM =kII - . exp- k2 r  Eq. 4-2
Do M,-M 1-

in which kl and k2 are undefined structural constants for a given polymer-solvent system,

rs is the radius of the solute, Mc is the number average molecular weight between

polymer cross-links, M, is the number average molecular weight of the uncrosslinked

polymer, and Me is a critical molecular weight between crosslinks required for the

solute transport. This model was used to describe solute diffusion in poly(vinyl

alcohol)/poly(acrylic acid) interpenetrating networks.28

Another version of the free volume theory was given by Lustig and Peppas,29 who

introduced the concept of scaling to determine the correlation length between crosslinks,

similar to mesh size 4. By considering that a solute will pass through the polymer chains

only if its effective radius is smaller than 4, they assumed that the sieving factor

expression should be (1- r, /I). Applying this concept to the free volume theory, they

derived the expression
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Dm =I LSexp -Y( )
Do 

Eq. 4-3

where Y = s 2 is the ratio of the critical volume required for the successful transport
Vffw

of the solute molecule to the average free volume per molecule of the liquid. The

correlation length is related to the polymer volume fraction, the functionality of the

dependence varying with polymer-volume fraction and polymer-solvent interaction.:

The diffusion models that are based on these free volume theories are summarized below

in Table 4-1.

Table 4-1: Summary of the diffusion models based on the free volume theories

Authors Applications Limitations

Fujita 31 Solvents and small-sized diffusants Large diffusants
Semi-dilute polymer solutions Concentrated polymer solutions

Yasuda et. al. 32  Semi-dilute polymer solutions Concentrated polymer solutions
Various solutes and solutes Determination of numerous parameters

Vrentas and Duda26  Both semi-dilute and concentrated polymer Dilute polymer solutions
solutions Diffusants with size closer to or greater
Various solutes and solvents that mesh size

Peppas and Reinhart27 Chemically cross-linked gels and hydrogels Diffusion in non-crosslinked polymers

Hydrodynamic Theory. Hydrodynamic descriptions of solute transport through

solutions and gels are based on the Stokes-Einstein equation for solute diffusivity. In the

Stokes-Einstein derivation, the solute molecule is assumed to be a hard sphere which is

large compared to the solvent in which it moves.3" The solute is considered to move at a

constant velocity in a continuum composed of the solvent and is resisted by a frictional

drag. The diffusion at infinite dilution, Do is expressed as,

kBT
Dof

Eq. 4-4
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in which kB is Boltzmann's constant, T is the temperature and f is the frictional drag

coefficient. Almost all hydrodynamic and obstruction theories assume an idealized

polymer structure. In a sense, the polymer chains are considered to be centers of

hydrodynamic resistance, fixed in place relative to the moving solute by entanglements

and physical crosslinks. The polymer chains enhance the frictional drag on the solute by

slowing down the fluid near them. Hydrodynamic models for solute diffusion through

polymer solutions and hydrogels are therefore concerned with describing f.

For homogenous systems, Cukier 34 proposed an equation based on scaling concepts,

D, r.75
Do= exp(-k , 5) Eq. 4-5

in which kc is a constant for a given polymer-solvent system.

Phillips et. al.35 calculated the frictional coefficient by using Brinkman's equation for

flow through a porous medium, assuming no slip at the solute surface and constant fluid

velocity far from this surface. The medium is considered to be composed of straight, rigid

fibers, oriented in a random three-dimensional fashion. They thereby obtained an

expression

Dm r 1 2 1s2 Eq. 4-6

Do k 3 k

in which k is the hydraulic permeability of the medium. A number of other models have

been developed too,as summarized in Table 4-2.

Table 4-2: Summary of the diffusion models based on hydrodynamic theories with their
applicability and limitations

Authors Applications Limitations

Cukier16  Solvents and small-sized diffusants Large diffusants
Semi-dilute polymer solutions and highly swollen gels Concentrated polymer solutions

Philies3 7'38 '39  Semi-dilute polymer solutions Concentrated polymer solutions
Solvents, small-sized diffusants and macromolecules Significance of the scaling parameters
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de Gennes 4°  Diffusion in solution-like regimes Diffusion in melt-like regime (M>106)
Diffusion in gels and concentrated polymer solutions Molecular significance of entanglements

Gao & Diffusion of small-sized diffusants in multicomponent Significance of the main parameters
Fagerness41 systems

Obstruction theory. The models based on obstruction theory assume that the presence of

impenetrable polymer chains causes an increase in the path length for diffusive transport.

The polymer chains act as a sieve, allowing transport of a solute molecule only if it can

pass between polymer chains. Initially obstruction models were developed assuming

considered that the reduction in diffusion in gels as compared to free solution was only

function of volume fraction. But since then, there have been lot of changes trying to

incorporate this sieving behavior of polymer chains in the free volume theory. Lustig and

Peppas29 assumed that the probability of a solute passing through a given hole in the

mesh can be given as follows:

r
p(r) = 1 - Eq. 4-7

This expression is based on the argument that solutes of equal cross-sectional area could

have different hydrodynamically equivalent radii.

A more phenomenological approach was taken by Ogston et. al..19 They assumed

that the solute diffusion in the hydrogel occurs by a succession of directionally random

unit steps and that a unit step does not take place if the solute encounters a polymer chain.

The cross-linked polymer is assumed to exist as a random network of straight, long fibers

of negligible width, and the solute is considered as a hard sphere. The unit step is taken to

be the root-mean-square average diameter of spherical spaces residing between the fiber

network. From such an analysis, they expressed the ratio of the diffusion coefficient in

gel to that in infinte dilution in water as

Dm r+rf)
D0 = exp s Eq. 4-8

There are been various modifications made to the equation based on the system used as

mentioned in Table 4-3.
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Table 4-3: Summary of the diffusion models based on obstruction models with their
applicability and limitations

Authors Applications Limitations

Maxwell-Fricke 42  Solvents and small-sized diffusants Large diffusants

Very dilute polymer solutions Semi-dilute and concentrated polymer solutions

Mackie and Meares43  Semi-dilute polymer solutions Concentrated polymer solutions

Solvents and small-sized diffusants Large diffusants

Ogston et. al. 19  Semi-dilute polymer solutions Large diffusants

Solvents and small-sized diffusants

Hard-sphere Semi-dilute polymer solutions Concentrated polymer solutions

theory44,45

4.4 Physical models for Pluronic F127/MOAB-DMA physical

blends

The matrix composition considered in this study is mostly Pluronic Fl127 and we

wish to represent the system as being close to that observed for 20wt% Pluronic F127

solely. A good way of representation of the system in the sol state is that of randomly

placed spherical micelles which can be represented as randomly placed spherical

obstacles (with radius rp). The gel state in the case of Pluronic F127 can be represented

by face centered cubic crystal 46 i.e. the system can be viewed as hard impenetrable

spherical obstacles present in ordered structure of cubic symmetry. The mixed micelles

made with low molecular weight polymers or drugs and Pluronic F127 have been shown

to have a structure similar to that of Pluronic Fl127.47 The values for rp and 0 for Pluronic

F127 sol and gel state are given by Moretensen et. al. 46,48 and Song et. al. reported in

Table 4-4 49
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Table 4-4: Values of micelles radius and volume fraction for 20wt% Pluronic F127
solution close to gelation point 46' 47

State rp (nm)

Sol 5.5 0.51

Gel 6 0.56

It has been proposed by Brady 5so that the diffusivity in a gel or concentrated

suspension can be written as the product of two factors F and S, where F accounts for

hydrodynamic effects and S for steric or tortuosity effects. The steric factor which is

similar to an inverse tortousity, is the relative diffusivity in the absence of hydrodynamic

interactions between the spherical obstacles and the macromolecular solute. That is, it

describes the effect of excluding the center of a spherical solute molecule (with radius rs)

from a region of radius rp+ rs centered on the spherical obstacles.

D Eq. 4-9
= FS(v)Do

Hence the effective diffusivity representation with respect to diffusivity in a pure fluid

(i.e. infinite dilution) can be given in Eq. 4-9. Here, v is the adjusted volume fraction of

obstacles in the system.

4.4.1 Hydrodynamic factors

Effective medium approach: The Hydrodynamic factor can be calculated by

reciprocal of the ratio of the friction coefficient f in the flow case in the presence of

obstacles to that in a pure fluid; f is equal to 6nrr, for a sphere of radius rs in a pure fluid

with viscosity 11.

For the case considered here, the value of f can be determined by using Brinkman's

equation 51 for flow in a porous medium.
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IFV2v -Vp = (i7/k)v Eq. 4-10

Here p is the pressure and v is the velocity averaged over both the fluid and the spherical

obstacles. Eq. 4-10 can be seen as Stokes' equations with an additional term to account

for the force exerted on the fluid by the obstacles or, alternatively, it can be seen as

Darcy's law with an additional term that account for viscous stresses in the fluid phase.

The only structural information included in this effective medium model is contained in

k, the hydraulic permeability. 20

The value off obtained by solving Eq. 4-10 subject to no-slip boundary conditions at the

sphere surface and constant velocity far from the sphere center is51,52

F 64~r · = 1+• 12  -1 Eq. 4-11

The hydraulic permeability parameter can be estimated using different models available

in literature.

Hydraulic permeability in sol state:

The Stokes' law for a dilute bed of spheres53 is

2k9(1-) =rp  
Eq. 4-12

where rp is the inclusion sphere radius.

The empirical Kozeny-Carmen relation in the general case 54 can be written as follows

1 ~3 2
k rp2 Eq. 4-13

180 (1-)
2

The above equations are for dilute systems and hence cannot be applied to concentrated

systems/suspensions of spheres.
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Brady et. al.55 derived an analytical expression for dimensionless hydraulic

permeability for the case of a concentrated suspension of spheres, taking into account

pair-wise interactions between spheres. The expression is obtained using the Percus-

Yevick hard-sphere distribution.

1 6 5-+ 102
k= 1+0- 5 -2 1+2 rp2 Eq.4-14

For completely disordered concentrated systems, Richardson and Zaki56, showed that the

hydraulic permeability can be related to volume fraction using an empirical form as

follows

k =(Eq. 4-15

By comparison of this form to their experimental data, they obtained a coefficient a,

equal to 4.65. Maude and Whitmore 57 also investigated the problem for highly

concentrated systems of spherical particles. They evaluated a wide range of experimental

data available in the literature and found that Eq. 4-15 holds true for whole range of

volume fractions. They determined that the coefficient a ranged from approximately

from 5-9 for the different systems tested.

Happel and Brenner53 and Ohshima58 have derived expressions for hydraulic

permeability for an ordered concentrated suspension of spheres given by Eq. 4-16 and

Eq. 4-17 respectively

Eq. 4-16k =

k= 9 +-. 1 2 Eq. 4-17

lk = 1+p l i el

Hydraulic permeability in gel state:
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The expression for hydraulic permeability can be derived for face centered cubic

systems (fcc) using the analysis of slow flow through a fcc array of spheres given by

Sangani et.al. 59 The modification of Hasimota treatment of finding the drag force exerted

by the fluid on a representative sphere in a fixed assembly as a function of volume

fraction of the spheres (0) was done to cover up the complete range of O.The solution for

the velocity components is periodicand is written in form of spherical harmonics near

r=0. This leads to the following series expression

30 (
K = na Eq. 4-18

s=0

with ., the volume fraction of the spheres in the touching configuration. The

coefficients in the series expansion are obtained from lengthy calculations"9 from the

series representation of the periodic form structure using spherical harmonics. The

hydraulic permeability (k) can be derived using the relation60

k= 6k r K Eq. 4-19

where, Vo is the volume of a unit cell in the lattice.
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Figure 4-4: Dimensionless hydraulic permeability constant vs volume fraction of
spherical obstacles. Predictions from different papers for different arrangement of the
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spheres are plotted here. Hydraulic permeability is non-dimensionalized by 12
(characteristic length = radius of spheres)

Figure 4-4 shows a comparison of the various models for the dimensionless

hydraulic permeability (k') in different concentrated systems of spheres.The estimates

given by Brady et.a155 and Richardson et.al.56 for disordered concentrated suspensions of

spheres are very close. Happel et.al. 53and Oshima et.a158 for ordered systems (simple

cubic lattice) predictions shows that the hydraulic permeability is smaller than in case of

disordered systems. The ordering of the systems will have the effect of reducing the

permeability of the fluid through the system. The Zick and Homsy 61 data as well as the

analytical expression derived by Sangani and Acrivos59 fit well and it can also be seen

that the permeability is further reduced when the structure is face-centered cubic lattice

rather than a simple cubic lattice for the same volume fraction of spheres.

4.4.2 Steric factor

Sol system. Using Amsden62 results and the procedure presented based on the premise of

Lustig and Peppas29 that the solute can move through the matrix only if it finds a

succession of openings within the polymer chains of diameter greater than the solute

diameter, a probability function can be derived based on similar line as presented in

above.

As solute movement within the matrix is a randomly directed process, the transport of the

molecule through the hydrogel is governed by the probability of the solute finding a

succession of holes of sufficiently large enough diameter. The average steric factor can be

expressed as

S(v) = g(r)dr
r, Eq. 4-20

in which g(r) is the distribution of opening radii within the matrix, and r* is the critical

radius required to allow solute passage. By picturing the matrix as a random network of

spheres, the distribution of spaces between these spheres can be expressed as
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4xr2 4x r3

g(r) R3 exp(- 3 R- ) Eq. 4-21

The expression in Eq. 4-21 is found by extending an analogy with the Ogston model for

random fiber systems to spherical obstacles. Substitution of Eq. 4-21 in Eq. 4-20 and

carrying out the integration, we obtain

S(v) =exp - Eq. 4-22

To account for the radius of the obstacles, we rewrite Eq. 4-22 to include the average

radius of space between the obstacles, r, and radius of the spherical obstacles, rp

4x r +S(v) = exp -S3 ]r+rp Eq. 4-23

The average radius of the opening between the obstacles can be expressed in terms of rp
and f using the pore size distribution for randomly packed spheres given by Torquato

et.al.63

r = r,-"3rF(0.33, 0)
Eq. 4-24

Substituting Eq. 4-24 in Eq. 4-23 results in

S(v) = exp 4z 1 + r(0.331/)+/3 ] Eq. 4-253 rp ) F(0.33, )+1/3
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Figure 4-5: Comparison of our model equation Eq. 4-25 for the steric factor of particles
in a medium consisting of randomly placed spherical obstacles with simulation data and
other models in literature. The (*) represents the Brownian motion simulation data64 for
both point solute and (o) a solute with rs=rp/ 4; P.A. represents model obtained by the
phenomenological model65 whereas Fricke represents Fricke equation66. P.A. and Fricke
equation can be applied only for point solute molecules and hence can be compared with
case one of point solute (rs -* 0).

The prediction given by our model compared with Brownian motion simulation

data for a similar system shows a very good agreement for both point solute molecules as

well as solute with comparable radius.

Gel system. A similar approach was attempted to apply on the fcc ordered spheres but as

the g(r), the distribution of radii within this matrix is of the form

-exp(-A 2r) cos(-A 3r + A4)
r

The integration of this form lead to very complicated analytical expression with

exponential integrals and complex numbers. Hence modification of the expressions

available on the literature was done. There are few studies done on self-diffusion of

spheres in ordered suspensions. 67,68,69 The effective translational diffusion coefficient of

molecules based on steric factor in colloid crystals studied in above papers are obtained

assuming the colloidal particles as immobile spheres with centers located on the lattice

points of a cubic array. The mathematical expression describing the self-diffusion in fcc
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ordered colloidal crystals of spherical particles given by Blees and Leyte70 shown in Eq.

4-26.

S(v)lr,- = (1 ) ( 1+ K Eq. 4-26

where,

K = m, (ol/ om)M"
K =Eq. 4-27

with max defined as the volume fraction of the sphere at dense packing for the given

lattice ordered structure.The coefficients mi appearing in Eq. 4-27 are well correlated and

tabulated by Blees and Leyte 70

The analytical expression in Eq. 4-26 is compared with the steric factor obtained

by random walk simulation approach. The case considered in there study for small

solutes. The analytical form fits quite well with the simulation studies. It is well evident

that the steric effect is enhanced at higher volume fraction. The matrix steric

asymptotically increase at #> 0.9, as the matrix is so crowded that hindrance is high even

for small molecules. The expression need to be modified to include the solute diffusion

taking into account the radius of the solutes and obstacles. Most of the approaches to do

so involve increasing the effective radius of the particle by adding the solute radius to it

and recalculating the modified/adjusted volume fraction.71 But this approach still only

holds for small solute molecules especially at higher volume fraction (as then the

adjusted volume fraction can be greater than max for rs - rp and Eq. 4-26 would no longer

hold) for Eq. 4-26.
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Figure 4-6: Tortuosity or Steric factor reciprocal with respect to volume fraction (4) of
spherical obstacles in face centred cubic array. The legend (o) shows the values for FCC
structures obtained by random walk simulation approach 71; the steric factor is described
as recripocal tortuosity in their study. The dotted line represents the values obtained from
Eq. 4-26

Hence to incorporate solute size effect, we tried to derive the effect of structural

changes for given volume fraction for point solute molecules by comparing Eq. 4-25 with

rs -+0 and Eq. 4-26. The ratio of these equations for point solute molecule was assumed

to be the structural effect and considered constant for different solute sizes. The modified

expression is represented in

S()= (1 1-p 2K r3 1 (033 + r/3 Eq. 4-28
(1-0)(1+K ) 3 ( r ) (0.33, )+

4.5 Comparison with experimental data

The combined equations can be used to describe the electrophoretic mobility both

in sol and gel state by Eq. 4-9. The ratio of electrophoretic mobility in gel state to that in

sol state can be obtained from these and compared to the experimental values obtained in

our case.
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Figure 4-7: Plot of ratio solute transport properties in gel state to sol state using
combined model with respect to solute size

The values determined from the combined model using parameters listed in Table 4-4

agree well with the experimental values. The model helps to predict the change in

electrophoretic mobility for different solute size. The experimental data and the model

help us understand that the reduction in solute (<10nm) mobility would not be of equal

order of magnitude as compared to the change of viscosity if there is no specific

interaction of solutes and the matrix involved. The use of the model can be extended to

similar sol-gel system such as different Pluronic systems or Pluronic-PAA systems.72
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Chapter 5

Dynamically modulated matrix for electrophoretic
separation

5.1 Introduction

The protein electrophoretic mobility was observed to be different in sol and gel

states of polymer blends of F127 and MOAB-DMA obtained by using light stimuli. The

reduction in proteins electrophoretic mobility on gelation of the matrix has led us to

explore these blends as a matrix in electrophoretic separation where we could modulate

the properties by applying UV light stimuli in a defined manner. In this chapter, the

potential of using dynamically modulated matrix for enhancement of resolution of

separation was studied. The optimum method for applying the stimuli was discussed and

the expressions are developed for the location and the time of light stimuli. The

theoretical simulations for two solutes electrophoretic separation in dynamically

modulated matrix were done at different operating conditions. The separation obtained in

this case was compared to the case of convential non-modulated matrix. The separation

experiments were carried using the UV light stimuli to modulate the matrix and the

change in the separation resolution was measured.

5.2 Concentration Distribution

In order to fully describe the peaks resulting from a capillary electrophoresis (CE)

separation or microchip separation, we need to develop an expression that describes the

concentration of a solute as a function of its position in the channel and time. Such an

equation can be derived starting from the convective diffusion equation'

Jac,(x,t) = 2C.(x,t) aci(x,t) Eq. 5-1

t i x 2 i ax
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where Ci is the concentration, Di is the diffusion coefficient and vi is the net migration

velocity of species i. It assumed that the diffusion coefficient is not a function of solute

concentration.

Eq. 5-1 can be solved using the method of Fourier transorms using the boundary

conditions: (1) t > 0, x = co, C = 0; (2) t > 0, x = 0, dCldx = 0. The first boundary

condition states that far from the initial pulse, the solute concentration is zero, whereas

the second boundary condition states that because diffusion occurs at the same speed in

both direction, the pulse remains symmetrical throughout the separation. The initial

condition is that at t=0, C= Co or (M/S)8(x), where S is the cross-sectional area of the

capillary, M is the initial mass of the solute and 8(x) is the Dirac delta function. This

states that the pulse is initially present as an infinitely thin zone. The solution to Eq. 5-1

is

M x - IiEt Eq. 5-2
Ci (x,t) = - exp - t Eq. 5-2

S 4,iD5t 4 Dt

When the diffusion coefficient and electrophoretic mobility are functions of both location

and time, the convective-diffusion equation is

aci(xt)• , D(x, t) •C (xt)(x,•  a [V i (Xt) -Ci (x, t)] Eq. 5-3

at ax I ax ax

A general analytical solution does not exist for this equation, which must be solved

numerically to get the solute concentration profiles.

5.3 Modelling of electrophoretic separation of 2 solutes using

dynamic matrix modulation

The transport of solute through the electrophoretic device can be given by diffusion-

convective equation.

x
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Governing equations:

C D--vCa t ax ax
I.C. C(x,O) = CO  or C(x,0) = 1 Eq. 5-4

B.C. D ac -vC = 0
X a )x=O,l

5.3.1 Methodology for Numerical Simulation
The pdepe function in Matlab was used to obtain time-dependent axial

concentration profiles.

The function: sol = pdepe(m,pdefun,icfun,bcfun,xmesh,tspan) solves initial-boundary

value problems for systems of parabolic and elliptic PDEs in one space variable and

time; pdefun, icfun, and bcfun are function handles. The ordinary differential equations

(ODEs) resulting from discretization in space are integrated to obtain approximate

solutions at times specified in tspan. The pdepe function returns values of the solution on

a mesh provided by xmesh.

pdepe solves PDEs of the form:

u u u, 9 u ( B Eq. 5-5
c xt, u = au - x" f x,t,u, +au s x,t,u, au Eq.5-5

ax) at x ( ax) ax

In Eq. 5-5,f x,t,u, is a flux term and s x,t,u, is a source term. The coupling
ax ax )

of the partial derivatives with respect to time is restricted to multiplication by a diagonal

matrix c x, t, u, . The diagonal elements of this matrix are either identically zero or

positive. An element that is identically zero corresponds to an elliptic equation while non-

zero elements correspond to a parabolic equation. There must be at least one parabolic

equation in the equation set. An element of c that corresponds to a parabolic equation can

vanish at isolated values of x if those values of x are mesh points. Discontinuities in c
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and/or s due to material interfaces are permitted provided that a mesh point is placed at

each interface.

For t =to and all x, the solution components satisfy initial conditions of the form

u(x,to)=uo(x) .For all t and either x=a or x=b, the solution components satisfy a

boundary condition of the form p(x, t, u) + q(x, t) f x,t,u, = 0

5.3.1.1 Electrophoretic separation of solutes

We have m = 0 and u = C (concentration of solutes). The length of the column is

DC
considered to be 10 cm. The flux term, f, can be given as f = D - vC whereas the

ax

source term in our case is 0, where D is the effective diffusion coefficient of solute in the

medium and v is the electrophoretic velocity of the solute in the medium. The finite

difference method which Matlab uses for the x-dimension profiling require D /(v. Ax) - 1

as otherwise there are destabilizing effects leading to oscillations in the solution. The

order of magnitude of diffusion coefficients, D in our study is 10-9 to 10-10 m2/s and that

of electrophoretic velocity; v is 10-4 to 10-5 m/s. Hence the mesh size required is very

small which takes long time for the concentration profile evolution. The mesh size chosen

(also keeping in mind that the time required for the program to be of reasonable order)

was 0.001 -0.0001. The initial condition for the concentration cannot be given as the

pulse function as that led to further destabilization of the solution. Hence the initial

condition was given as a Gaussian distribution with 1-2mm width as is the case in the real

situation for microfluidic electrophoretic separation.

at t=O
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Figure 5-1: Schematic of application of light front on the electrophoretic column in case

of dynamically controlled matrix

At t=timpulse, the light front is established with a certain velocity (VL).The

concentration profiles are tracked without and with the light front. The UV light leads to

a sol-to-gel transition of the medium and hence the transport properties of the solute

through the medium will change in the illuminated region. In the given simulation, the

parameters considered as follows

Simulation parameters:

2 solute separation

In sol state In gel state

V1 = 2e-4 m/s; vl' = l e-4 m/s;

v2 = 2.2e-4 m/s; v2 '= 1.2e-4 m/s;

D1 = 5e-9 m2/s; Di'= 2.5e-9 m2/s;

D2 = 8e-9 m2/s; D2' = 4e-9 m2/s;

The basic methodology used here was that the simulations were run normally until t=

timpulse and then the transport parameters were changed for the illuminated region. If the

step function is used, then the discontinuity is imposed in the PDE formulation. Hence,

the smoothed heaviside function (flchs) by Comsol was used instead as it is continuous

function which is close to the practical case. The variables for the separation with

medium modulation are velocity of the light front (vl) and the time of the impulse

(timpulse). But varying both the parameters together in the simulation requires high

computational power and time. Hence, for any particular trial simulation, timpulse was fixed

but VL was varied.
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Smoothed heaviside
function

Figure 5-1b: Smoothed Heaviside function for representing the application of light front
on the electrophoretic column
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Figure 5-2: Concentration profile of solutes at time t = 400 secs (a) when no light
front/stimuli is applied (b) when the velocity of the light front, VL = 1.98 x 10-4 m/s and
time of impulse, timpulse = 240s (c) when the velocity of the light front, vL = 2.01 x 10-4

m/s and time of impulse, timpulse = 240s. (d) when the velocity of the light front, VL = 2.06
x 10-4 m/s and time of impulse, timpulse = 240s. (e) when the velocity of the light front, vL
= 2.09 x 10-4 m/s and time of impulse, timpulse = 240s

Figure 5-2 (a) shows the separation of two solutes molecules moving through the

matrix with constant physical properties. The curves are purely Gaussian in nature as

predicted by the analytical expression given by Eq. 5-2. Figure 5-2 b to e shows the

concentration profile evolution at t = 400s where the light front is started at timpulse = 240s

and moved with different velocity vL.It can be seen from these figures that the retardation

of the solutes occurs where the UV light stimuli is applied. The location i.e. velocity of

light front is critical to define how much percentage of solute A and B will be under UV

light stimuli. Different amount of solutes will be retarded for different velocity of light

front. It can be seen in Figure 5-2 b and c that the velocity of light front is such that only

solute A is retarded. The further increase in the velocity of light front retards the solute B

velocity too as seen in Figure 5-2 d and e.

In the standard/conventional case as shown above, the recovery of both solutes

can be assumed to be done in the above way which will lead to high purity but the

recovery of the solutes will be less. The numbers computed lead to purity =99.7 for both

solutes with recovery of 46 and 54% for solute A and B respectively. This standard case

is compared with our dynamic modulation method of separation to see how the purity and

the recovery for both solutes are affected per pass.
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Figure 5-3: Percentage (a) recovery and purity of solute A obtained with different
velocity of light front when the time of impulse, timpulse = 240 s, (b) recovery and purity of
solute B obtained with different velocity of light front when the time of impulse, timpulse =
240 s, (c) recovery and purity of both solute A and B obtained with different velocity of
light front when the time of impulse, timpulse = 300 s.

It can be seen as expected that there is a trade-off between the purity and recovery for

both solutes A and B. The promising fact from this simulation is that from Figure 5-3 a

combination of higher purity and recovery can be obtained as compared to conventional

method in one pass itself on using dynamic matrix modulation technique.

5.4 Parameteric Analysis

Governing equations:

-ac D C-vC
at ax ax
I.C. C(x,O) = CO or C(x,0) = 1 Eq. 5-6

B.C. Dac - vCI =0
The modulated gel system can lead to following equations for 2 solutesx

The modulated gel system can lead to following equations for 2 solutes

137



ac, a (Dac
at ax 'axl

ac, a c, )c
at ax ax a

ac, a D
at ax 1

ac,
v cI ax

t<tm for all x

t > t

t > tac, ac,
ax x) V

ac a aC2.-= D2 1
at ax -ax

a2 -a aD2 a
at ax -ax

ac2 - a D2
at ax (

ýac,
ax
-fx

V2 aax
ac
ax

- V2

ac2
ax

and

and

x> x

x <x m

t<tm for allx

t>tm and x>xm

t>tm and x<xm

Non-dimensionalizing the equations in time and length alongwith concentration

t

Llv=
x

and X=- ,weget
L

•, 1 a C1 ( 1  2 1

v,L ax aX Pee X aX2

-ca Pe1 ) ax2 )1aC, 1 8a2 C1 I- i ___a C_ r_
ar Pe, ax Pe

C2i 1 2aC2 1JAa .-A- - Ci

a, Pe aX 2 PeiC2 I 2 2

ac2 ( i 1(a 2C 2 _ __Ca Pe2 ax 2  Pe2I C2 2 C2C87 Pe2 A X 2 P2
i C2 2 C2
=A- C2ar Pe2 aX 2 I 2

r<Tm

r> Tm

J) <Tm for all X

and X > Xm

and X < Xm

S< T, for all X

> Tm

T> Tm

and X > Xm

and X < Xm

where, Pe1 = ; Pe2A Pe
v1L

D,

0=- ; i = L and 02= 2

v1 V,

Eq. 5-7

- C
C o -

Co

Eq.5-8

Sv1L
D2'
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Based on the dimensionless analysis, there are seven parameters influencing the solute

concentration profile. These parameters are not all independent as they can be written in

terms of others if we assume = (based on Stokes equation and Debye-Huckel-
Dj /j

D. v
Henry theory), then for same the applied potential -' = -' for which we can deduce that

Di v1

Pel _ D1  v,
Pel D, v,
Pe2  D2 v2 Eq.5-9

Pel D, v1

Pe2' _ D2' _v2'
Pe, D, v,

This reduces to four independent parameters affecting the solute profile. We can further

assume that if v2 and vi are close enough (or in other words, the solutes are similar in

nature) then the change in matrix structure would affect both solutes to same extent

leading to an assumption 1 = 02, leaving us with three independent parameters: Pel, 0

and 01. Note that this (0, = 0 2 ) is the worst case scenario for improvement in the

resolution of separation, as both solutes are equally retarted by UV light and hence we

have considered if for our simulation to find out the lower limit for the improvement.

The moving UV light front changes the electrophoretic mobility and diffusion

coefficient which can be specified using the following Heaviside function, given by flchs

in Matlab. The Heaviside function was used instead of step function due to the

continuous nature of the function which does not destabilize the system as is the case of

step function.

vI = v, + flclhs(t - timpuse,5e - 6) * ((v, - v,) *(1- flc2hs(x - v, * t,3e - 4))) Eq.5-10

D1 = D, + flclhs(t - timpulse ,5e -6) * ((D, - D, ) * (1- flc2hs(x - v, * t,3e - 4)))
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Figure 5-4: Schematic plot of velocity of solutes in dynamically modulated matrix with
respect to distance and time using Eq.5-10.

The concentration profiles for the different operating strategies (i.e. no modification and

with the moving UV illumination front) were obtained for a given dimensionless time Tl.

The impulse was given at t = 0.5 ,1, where Tl = 0.4. The Pe range was chosen such that

even the overlapped profiles were obtained to have a complete range of conditions for the

parametric study. To find out Peclet number for each 4 such that the overlap exists

following method was used.

The solution to the general governing equations results in concentration profile

with Gaussian distribution as shown in Figure 5-5.
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Figure 5-5: Concentration profiles obtained in case of the non-modulated matrix
electrophoretic separation. The concentration profiles have Gaussian distribution as seen
in Eq. 5-2.

For the given values of v, and v2 and at a given time t, the overlap condition is taken to
be when

X1 + 30 < x2 -3

where, x = t; x 2 v2t; = 2 1t and 2 = 2 2t

Non-dimensionalizing the equation using r = t /(L / v1) we get

(32(1 + ))2
Pe 12

( -1) 2

15000
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Eq.5-11
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Figure 5-6: Plot of higher limit of Pe number, i.e. above which no overlap exists for a
given value of 4.
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Based on this analysis Eq.5-11 for rl = 0.4, the parameter ranges selected for parametric

study were as follows:

: 1.1 to 1.5
01 : 0.25 to 0.67
Pe : 400 to 8400

From Figure 5-5, it can be seen that the improvement in separation is dependent on

the velocity of the light front, VL. Qualitatively, the velocity of the light front should be

such that it only specifically and selectively hinders the velocity of solute 1 and not solute

2. This case can be found by finding the length of the column where no overlap of solutes

exists, which can be expressed as following condition.

Ximpulse 1 X-31 ,X -33, 2}

=1-3 2 Eq.5-12

1 low Timpulse

VL =-3 20

1 high e impulse

Eq.5-12 provides the lower and the higher limit of the velocity of light front. The lower

limit of the light front velocity will be close to the case of non-modulated or conventional

matrix case whereas the higher limit is the case where maximum improvement is

expected. The validity of the result in Eq.5-12 can be well seen with the simulations done

in the above section 5.2. The optimized vdL/v of 1.03 found in the study is exactly the

same as the one predicted by this equation.

There are two performance variables that characterize the quality of the

separation, the yield of solute A and the separation resolution.The YA is defined here as

the yield of solute 1/A where purity of A is at 0.99.
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Figure 5-7: Plot of the ratio of yield of solute A in modulated gel case to that of in the
general case with respect to the parameter 4 for different values of Pe for the value of

01=0.67
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Figure 5-8: Plot of the ratio of yield of solute A in modulated gel case to that of in the
general case with respect to the parameter 01 for a constant Pe = 400.

The yield ratio increases with decrease in 01 for a given value of Pe-1' and 4. The

separation does improve even for higher 0 but the improvement is not able to be captured

in the response variable, yield. Hence, the modified resolution is used as another response
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variable and both yield and resolution should be taken into account for looking for

improvement in separation for a given parameter values.
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Figure 5-9: Plot of the ratio of yield of solute A in modulated gel case to that of in the
general case with respect to the parameter Pe-1 for different values of p for the value of
(a) 01=0.67 and (b) 01= 0.25.
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Figure 5-10: Plot of the ratio of yield of solute A in modulated gel case to that of in the
general case with respect to the parameter Pe-1 for different values of 41 for the value of

= 1.3

RESOLUTION RATIO

In general, the resolution of separation of two solutes is given by equation

Res = (Xpeak2 Xpeakl)
2[ ( 1r +0 2) Eq.5-13

This definition cannot be used directly for our modulated matrix case in case of overlap

and hence we tried to redefine the resolution such that we could be able to compare the

values with and without modulation of the matrix.

The modified resolution definition was done in terms of areas instead of sigmas as the

peaks after the modulation may or may not be Gaussian in nature.
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Figure 5-11: Schematic showing two solute separation in dynamically modulated matrix
system. The areas are marked which are used in Eq.5-14 for weighing the resolutions of
the split peaks.

Hence, in case of modulated gel, resolution was weighted average as follows:

Resmo _

Re s

(Xpeak2 Xpeakl ') (area, ') (Xpeak2 - Xpeakl ") (area, ")
(area 2 +area I) (area 1'+ area, ") (area2 +area") (area '+ area, ")

(Xpeak 2 - Xpeak )
(area 2+ area)

2.5

C,,
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0aE
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Eq.5-14

0.7 0.8

Figure 5-12: Plot of the ratio of resolution of two solutes in modulated gel case to that of
in the general case with respect to the parameter 41. The corresponding values of ¢ and
inverse Pe number are labeled next to the curves.
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The ratio R increases with the increase in reduction of transport properties in gel.

The dependence is almost linear in nature. Depending on Pe number for a given 0, the

overlap exists or not. When the overlap exists, it is seen that the enhancement is higher.
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Figure 5-13: Plot of the ratio of resolution of two solutes in modulated gel case to that of
in the general case with respect to the parameter 01 for different values of 0 but at same
Pe number, (a) 8400, (b) 1020 and (c) 400.
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Figure 5-14: Plot of the ratio of resolution of two solutes in modulated gel case to that of
in the general case with respect to the parameter 0 for different values of Pe for the value
of 01 = 0.67.
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Figure 5-15: Plot of the ratio of resolution of two solutes in modulated gel case to that of
in the general case with respect to the parameter 0 for different values of 41 for the value
of Pe= 400.

For a given Pe, after there is no overlap between 2 solutes

modified resolution to the conventional case can be given as

R= Re smod ulated (-0 )-( 1 - 1) . (r/ impulse)
Res a(0-1)

(l > Omax) , the ratio of

Eq.5-15

which is a decreasing function and hence we see the values dropping down with increase

of 0 in the described range (after 0max). After Pmax, R is a continuously decreasing

function but its value is always greater than 1.
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Figure 5-16: Plot of the ratio of resolution of two solutes in modulated gel case to that of
in the general case with respect to the parameter Pe for different values of 0 for the value
of Oi=0.67 and O1= 0.25.
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Figure 5-17: Plot of the ratio of resolution of two solutes in modulated gel case to that of
in the general case with respect to the parameter Pe for different values of 01 for the value
of = 1.3

All the combined results obtained in the figures above shows that the yield and recovery

of solutes can be improved by using the dynamically modulated matrix and the

magnitude of the improvement will depend on the operating conditions, nature of the

solute and the reduction of solute transport properties in gel state.

5.5 Electrophoretic separation experiments

Electrophoresis separation experiments were carried out to show the practical

proof of concept of enhancement of separation in dynamically modulated system as seen

in theoretical simulations. Microfluidic electrophoresis device was constructed for th e

purpose as miniaturizated electrophoresis devices has shown to lead to faster and high

resolution separation. The electrophoresis setup built for electrophoretic mobility could

not be used for the separation directly as there provision for small width injection and

also effective temperature control alongwith capability for photostimuli is difficult to

obtain. Hence, device modification was carried out taking these issues in mind. A critical

parameter in high resolution electrophoresis is the sample injection. Usually, two

injection methods are used. The first is electro-kinetic injection, which is based on the

1 = 0.25

1= 0.37

-1= 0.67
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application of a high voltage for pumping the sample solution by generation of an electro-

osmosic flow. 2 The second method of injection is pressure induced. We chose pressure

induced injection as the electro-kinetic injection requires a complicated and expensive

setup we wish to minimize electro-osmosis in our device. Pressure induced injection

method as optimized by Bai et.al.3 was performed by means of a multi-port two-way

valve system where sample was injected after the solution was filled into the column, by

switching the valve. This method enabled injection of the sample with a minimal

perturbation of the flow. This method did not work for our system due to viscosity

difference between injection fluid and the matrix. A simple device is described below that

exploits the dually responsive polymer nature of the polymer our matrix system for

sample injection.

5.5.1 Microfluidic device

A simple microfluidic channel containing device was constructed with

arrangement for reservoirs at each end. The microfluidic channel was made by molding

polydimethylsiloxane (PDMS) on the master consisting of plastic slides ( Isaac Tech,

P11011P, l"x3" and height of 500 gm) cut into required dimension of 0.4 cm width and

about 5 cm in length. The procedure for making PDMS device was based on

conventional methods4 as described below. About 30 gms of PDMS pre-polymer was

used along with the curing agent (which is 1/10 th of the final pre-polymer weight) per

plastic Petri dish of dimension 9 cm diameter and 1.3 cm height (see device layout

below).The mixture was stirred for 5 minutes before the vacuum was drawn to remove all

the bubbles. The PDMS mixture was then poured on the master placed in the Petri dish

containing 4 cut plastic slides in the oven for 2.5 hours at 650 C. After PDMS was cured,

it was peeled off the dish leaving the thin slides behind. The cured PDMS slab was then

cut into pieces, each of which contained a single channel and holes are punched at each

end. The cut piece was cleaned using Scotch tape before being plasma-bonded to glass

slides of dimensions 5cm x 7.5 cm using Plasma Cleaner for 25 secs. Small 2.5ml plastic

centrifuge tubes cut to fit the holes punched on the PDMS device were epoxied to the
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device to act as reservoirs and for insertion of the platinum electrodes. A small hole for

the sample injection was punched in the PDMS device using small needle (BD 26G3/8).

plastic slide

..............
AI

reservoirs for connections
and electrodes

Figure 5-18: The device layout for making the channels in Petri dish is shown on the left.
The microfluidic device is shown on the right made of a channel in PDMS plasma
bonded to glass slide. The centrifuge tubes were used for the reservoirs for buffer and for
electrical connections.

The light stimulus was applied using a fiber optic cable of 2.54 mm diameter

provided on UV lamp (Dymax ® Bluewave 200, intensity 40 W/cm2). The selective

gelation can be seen with this specific experiment described below. The matrix (about 0.4

ml) was placed in the 4.5 ml plastic cuvette with a lid. The cuvette was turned 900 for the

matrix to rest on the long side, the fiber optics cable held close to the cuvette, which was

irradiated with UV light for 10 secs and then was turned back allowing the non-gelled

liquid to flow back to the bottom. The circular gelled area remains stuck to the cuvette

long side due to its higher viscosity.

Figure 5-19a shows the Dymax® lamp used for photostimuli whereas part b shows

the circular area formed due to selective gelation of the matrix equal to the diameter of

the fiber optics seen within the dotted circle. It was difficult to get better contrast pictures

as both the sol and gel are transparent and too similar in color to be able to capture a

sharp difference by the camera. The width of the stimulated zone can be easily controlled

by making a slit of the required dimensions by covering the rest of the illuminated

surface with thick black electrical tape.
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Figure 5-19: (a) Dymax® lamp used for UV irradiation and (d) Selective gelation of the
physical blend matrix carried out using fiber optics of the Dymax lamp. The dotted circle
is shown to help guide the eyes to see the gel circular area formed with size same as the
fiber optic diameter.

The procedure used for sample injection is described below.The Fl27/MOAB-

DMA polymer blend solution prepared in TBE buffer was poured into one of the

reservoirs and the device was placed in the refrigerator for it to flow through the channel

and the levels in both reservoirs were allowed to equilibrate. The device was placed in the

refrigerator as the viscosity of blend decreases with temperature as described in Chapter

3. The lids to the reservoirs holding Platinum wire were then closed and the device is

then placed on the thermostage (Linkam with PE94 control module with precision of

0.1 0C) at T = 260 C for the matrix to be in gel state.

Figure 5-20: (a) Fabricated electrophoresis device on glass slide with the reservoirs on
each side holding the Platinum wire. (b) Typical injection via punctured hole in PDMS
seen under microscope with 2.5 X lens.

The sample injection in high viscosity polymer solution is more defined than low-

viscosity solution. The sample containing protein solution was injected through the

punctured hole using 10tl syringe with injection volume of 0.5 to lItl. The temperature

was then brought back to 230 C for the electrophoresis experiment to be carried out.
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The possible experimental errors which led to failure of some of the

electrophoresis runs are described below. The manual syringe injection was prone to

producing bubbles on the insertion or removal of the syringe from the hole. The bubbles

formed in the highly viscous and surface active fluids were difficult to break or remove

and hence the device had to be cooled again and the bubble had to be carefully removed.

Another problem arose due to the hydrogen evolved at cathode. The tiny bubbles formed

at the cathode could make their way into the channel leading to a decrease in the applied

voltage. A third possible cause of error was dried polymer at the Platinum electrode

providing resistance to the current flow through the system, reducing it to zero and

stopping the electrophoresis experiment.

The electrophoresis experiment was carried out for a mixture of TRITC labeled

chymotrypsin and Texas red labeled bovine serum albumin. In the top of each frame in

Figure 5-21, the gradual separation of the peaks for the two proteins is evident, but the

resolution is not significant until after the photostimulus is applied and the BSA mobility

is retarded even further. The bottom of each frame shows the movement of BSA by itself,

which tracks equally with that of the BSA in the mixture upto the point where the

stimulus is applied to the mixture case only. The retardation of the BSA due to the UV

irradiation is clear on comparison of the BSA traces.
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Figure 5-21: The sequence of electrophoretic separation of bovine serum
albumin/solutel (BSA) and chymotrypsin/solute2 in the physical blend of Pluronic F127
and MOAB-DMA is shown on the top. The electrophoretic transport of BSA in the same
matrix is shown at the bottom under same conditions and time. The UV light irradiation
was applied at 'impulse = 0.5 11 moving with velocity, vL/Vlfront =1. The rightmost point on
the top of each picture is the injection point and hence is constant in each picture can be
seen as the reference point.

Electrophoretic experiments were done for separation of Texas red-labeled bovine serum

albumin (66 kDa) and ovalbumin (45 kDa). Both proteins are of similar nature with

varying size and charge. Figure 5-22 shows the separation achieved after same fixed

period of time in different type of matrix system (a) sol state, (b) gel state, (c) dynamic

modulation of matrix at Timpulse = 0.5 t. The parameters for this two proteins are 4 = 1.5,

0, - 0.5, Pe - 105 (indicating no overlap as shown by Eq.5-11). Four similar runs were

done to get resolution in different cases (a) 1.1 ± 0.2, (b) 1.2 ± 0.1 and (c) 1.7 ± 0.2. The

resolution was calculated using the usual resolution of separation definition given by

Eq.5-13.

156



Figure 5-22: Electrophoretic separation of bovine serum albumin and ovalbumin in
physical blends of Pluronic F127 and MOAB-DMA under 600 V, similar conditions and
starting point shown in three different state of matrix (a) sol state, (b) gel state and (c)
dynamically modulated state at Timpulse = 0.5 ti at same time t = 300s.

It can be seen from Figure 5-22 as well as calculated numbers that resolution is

improved about 1.3 to 1.4 times using dynamic modulation of the matrix properties. This

improvement is close to that theoretically predicted value of 1.4 for the above parameters

as shown in Figure 5-15. The electrophoretic separation of ovalbumin and BSA in

conventional non-denaturing polyacrylamide is well studied and documented by Barton .

For similar conditions the resolution in a polyacrylamide strong gel (7 to 11.25%) is 1.2

to 1.4. Thus, it can be seen that there is 0.5 times enhancement than the traditional

method used for BSA and ovalbumin separation. Alongwith this, the traditional matrix

used polyacrylamide are chemically crosslinked gels unlike the polymer matrix used in

our case, which is easily replaceable and reuseable.

5.6 Conclusion

In this chapter, the potential for exploiting dynamically modulated gel matrix to

enhance electrophoretic protein separations. The proper method of applying stimuli is

discussed and it is found out to be the moving light front with respect to one of the

solutes. Three independent parameters governing the dynamic modulated separation

process have been identified and the separation process has been simulated numerically



simulated for over appropriate ranges of their values. The equation for the optimized

velocity of the light front is obtained to be applied to the system once the three governing

parameters are known. The two performance variables studied were the yield or recovery

of solutes with 99.0% purity and resolution of solutes normalized by their respective non-

modulated matrix cases. The enhancement ratio is seen to be greater than one for all

combinations of parameters. Dynamically modulated matrix electrophoresis was seen to

be more effective in enhancement of separations when resolution is poor to begin with.

Experiments done to demonstrate the proof of concept showed enhancement in resolution

as predicted by the simulations. The responsive matrix has theadvantages that it is easy to

load and replace in microfluidic devices, and that we have the ability to alongwith its

capability to change solute transport properties allowing for the enhancement in protein

separation.
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Chapter 6

Gene Transfection Studies using Pluronic
Copolymers with Cationic Polymer

6.1 Motivation and Approach

The development of gene therapy relies on designing optimal systems for nucleic

acid transfer and expression, cationic polymers being a promising alternative to viral

vectors.1 Because the latter are toxic and immunogenic, nonviral strategies toward gene

transfection are becoming more and more attractive. A variety of synthetic, polycationic

polymers have become available; they demonstrate adequate safety profiles and can

complex large plasmids, forming polymer-DNA complexes (polyplexes). Some of the

polyplexes have superior transfection efficiency and serum sensitivity compared to the

lipid-DNA complexes (lipoplexes). 2,3,4 These considerations make polycations a comp-

elling target for future exploration in nonviral gene delivery.5 Polycations bind to nucleic

acids due to the formation of cooperative systems of salt bonds between the cationic

groups of the polycation and phosphate groups of the DNA. Great efforts have been

undertaken to improve the efficiency of the polycations, but, as yet, satisfactorily

effective polymer systems have still to be achieved. One of the promising strategies

toward creating more effective polycationic systems that complex DNA forming

polyplexes 6 involves attachment of hydrophilic polymers such as poly(ethylene oxide)

(PEO). 7' 8 The modification of the polyplexes with PEO shields positive surface charges

and creates a steric barrier against self-aggregation and unfavorable interactions with

albumin, complement factors, or cellular components in the bloodstream. The

modification of such polyplexes may reduce the potential of nonspecific interactions,
such as opsonization or deposition due to cationic surface charges. Block copolymers of

cationic polymers and PEO form complexes with DNA that are more acceptable to

systemic administration than complexes of the unmodified polycations and DNA.9' 10
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Furthermore, the incorporation of propylene oxide group with polyethylene oxide when

bonded to polycations, provide additional advantages to the resulting copolymers from

the efficiency standpoint. 11,12 ,13,14,15 The problem with these copolymers that they are

produced by a complex and poorly controlled conjugation chemistry. Traces of unwanted

side-reaction product or unreacted monomer can prove dangerous when considered the

fact that these copolymers will be used in-vivo for gene therapy.

This work focuses hence on the simple synthesis of the copolymers of PEO and

poly(propylene oxide) (PPO) such as PEO-PPO-PEO (tradename Pluronic) with

polycationic for gene therapy. Also, trying to understand how PPO groups in these

copolymers play a role in transfection by comparing it with similar copolymers with just

PEO. Different Pluronic are considered and tried to understand how they are affecting the

transfection efficiency. The transfection capability for plasmid DNA using synthesized

copolymers as vectors will be compared with a routinely used Lipofectamine (cationic

lipid marketed by Invitrogen).

6.2 Background

6.2.1 Overview of Gene Therapy

Gene therapy is an experimental technique that uses genes to treat or prevent

disease. In the future, this technique may allow doctors to treat a disorder by inserting a

gene into a patient's cells instead of using drugs or surgery. Researchers are testing

several approaches to gene therapy, including:

* Replacing a mutated gene that causes disease with a healthy copy of the gene.

* Inactivating, or "knocking out," a mutated gene that is functioning improperly.

* Introducing a new gene into the body to help fight a disease.

Each of us carries about half a dozen defective genes. We remain blissfully unaware of

this fact unless we, or one of our close relatives, are amongst the many millions who

suffer from a genetic disease. About one in ten people has, or will develop at some later

stage, an inherited genetic disorder, and approximately 2,800 specific conditions are
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known to be caused by defects (mutations) in just one of the patient's genes. Some single

gene disorders are quite common - cystic fibrosis is found in one out of every 2,500

babies born in the Western World - and in total, diseases that can be traced to single gene

defects account for about 5% of all admissions to children's hospitals. 16 Much attention

has been focused on the so-called genetic metabolic diseases in which a defective gene

causes an enzyme to be either absent or ineffective in catalyzing a particular metabolic

reaction effectively. A potential approach to the treatment of genetic disorders is gene

therapy. Using gene therapy, the absent or faulty gene is replaced by a working gene, so

that the body can make the correct enzyme or protein and consequently eliminate the root

cause of the disease. The most likely candidates for future gene therapy trials will be rare

diseases such as Lesch-Nyhan syndrome, a distressing disease in which the patients are

unable to manufacture a particular enzyme. This leads to a bizarre impulse for self-

mutilation, including very severe biting of the lips and fingers. The normal version of the

defective gene in this disease has now been cloned.
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Figure 6-1: Schematic of Gene therapy using plasmid DNA for producing therapeutic
proteins

If gene therapy does become practicable, the biggest impact would be on the treatment of

diseases where the normal gene needs to be introduced into only one organ. One such

disease is phenylketonuria (PKU). PKU affects about one in 12,000 white children, and if
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not treated early can result in severe mental retardation. The disease is caused by a defect

in a gene producing a liver enzyme.

Before treatment for a genetic disease can begin, an accurate diagnosis of the

genetic defect needs to be made. It is here that biotechnology is also likely to have a great

impact in the near future. Genetic engineering research has produced a powerful tool for

pinpointing specific diseases rapidly and accurately. Short pieces of DNA called DNA

probes can be designed to stick very specifically to certain other pieces of DNA. The

technique relies upon the fact that complementary pieces of DNA stick together. DNA

probes are more specific and have the potential to be more sensitive than conventional

diagnostic methods, and it should be possible in the near future to distinguish between

defective genes and their normal counterparts, an important development.

6.2.2 Vectors for Gene therapy

A gene that is inserted directly into a cell usually does not function. Instead, a

carrier called a vector is genetically engineered to deliver the gene. Certain viruses are

often used as vectors because they can deliver the new gene by infecting the cell. The

viruses are modified so they can't cause disease when used in people. Some types of

virus, such as retroviruses, integrate their genetic material (including the new gene) into a

chromosome in the human cell. Other viruses, such as adenoviruses, introduce their DNA

into the nucleus of the cell, but the DNA is not integrated into a chromosome. The vector

can be injected or given intravenously (by IV) directly into a specific tissue in the body,

where it is taken up by individual cells. Alternately, a sample of the patient's cells can be

removed and exposed to the vector in a laboratory setting. The cells containing the vector

are then returned to the patient. If the treatment is successful, the new gene delivered by

the vector will make a functioning protein. The problem with the use of viruses as vector

is that they are toxic and can cause the disruption of immune response of the body. Also,

it is extremely technically challenging and time-consuming to genetically alter the virus

to carry normal human DNA.

Viral vectors show excellent transfection efficiencies. However, they develop a

high immunogenicity after repeated administration since the mammalian immune system
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has developed strategies to eliminate viral invaders as well. Other problems associated

with viral vectors are their potential oncogenicity due to insertional mutagenesis and the

limited size of DNA that can be carried. Furthermore the inclusion of a targeting moiety

in order to transfect specific cell types or tissues is problematic. Despite these problems,

still more than two-thirds of clinical gene therapy trials use viral vectors. Because of

these concerns non-viral vectors are emerging as a viable alternative. The focus has hence

shifted to synthesize lipids and polymers as vectors. This first led to development of

using cationic lipids for gene transfection. It does have advantage of preventing the

degradation of naked DNA alongwith the ease of manufacture and control of vector size.

But the surface positive charge on cationic lipids leads to their inactivation in blood, non-

specific interactions with various negatively charged components of serum. Another

shortcoming of lipids as vectors is that if administered intravenous (which is the most

common form) being oil based formulations they are shown to have side-effects to

patients. Duncan et al. 17 and Ernst et al. 18 warn that pulmonary surfactants may inhibit

cationic liposome-mediated gene delivery to respiratory epithelial cells.

Non-viral systems, especially polymers, show significantly lower safety risks

and can be tailored to specific therapeutic needs. They are capable of carrying large DNA

molecules and can be produced in large quantities easily and inexpensively. Polymers

display striking advantages as vectors for gene delivery. They can be specifically tailored

for the proposed application by choosing appropriate molecular weights, coupling of cell

or tissue specific targeting moieties and/or performing other modifications that confer

upon them specific physiological or physicochemical properties. After identifying a

suitable polymer structure a scale-up to the production of large quantities is rather easy as

well. A weakness of gene therapy with cationic polymers is our limited knowledge

regarding the formation of electrostatic complexes with DNA and their biological effects.

Many other factors play crucial roles in this context, for example concentration of the

polymer and DNA solutions, ionic strength of the solvents19 and speed of mixing. Thus,

gene therapy with cationic polymers is still rudimentarily understood and ongoing

investigations will provide avenues to more sophisticated approaches. Figure 6-2 gives an

overview of frequently used cationic polymers for non-viral nucleic acid delivery. The

review by Smedt et. al. 20 gathers information on existing cationic polymer polyplexes



system for gene transfection. The major disadvantage of these non-viral vectors is their

low transfection efficiency. Great efforts have been undertaken to improve the efficiency,

however we are still far away from a system that could be considered as satisfactory.
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Figure 6-2: Cationic polymers most frequently used for nucleic acid delivery.21

The Pluronic-polycation copolymers and oligonucleotides spontaneously

associate into polyion complex micelles with a hydrophobic core formed by neutralized

polyions and a hydrophilic shell formed by PEO. Such complexes are sufficiently stable

in solution despite complete neutralization of charge and exhibit elevated levels of

transgene expression." Thus far, the synthetic route toward the polycation-Pluronic

copolymers involved chemical activation of the hydroxyl termini of Pluronic followed by

conjugation with the primary amino groups of the polycation and separation of the

conjugated copolymer from the parent Pluronic. 6 Such a synthetic route involves several

steps, each followed by purification of products, and results in fairly polydisperse

copolymers and hence maybe shown to have low transfection efficiency. In the present

work, we aimed at development of a more straightforward synthetic route that would

enable one-step synthesis of a wide range of polyether-polycation copolymers, wherein
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the polycation may be optionally devoid of the primary amino groups. The synthesis we

opted to use involved the generation of polyether radicals that act as an initiator for the

free radical polymerization of a cationic monomer, 2-(dimethylamino)ethyl methacrylate

(DMAEMA). The DMAEMA possesses tertiary amino groups, and its polymers are

known for their capacity to complex and transfect DNA.2 2 An analogous "oxyanionic

polymerization" involving the use of potassium alcoholates such as monohydroxy-capped

poly(alkylene oxide)s in the role of macroinitiators for the polymerization of DMAEMA

resulting in PEO-pDMAEMA copolymers has been reported.1 7 Such a polymerization

proceeds in rigorously dry THF, which is oftentimes an experimental hurdle. Instead, in

the synthetic route explored herein we used free radical polymerization of DMAEMA

initiated by the Pluronic radicals generated by the redox reaction of the Pluronic with

cerium(IV) in water. The major thrust of the present work has been the development of a

facile, one-step synthetic route resulting in desired block copolymers of well-defined

molecular weight. This synthetic route is applicable to a variety of vinyl monomers as

well as hydroxyl-terminated polyethers. Herein, a relatively hydrophobic Pluronic L92

(PPO content of 80%) was chosen as a representative example of the Pluronic family of

the surface-active copolymers because of its high modification activity toward cell

membranes. The resulting L92-pDMAEMA copolymers were demonstrated to possess a

good transfection capability for plasmid DNA when compared with a routinely used

Lipofectamine and were much more active compared to their PEO-pDMAEMA

counterparts.

6.3 Experimental

6.3.1 Materials

Pluronic L92 (average composition, EO8 PO52 EO8 ) and P123 (average

composition, E0 19PO69E01 9) were received from BASF Corp. (Mount Olive, NJ) and

used without further treatment. 2-(Dimethylamino)ethyl methacrylate (DMAEMA, 98%),

ammonium cerium(IV) nitrate (98.5%), 2,2'-azobisisobutyronitrile (AIBN, 98%), nitric

acid (70%), poly(ethylene glycol) (average Mn = 3350) were all obtained from Sigma-

Aldrich Co. (St. Louis, MO) and were used without further purification. Plasmid DNA
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encoding 3-galactosidase (pCMV-P) was obtained from Clontech BD Biosciences (Palo

Alto, CA), whereas Lipofectamine 2000 reagent was purchased from Invitrogen

(Carlsbad, CA). Deuterated solvents were obtained from Cambridge Isotope Laboratories

(Andover, MA), and all other chemicals were received from commercial sources and

were of the highest purity available.

6.3.2 Polymer Synthesis

The polymerization with the cerium ion redox system and DMAEMA monomer

was carried out in a three-neck flask equipped with a stirrer, a reflux condenser, and a

nitrogen inlet/outlet. In a typical polymerization procedure, DMAEMA (5.0 g), Pluronic

L92, or poly(ethylene glycol) (5.0 g) and 1 mL of 70% nitric acid were dissolved in 70

mL of deionized water, and the solution was deoxygenated by nitrogen flow and

thermostated at 55 0 C with stirring for 1 h. The reaction was started by injecting 3.278 g

(6 mmol) of cerium(W) ammonium nitrate dissolved in 3 mL of 0.5 M HNO 3. The

reaction was allowed to proceed for 4 h under nitrogen flow and stirring. The resulting

polymer was repeatedly precipitated by the addition of 1 M NaOH, redissolved in 0.01 M

HC1, and dialyzed against a large excess of 0.01 M HCl solution in deionized water using

dialysis tubing (Spectrum Laboratories, Inc., molecular weight cutoff, 3500). The overall

yields of the polyether copolymer were 91 and 94% in the cases of L92-pDMAEMA and

PEO-pDMAEMA, respectively. To prove the suggested mechanism of polymerization

via formation of polyether radicals due to the presence of cerium(IV), a control

experiment without Ce4' was conducted. Namely, polymerization in a mixture of

DMAEMA and Pluronic L92 identical to the described above was induced by the

addition of 1 mmol of AIBN in acetone. A viscous solution was obtained after the

polymerization conducted at 55 *C for 8 h. The solution was precipitated using 1 M

NaOH, and the precipitate and the supernatant were separated. The precipitated polymer

was dissolved in 0.1 M HC1, and the procedure of precipitation was repeated twice. The

resulting polymer was analyzed by 'H NMR, which found no presence of the polyether.

This proved that to obtain the L92-pDMAEMA copolymer the Pluronic radicals must be

generated. It was also observed that on the addition of Ce4+ solution to DMAEMA in the
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same range of concentrations used in the above polymerization, no polymer was formed

within 8 h at 55 * C, indicating the absence of homopolymerization.

6.3.3 Copolymer Characterization

The polymerization of DMAEMA was carried out using a redox system

consisting of Ce4+ ions and Pluronic or PEO. The cerium ion-alcohol redox reaction leads

to the formation of a radical on the carbon atom linked with the hydroxyl group.23 It has

been shown that in the case of a polymeric alcohol, PEG, as a reducing agent the

formation of the radicals takes place at the terminal carbon atom and not along the

polyether chain.24 Drawing an analogy between PEO and PEO-PPO-PEO copolymers, we

depicted the polymerization as shown in Scheme 6-1. In the first step, a redox reaction

occurs between Ce4+ and the -CH 20H terminal group of the PEO segment, generating a

free radical in a position of the hydroxide. The radical thus formed is transferred from the

polymer chain to the DMAEMA monomer, and the polymerization propagates.

Formation of diradicals is possible, but their relative content is minor, according to the

literature data. 25,26,27,28

The presence of diradicals, if any, can lead to the formation of copolymers of

higher molecular weight. In the study, we were able to validate the polymerization

mechanism by size-exclusion chromatography and NMR. Molecular weight (MW)

determination was accomplished using size exclusion chromatography. Polymer samples

were precipitated in 1 M NaOH, dried, and redissolved in dimethylformamide (DMF) at

1 mg/mL. The MW of the copolymers was measured in DMF using a Hewlett-Packard

series 1100 HPLC system with a refractive index detector and two PLgel Mixed E

columns (Polymer Laboratories, Inc., Amherst, MA). Run parameters were as follows:

injection volume, 100 ijL; flow rate, 1 mL/min; temperature, 40 ' C. Calibration curves

were developed using a PEG calibration kit (Polymer Laboratories, Inc.).
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Figure 6-3: Typical size-exclusion chromatographs of L92-pDMAEMA and PEO-
pDMAEMA copolymers in DMF solvent.

Figure 6-3 depicts typical SEC chromatograms of L92-pDMAEMA and PEO-

pDMAEMA copolymer samples, calibrated in molecular weights. Peaks centered at 7100

(94.7% total area) and 10500 (5.3%) Da as well as 6950 (94.7%) and 10100 (5.2%) Da

were observed in the case of the L92-pDMAEMA and PEO-pDMAEMA copolymers,

respectively. The polydispersity index calculated by the instrument's software using an

absolute MW calibration curve was in the range 1.22-1.25, in accord with the previously

observed formation of relatively monodisperse copolymers resulting from

polyoxyethylene-radical-induced polymerization of DMAEMA.25,29,30 Based on the

average MW of the Pluronic L92 and PEO being 3720 and 3350 Da, respectively, about

95% of either copolymer is a product of polyether-monoradical formation, resulting in

"diblock" Pluronic-pDMAEMA or PEG-pDMAEMA structure. About 5% of the

resulting polymers of either species are the result of the polyether-diradical formation,
resulting in the bonding of two polyether segments to the forming pDMAEMA chain,
with corresponding peaks observed in the 10 kDa area in the SEC chromatograms (Figure

6-3). The length of the pDMAEMA block is 22 and 23 units in L92-pDMAEMA and

PEO-pDMAEMA, respectively, in the main fractions of these copolymers. These



calculations are supported by the nitrogen content measurements: N found, 4.15%

(calctd, 4.26%) for the L92-pDMAEMA and N found, 4.75% (calctd, 4.61%) for the

PEO-pDMAEMA copolymer, respectively

Proton NMR spectra of polymer solutions in D20/DC1 were acquired on a Bruker

AMX400 spectrometer. Using 1H NMR spectroscopy, we were able to verify the

structure of the pDMAEMA-L92 copolymers resulting from polymerization (Scheme

6-2).

CH3 b aCH3

C- I(OCH~CH,)8(OCH2CH)5(OCH2CH2)8OH

L SLy

Scheme 6-2: Structure of the pDMAEMA-L92 copolymer. Labeling of the distinctive
free protons in the structure are shown

As is seen in Table 6-1, the proton ratios measured by NMR corresponded to the

proposed structure quite well. The average number of DMAEMA units bonded to the

one L92 segment was calculated from the ratio of the backbone methylene protons in

these units, respectively. At y=1 (one Pluronic segment), we obtained the expression

x/84=0.9/3.3, and thus x=23, i.e., one Pluronic segment is bound to 23 DMAEMA units

on average. This is in excellent agreement with the x=22 found from SEC. Importantly,

no protons belonging to the methylene or methyl groups of the polyether were observed

in the NMR spectrum of the sample synthesized in the absence of Ce4+ followed by the

Pluronic removal by dialysis (see spectrum C in Figure 6-4). These observations further
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confirm the mechanism of the copolymer formation via cerium (IV)-induced initiation

(Scheme 6-1).

Table 6-1: Structure/ composition of copolymers obtained from 'H NMR.

Structural Element Protonsa Calculated Found from NMR

DMAEMA a:b:c:d:e 1.0:1.5:1.0: 1.0:1.1:1.1:1.0:3.2

1.0:3.0

L92 Xa:3 1.08:1.00 1.06:1.00

DMAEMA/ a:a x:84y 0.9:3.3

L92, mol/mol x=22.9

y=l

aFor proton designations, see Scheme 2.

I I I I I I I I I I I

ppm

Figure 6-4: 1'H NMR (400 MHz) spectra of pDMAEMA-L92 (A), pDMAEMA (B), and
pDMAEMA/L92 blend after dialysis (C) in D20/5 mM DC1. Protons are labeled as
shown in Scheme 1.
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6.3.4 Self-Assembling Properties of the Copolymers

Having confirmed the structure of the copolymers resulting from the cerium-

initiated copolymerization of polyethers with DMAEMA, we embarked on the study of

their properties that are of importance for complexation with DNA and transfection. To

assess the polyelectrolyte properties of the novel copolymers, potentiometric titration of

their aqueous solutions was conducted. For obtaining the apparent pKa of the polymers, a

titration was performed at 25 *C using a 736 GP Titrino potentiometric titration system

(Metrohm Ltd., Herisau, Switzerland). Titration of the copolymers in their acidic form

was carried out in a degassed 75 mM NaCi solution with 0.1 M NaOH as a titrant, at 0.5

wt % polymer concentration. The titration was carried out slowly for several hours to

allow for proper equilibration. The apparent dissociation constant (pKa) and the degree of

ionization (ac) were calculated from experimental potentiometric titration data using the

Henderson-Hasselbach expression. 31 The titration curves yielded the apparent pKa and

ionization degree (a) of the titratable (tertiary amino) groups. The intrinsic dissociation

constant (Ko) was found by extrapolating pKa to a= 0 in the pKa versus cccurves. 32 The

pKo values of the L92-pDMAEMA and PEO-DMAEDMA were found to be 7.1 and 7.4,

respectively. A shift to lower pKo in the case of the L92-pDMAEMA can be explained by

the effect of Pluronic lowering the dielectric constant of the microenvironment of the

amino groups. In contrast, the pKo of the PEO-pDMAEMA copolymer roughly

corresponded to the pKa = 7.4-7.8 reported for the pDMAEMA polymer,33 indicating that

PEO block alone has a lesser effect on the ionization of the pDMAEMA than PEO-PPO-

PEO when bonded with the polycation. The DMAEMA monomer possesses a notably

higher pKa of 8.0-8.4 than its homo- and copolymers because of the neighboring effect; 34

that is, the presence of some protonated side chains reduces the ability of the remaining

dimethylamino groups to become protonated.

Surface tension measurements of the copolymer solutions at certain pH values

were accomplished using a Kruss USA model K11 tensiometer applying the Wilhelmy

plate method. In the surface tension measurements, the L92-pDMAEMA copolymers

were additionally purified by repeated precipitation in 1 M NaOH followed by the
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removal and drying of the polymer and redissolution in deionized water. No traces of

unattached Pluronic copolymers in these species were detected by HPLC.
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Figure 6-5: Equilibrium surface tension of the Pluronic L92 (1), L92-pDMAEMA (2,3),
and PEO-pDMAEMA (4,5) copolymers as a function of the copolymer concentration
(Cp) at 25TC. The dependencies 1,3, and 5 were obtained at pH 5.0 and dependencies 2
and 4 were measured at pH 7.0

The presence of the hydrophobic PPO segments in the structure of the polyether

segments of the copolymers leads to profound differences in the surface activity of the

L92-pDMAEMA and PEO-pDMAEMA copolymers in aqueous solutions (Figure 6-5).

The surface activity of the L92-pDMAEMA copolymers was comparable to that of the

parent L92 surfactant, with the critical micellization concentrations (cmc) of 5 x 10-3 and

2 x 10-3 g/mL measured for the L92-pDMAEMA and L92 copolymers, respectively. The

obtained cmc of the Pluronic L92 corresponded well with the literature data, previously

reported for 37 and 15 ° C.35 ,36 ,37 Higher ionization of the copolymer at pH 5.0 resulted in

lower surface activity than at pH 7.0 throughout the concentration range. The PEO-

pDMAEMA copolymers possessed dramatically lower surface activity than their L92-

pDMAEMA counterparts at both pH values studied. At pH 5.0, where the copolymer is

highly ionized, a very minimal surface activity was observed. At pH 7.0, which is closer

to pKa of the copolymer, the pDMAEMA segment becomes more hydrophobic and, thus,

more of the copolymer adheres to the air-water interface, lowering the measured surface
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tension. Similar effects of pH on surface activity have been observed with block

copolymers of DMAEMA and methyl methacrylate. 38 The apparent cmc of the PEO-

pDMAEMA was -0.01 g/mL at pH 7.0 and could not be measured at pH 5.0. We

hypothesized that the observed differences in the surface activity of the PEO- and

Pluronic-based polycations could have an effect on the ability of the copolymers to serve

as nonviral transfection agents, because surfactants such as Pluronics can fuse with the

cell membranes, thus decreasing their microviscosity, which leads to an enhancement of

the transmembrane transport that is likely involved in the transfection mechanism.39 As

shown in the forthcoming parts of the work, we indeed observed enhanced transfection

with the L92-pDMAEMA copolymers.

6.4 Complexes of polycationic copolymer with plasmid DNA

Complexation of the polycationic copolymers with plasmid DNA was studied by

assessing the average hydrodynamic diameter as well as g-potential of the particles of the

formed complexes (Figure 6-6). The ratio of the copolymer to DNA in the complex (N/P)

was expressed via the ratio of equivalents of DMAEMA units to the number of

nucleotides in DNA. The nucleotide average molecular mass was assumed to be 324

g/mol.40 Within the range of concentrations studied, no precipitation was observed at any

N/P ratio. A significant increase in the average particle size was observed upon

neutralization of the complexes when a 1:1 stoichiometry was reached, and then the

particle size gradually decreased and leveled off as particles became positively charged.

The complexes of the L92-pDMAEMA with pCMV-3gal plasmid DNA had larger

hydrodynamic diameters than any other complexes throughout the N/P range studied

(Figure 6-6), with the solution at N/P = 1.0 being faintly opaque.
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Figure 6-6: Hydrodynamic diameter (Dh) (a) and ý-potentials (b) of the complexes
formed between pCMV-Ogal plasmid DNA and polycationic copolymers L92-
pDMAEMA and PEO-pDMAEMA as well as a mixture of L92-pDMAEMA and
Pluronic P123 (1:5 wt/wt) as a function of the polymer/DNA (N/P) ratio. The N/P ratio is
expressed via the ratio of the equivalents of DMAEMA units in the copolymer to the
nucleotide units in the DNA. Measurements were conducted in triplicate at 25 OC in 10
mM HEPES solution at pH 7.0.

Intermolecular associations of the hydrophobic segments of the complexes were

evidently more prevalent with the L92-pDMAEMA copolymer. Notably, the addition of

the relatively hydrophilic Pluronic P123, which forms mixed micelles with L92, reduced
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the size of the aggregates and their electrokinetic mobility (Figure 6-6). The excess of

Pluronic P123 masked the charges of the particles as compared to the L92-

pDMAEMA/DNA complexes without Pluronic addition. No opacity in the solutions with

P123 was observed, even at the stoichiometric N/P = 1.0. Such a stabilizing effect of the

presence of the Pluronic P123 on the stabilization of the polycation/DNA complex has

been previously reported with other polycationic systems.4 1'42 Within the range of

concentrations studied, the apparent viscosity of the solutions was between 1 to 8 mPa-s,

which is small enough to ensure a good syringeability if they were parenterally

administered.43

6.4.1 Preparation and Characterization of Copolymer/Plasmid DNA
Complexes

The DNA/copolymer complexes were prepared by adding 3.1 i'L of 3.2 mg/mL

pCMV-3gal plasmid DNA solution in water to 997 iAL of an appropriate copolymer

solution in 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer

(pH 7.0) followed by vortexing and equilibration of a sample overnight. Series of

samples containing L92-pDMAEMA and PEO-pDMAEMA copolymers, as well as L92-

pDMAEMA+Pluronic P123 (1:5 weight ratio), were thus prepared. The resulting

DNA/copolymer solution was filtered using a 0.2 LAm membrane filter (Pall Gelman

Labs).

Measurements of the potential at the surface of shear (c-potential) and dynamic

light scattering experiments of the copolymer as well as DNA/copolymer complex

solutions were performed at 25 ± 0.1 ° C using a ZetaPals zeta potential analyzer and a

BI-200SM goniometer, a BI-9000 correlator, and a Spectra Physics He-Ne model 127

laser operating at a scattering angle of 90 * and a wavelength of incident light of 633 nm

at a power of 50 mW. All of the above instruments were from Brookhaven Instruments

Co. Measurements were performed at least in triplicate, and intensity-average

hydrodynamic diameter (Dh) and Smoluchowski C-potential values calculated by the

built-in software are reported herein.
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6.4.2 Characterization of copolymer/DNA interactions

The presence of DNA did not modify the surface tension profiles of Pluronic L92

or PEO-pDMAEMA solutions (the values were around 60 mN/m in the whole range), but

slightly decreased the surface tension values of L92-pDMAEMA solutions. Vinogradov

et al.44 found that PEI-PEG and its complex with DNA behaves as a surfactant with a low

CMC, and related this fact to the greater stability of DNA against nuclease degradation in

the presence of PEI-PEG. The fact that the self-assembly of L92-pDMAEMA is

promoted in the presence of DNA makes these systems particularly attractive as non-viral

vectors.

Calorimetric experiments were performed using a Tronac-450 isoperibol

microcalorimeter and Tronac FS101 calorimetry software (Tronac Inc., Orem, Utah). In

each experiment, a 47.5 gL DNA solution with a concentration of 0.03% (w/w) was

placed in a Dewar reaction vessel, and a relatively concentrated copolymer solution (4%)

was loaded into a 2 mL calibrated buret. The entire assembly was then immersed into a

constant temperature water bath (298.0 K). After thermal equilibration, the copolymer

solution was delivered at a constant rate of 0.3332 mL/min into the reaction vessel, in

which a stirrer mixed the two solutions rapidly. The rise or decrease in the temperature of

the system was monitored using a thermistor, and later reproduced using a heating coil in

the reaction vessel. The apparent enthalpy was calculated from the applied current and

voltage and the heating time. As a blank, a buffer solution was used instead of DNA

dispersion. Calibration of the system was assured by titration of

tris(hydroxymethyl)aminomethane with HC1.

The integral binding heat for the polymer/DNA interaction (Qint) process was

estimated by subtracting from the measured heat produced by addition of the copolymer

to the DNA dispersion (Qp), the heat effects due to the dilution/demicellization of the

copolymer in the buffer solutions used as a blank (Qd). 45

Qnt = Q, - Qd Eq. 6-1
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Figure 6-7: Calorimetric titration curves observed during the addition of 4% copolymer
solutions into a dewar containing just phosphate buffer (open symbols) or a 0.03% DNA
solution in phosphate buffer (close symbols). Polymer/DNA interaction heat, Qint, was
estimated as the difference between the heat evolved in the presence and absence of DNA
(continuous lines). (a) Pluronic L92, pH 5; (b) L92-pDMAEMA, pH 5; (c) L92-
pDMAEMA, pH 7; (d) PEO-pDMAEMA, pH 5.

The enthalpy of DNA dilution (final concentration 3% lower) was negligible.

Similar experiments were carried out with L92-pDMAEMA/Pluronic P123 1:1 and 1:5

w/w mixtures (in the buret), keeping the concentration of L92-pDMAEMA constant at

4%. Figure 6-7 shows the apparent enthalpies associated with the dilution and/or

demicellization processes of Pluronic L92 (a), L92-pDMAEMA (b,c), and PEO-

pDMAEMA (d) in phosphate buffer, and those of the interaction processes with DNA.

The concentration of the polymers (0.04 g/mL) in the buret, before being added to the

Dewar, was sufficient to be above their CMC, if any. Therefore, when the polymer

solution was slowly added to an aqueous medium without DNA, the micelles of Pluronic

L92 and L92-pDMAEMA broke up until the concentration in the Dewar reached the

CMC.

For the Pluronic L92, the demicellization process was exothermic (negative

enthalpy change), while for the L92-pDMAEMA an endothermic process was observed.

The exothermic dilution process of Pluronic solutions has been attributed to the hydrogen

bond formation between the triblock copolymer and water molecules after breakage of

water-water and surfactant-surfactant hydrogen bonds.32 The apparent enthalpy change

observed for the demicellization of Pluronic L92 (AHd= -198 J/mmol) was significantly

lower than that obtained for other more hydrophilic Pluronics, such as F127 (AHd= -410

J/mmol). 45 The chemical linking of pDMAEMA to L92 significantly changes the

thermodynamic parameters of the demicellization; the process being endothermic but

entropically favorable, as for many other typical ionic surfactants.46 No significant

interaction with DNA was observed for Pluronic L92 (Table 6-2), for which the

demicellization process was not altered by the presence of DNA. In contrast, the

association of L92-pDMAEMA with DNA was extraordinarily intense at both pH 5 and 7

(Figure 6-7 b and c). When the L92-pDMAEMA solution was added to the DNA
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solution, an initial endothermic demicellization process was observed. However, this

process stopped when L92-pDMAEMA concentration in the Dewar reached 1.1x10-4

g/mL, and a new exothermic process began. This concentration can be identified as the

critical associative concentration (CAC) and corresponds to a N/P ratio of 0.3; being

similar for both pHs evaluated.

Table 6-2: Thermodynamic parameters of the interaction of the copolymers with DNA at

298K. Values are within +5%. (*J/ mmol of L92-pDMAEMA in the mixture)

Copolymer pH AHint (J/mmol)

Pluronic L92 5 -3.4

7 +6.4

L92-pDMAEMA 5 -165.4

7 -205.5

PEO-pDMAEMA 5 -31.1

P123 5 +45.0

P123:L92-pDMAEMA 1:1 5 -40.7 (-131.8*)

P123:L92-pDMAEMA 5:1 5 -35.1 (-237.3*)

The peak in enthalpy was observed when the L92-pDMAEMA concentration

reached 2.4x 10-4 g/mL at pH 5 or 3.7x 10-4 g/mL at pH 7, which correspond to N/P ratios

of 0.82 and 1.27, respectively. Therefore, the maximum in heat evolved is achieved at

cationic: anionic molar ratio close to 1. The effect of pH is related to the lower ionization

degree of pDMAEMA groups at pH 7. The process of interaction was exothermic up to

6x10 -4 g/mL of cationic polymer in the Dewar. This finding suggests that the saturation

of the binding was reached at a N/P ratio close to 2, i.e. nonstoichiometric polyplexes

could be formed. In previous studies with other cationic molecules, formation of

polyplexes and lipoplexes with a N/P ratio above 1 was observed. 47,48 In the case of

PEO-pDMAEMA, the dilution process in pH 5 phosphate buffer (Figure 6-7d) was

exothermic, but did not show the characteristic profile of a demicellization. The

interaction with DNA was significantly more exothermic, although the energy evolved in
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the process was notably lower than for L92-pDMAEMA. The CAC can be established at

ca. 1.13x10-4 g/mL, while the interaction process was completed when the polymer

concentration was 3.63x10-4 g/mL. Considering that the polymer contains a 4.75% N,

these values correspond to N/P ratios of 0.43 and 1.37, respectively. The greater CAC,

lower saturation concentration and lower interaction energy observed with POE-

pDMAEMA, compared to L92-pDMAEMA, clearly indicate a lower affinity for DNA.

The contents of the Dewar after the experiments were cloudy in the case of L92-

pDMAEMA titrations.

The enthalpies of interaction (Table 6-2) were calculated considering the average

energy involved in the process up to theoretical neutralization of charges. Taking into

account that each chain of copolymer contains approximately 23 units of DMAEMA, the

enthalpies of interaction (Table 6-2) expressed per mol of cationic unit can be estimated

as -7.2 kJ/mol and -8.9 kJ/mol for L92-pDMAEMA at pH 5 and at pH 7, respectively,

and -1.3 kJ/mol for PEO-pDMAEMA at pH 5. Therefore, the microenvironment of the

cationic DMAEMA units, provided by the nature and structure of polymer to which they

are attached, plays an important role in the binding process. Although L92 itself show a

low affinity for DNA, both molecules can act as both hydrogen-bond donor and acceptor

and, also, can interact hydrophobically. 49' 50 Neutral amphiphilic polymers, such as

polyvinylpyrrolidone (PVP) or Tetronics (tetrafunctional block copolymers of PEO-PPO

bound to ethylenediamine), can form polyplexes with DNA via hydrogen bonding as well

as hydrophobic interactions. 50 This kind of association is shown as an endothermic

process in which the entropic contribution occurs via release of water and/or counterions

from both PVP and DNA upon their mixing.50 Binding of DNA (both plasmid and total

DNA from salmon testes) to cationic lipids was found to be endothermic or exothermic

depending on the composition of the lipids and pH of the medium.51'48 Rungsardthong et

al. 17 observed that the interaction of DNA with pDMAEMA was exothermic and that the

enthalpy increased from pH 4 to pH 7.4. This effect is attributed to the proton abstraction

from the buffer by the nonionized amino groups of the polymer in order to interact with

the anionic phosphate groups of DNA (i.e. there is a proton transference from the

hydrogen phosphate of the buffer to the amino groups of pDMAEMA). Protonation

changes have been also observed for PEI during complex formation with DNA.52



Similarly, L92-pDMAEMA showed a greater binding enthalpy at pH 7 than at pH 5. The

observed interaction enthalpy at pH 7 is coincident with the value reported by

Rungsardthong et al.53 for pure pDMAEMA at pH 6.6 phosphate buffer (-8.9 kJ/mol).

Therefore, it appears that the copolymerization with L92 did not modify the

thermodynamic parameters of the copolymer interaction with DNA significantly.

Nevertheless, since the data reported for pDMAEMA and that obtained with L92-

pDMAEMA were not recorded under exactly the same pH (6.6 vs. 7.0), the possibility

that L92 can strengthen the association through hydrogen bonding and hydrophobic

interactions cannot be disregarded. In contrast, the process was significantly less

exothermic for PEO-pDMAEMA. In this sense, Nisha et al.47 have recently observed that

the binding enthalpy of DNA to copolymers made of methoxy(polyethylenglycol)

monomethacrylate and (3-(methacryloylamino)propyl) trimethylammonium chloride

decreased proportionally to the content in poly(ethyleneglycol) in these copolymers. The

enthalpy per cationic unit was measured to be ca. -2.5 kJ/mol for the most hydrophilic

copolymer (we obtained an enthalpy even lower for PEO-pDMAEMA, -1.3 kJ/mol).

Compared to the L92-pDMAEMA (pKa 7.1), the PEO-pDMAEMA (pKa 7.4) is more

hydrophilic and has a greater ionization degree at pH 5. Thus, contribution of the ionic

component to the interactions of the PEO-pDMAEMA with DNA (exothermic) should be

considerably greater than the other weak noncovalent interactions such as hydrogen

bonding and hydrophobic (endothermic). However, the extended PEO chains may

impede the ionic groups of the two macromolecules from approaching each other, as

close as in the case of L92-pDMAEMA. 47

+

Figure 6-8: Schematic drawing of the association of DNA with L92-pDMAEMA. L92-
pDMAEMA keeps its surface activity even after DNA binding. The amphiphilic
character prompts the formation of polyplexes with a core (PPO and neutralized
complexes) and shell (PEO and non-neutralized pDMAEMA groups) structure.
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In Figure 6-8, a schematic drawing of the changes in conformation of L92-

pDMAEMA molecules (below CMC) when DNA is added to the solution is shown. The

amphiphilic character of L92-pDMAEMA facilitates the formation polyplexes with a

core-shell structure in which PPO comprises the cores and neutralized DNA-pDMAEMA

complexes and the shells are composed of extended PEO chains and some ionized

pDMAEMA groups. In the case of PEO-pDMAEMA, the interaction with DNA is less

energetically favorable owing to the more hydrophilic character of the copolymer.

Polyplexes with compact, neutralized cores and extended PEO chains forming a shell

have been reported.54

Since the transfection efficiency of cationic copolymers of Pluronics has been

shown to be improved by Pluronic P123,55,56 the next step was to evaluate how the

presence of Pluronic P123 could modify the energetic aspects of the interaction with

DNA. Previously, we have shown that the addition of P123 to the L92-pDMAEMA and

DNA complexes diminished the size of the complex aggregates and masked the

charges. 18 We thus assayed mixtures of P123:L92-pDMAEMA at weight ratios of 1:1

and 5:1. The demicellization processes of Pluronic P123 and its mixtures with L92-

pDMAEMA were also characterized. Figure 4 shows the energy recorded in the

calorimeter during the addition of concentrated P123 and P123:L92-pDMAEMA

solutions to phosphate buffer at pH 5. The demicellization of P123 alone was strongly

exothermic (AHd= -150 J/mmol), similarly to the analogous process in L92 solutions. The

demicellization of the mixtures P123:L92-pDMAEMA was even more exothermic; being

above the energy expected assuming an additive contribution of the demicellization heat

of both components (continuous line). This observation suggests formation of mixed

micelles of P123 and L92-pDMAEMA. 57
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Figure 6-9: (a) Demicellization energy recorded for L92-pDMAEMA (4%) + P123 (4%)
solution (open circles) and L92-pDMAEMA (4%) + P123 (20%) solution (open squares)
compared to the values theoretically predicted (continuous lines, Table 2). Calorimetric
titration curves observed during the addition of (b) a L92-pDMAEMA (4%) + P123 (4%)
solution or (c) a L92-pDMAEMA (4%) + P123 (20%) solution into a Dewar containing
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buffer (close symbols). Polymer/DNA interaction heat, Qint, was estimated as the
difference between the heat evolved in the presence and absence of DNA (continuous
lines). The enthalpy values are referred to the molar amount of L92-pDMAEMA added to
the Dewar.
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Compared to the demicellization process, when P123 solution (0.04 or 0.20 g/mL)

was added to the DNA solution, an endothermic event was observed (AHint - +45.0

J/mmol; Table 6-2), which suggests an entropy-driven association owing to some

hydrophobic and hydrogen bonding interactions between P123 and DNA (which is

accompanied by a gain in entropy of the water molecules). This phenomenon may be

more intense than in the case of L92 due to the greater molecular weight and the more

similar content in both PPO and PEO groups (i.e. hydrogen-bond donors and

acceptors). 58,59 The calorimetric profiles of the interaction of the L92-pDMAEMA:P123

with DNA (Figure 6-9) were similar to those recorded for the L92-pDMAEMA solutions

without P123 added. However, the initial endothermic process was not observed, which

indicates that the interaction with DNA began at slightly lower cationic polymer

concentrations, especially in the P123/L92-pDMAEMA 1:1 system.The energy of

interaction with DNA (Qint) was lower for the 1:1 copolymer mixture (-0.12 J) than for

the 5:1 one (-0.36 J). When referring the energy to the mol of L92-pDMAEMA in the

mixture, the enthalpy values were in the range of those obtained with L92-pDMAEMA

alone system (Table 6-2). The maximum in heat evolved was achieved for approximately

a N:P ratio equals to 1.

6.5 Cell transfection studies

Chinese hamster ovary cells (CHO-Kl) obtained from the American Type Culture

Collection (Manassas, VA) were grown in F-12 nutrient mixture supplemented by 10%

FCS (both from Invitrogen). The cells were seeded in a 24-well plate (Nunc, Roskilde,

Denmark) 1 day prior to the transfection at a density of 1 x 105 cells/cm 2 in 500 iLL of the

growth medium. The cells were 90-95% confluent at the time of transfection. The cells

were then transfected with a pCMV-P for the P-galactosidase expression following the

manufacturer's protocol developed for Lipofectamine 2000. Lipofectamine 2000 is a

liposome-containing formulation combining two lipids such as cationic(2,3-dioleyloxy-

N-[2(sperminecarboxamide)ethyl]-N,N-dimethyl-1-popanaminiumtrifluoroacetate)

(DOSPA) and neutral dioleyl phosphatidylethanolamine (DOPE). Lipofectamine is

185



frequently used as an industry standard to compare transfection efficiencies of synthetic

vectors.6 The L92-pDMAEMA and PEO-pDMAEMA were used at different

copolymer/DNA weight ratios ranging from 0.6 to 35. The complex of L92-pDMAEMA

with Pluronic P123 was also used as a transfection reagent at a ratio of copolymer to

P123 of 1:5, 1:50, or 1:500 (w/w). This complex was prepared by mixing (1:1 dilution,

v/v) L92-pDMAEMA, 0.1% aqueous solution (pH 7.5), with an aqueous solution of

P123, pH 7.5. Dilution of copolymers and copolymer-Pluronic complexes was performed

in microcentrifuge tubes of a serum-free medium (50 gL), so that concentration of the

transfection reagents ranged from 10 tg/mL to 1 mg/mL. Plasmid DNA solution was also

diluted in serum-free medium to a concentration of 16 gg/mL. After a 5-min incubation

at room temperature, the DNA solution (50 gl) was added to each tube containing

solution of transfection reagents and mixed gently, and after 20 min of equilibration at

room temperature, 100 gL of either Lipofectamine/DNA, polycation/DNA, or polycation

and P123/DNA complexes was added to each well containing cells with 500 gL of fresh

growth medium supplemented with the appropriate amount of FCS. The cells were

exposed to the transfection mixture for 3 h. The transfection medium was then removed

and replaced with F12 supplemented with 5% FCS. Cells were incubated at 37 "C in a

CO2 incubator (Revco Technologies, Asheville, NC) for 24-72 h.

The effects of the L92-pDMAEMA and Pluronic P123 on the CHO cell growth

were further examined by the cell viability tests. The 50% confluent CHO cells were

incubated with polymer at final concentrations ranging from 1 Rg/mL to 10 mg/mL. After

3 days of incubation at 37 3 C, the number of viable cells was measured to determine the

concentration of L92-pDMAEMA or Pluronic P123 leading to the death of 50% of the

cell population (LD5so). The LD50 determined for the L92-pDMAEMA was 50 gg/mL,

whereas the Pluronic P123 did not show any toxic effects on the CHO cells even at

concentrations up to 10 mg/mL. All of the experiments described herein were conducted

at polycation concentrations below the LD50.

The 3-galactosidase Enzyme Assay System kit (Promega, Madison, WI)

combined with a BCA Protein Assay Reagent kit (Bio-Rad Laboratories, Inc., Richmond,

CA) was used for assaying 0-galactosidase activity in lysates prepared from the
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transfected cells following the assay protocol from the manufacturer. In brief, after 24-72

h of transfection, the cells were rinsed twice with PBS and lysed for 15 min at room

temperature by a lysis buffer, containing 25 mM Tris (pH 7.8), 2 mM CDTA, 2 mM

dithiothreitol, 10% glycerol, and 1% Triton X-100. The resulting cell lysate was scraped

from all areas of the plate surface, transferred to a microcentrifuge tube, vortexed, and

centrifuged at top speed (20000g) for 2 min at 4 ' C. The cell lysate (150 gL) was then

mixed with 150 piL of Assay 2X buffer, containing 200 mM sodium phosphate (pH 7.3),

2 mM MgC12, 100 mM P-mercaptoethanol, and 1.33 mg/mL of o-nitrophenyl-[-D-

galactopyranoside (ONPG) substrate. P-Galactosidase converts the colorless ONPG

substrate into galactose and the chromophore o-nitrophenol, yielding a bright yellow

solution. The mixtures were incubated at 37 ' C until a yellow color developed (within

-1 h), and then the reaction was stopped by the addition of 1 M sodium carbonate

solution (500 gL). Electronic absorbance was read at 420 nm in a quartz

spectrophotometer cuvette using a SpectraMax Plus384 high-throughput microplate

spectrophotometer (Molecular Devices Corp., Sunnyvale, CA). The P-galactosydase

activity was calculated as nanomoles of P-galactose formed per minute per milligram of

lysate at 37 'C, according to the instruction manual. The electronic absorbance units

were also used as a measure of the P-galactosidase expression.

As shown in Figure 6-10, the L92-pDMAEMA copolymer significantly enhances

cell transfection in the N/P ratio ranging from 2 to 34, exhibiting a maximum level of 3-
gal expression at the N/P ratio of 4. Pluronic P123 significantly increased the level of

transfection when added to the L92-pDMAEMA composition, resulting in 1.7- and 1.3-

fold higher P-gal expressions when compared to the effects of L92-pDMAEMA alone

and Lipofectamine, respectively. In contrast to the effects of the L92-pDMAEMA

copolymer, the PEO-pDMAEMA copolymer resulted in only very weak P-galactosidase

expression, and Pluronic 123 when added to this formulation did not increase the

transfection efficacy (Figure 6-10b).
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Figure 6-10: Transfection of CHO cells by pCMV-3gal using L92-pDMAEMA and
PEO-pDMAEMA copolymers, mixtures of L92-pDMAEMA or PEO-pDMAEMA with
0.005% Pluronic P123 and Lipofectamine as transfection agents (TA). In (a), the 95%
confluent CHO cells were transfected with the complexes of L92-pDMAEMA and
plasmid DNA at different polymer/DNA (N/P) ratios. The ~-galactosidase activity was
assayed 48 h after the transfection using the ONPG assay. In (b), the effect of the
transfection agents was calculated as the maximum 0-galactosidase activity relative to the
maximum enzyme activity achieved with the Lipofectamine. All assays were conducted
under identical conditions 72 h after the transfection. Measurements were performed in



triplicate, and standard deviations are shown. Statistical significance of the results for
each experiment was calculated using Student's t-test (all reported data were
characterized by P<0.01).

The efficacy of cell transfection by means of cationic polymers is often diminished by

serum. However, it has been demonstrated 61 that conjugation of polycations such as

poly(ethylene imine) (PEI) with polyethers results in copolymers capable of forming

stable complexes in serum. Furthermore, addition of Pluronics to PEI-DNA complexes

has been shown to alleviate the reduction of serum-mediated gene transfer to murine

fibroblasts. 62
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Figure 6-11: Effect of FCS concentration in the medium on P-galactosidase transfection
activity. The CHO cells were transfected with L92-pDMAEMA/pCMV n-gal (4:1, w/w)
complexes with or without Pluronic P123, added at0.05 or 0.5%. The media contained
increasing levels of serum from 0 to 50% FCS. The P-galactosidase activity was
calculated as nmoles of P-galactose formed per minute per mg of lysate at 370C by using
ONPG as a substrate. All data were obtained from triplicate. Numbers stand for 0, 0.05,
and 0.5% of Pluronic P123 added.

We reasoned that the addition of Pluronic P123 that we observed to significantly

enhance the efficiency of transfection (Figure 6-10 b) can help in reducing the deleterious

effects of serum. Therefore, the ability of L92-pDMAEMA to mediate DNA transfer at

various serum concentrations in the transfection medium was studied. The media tested
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contained increasing levels of serum from 0 to 50% and Pluronic P123 from 0 to 0.5%.

As is seen in Figure 6-11, the L92-pDMAEMA copolymer alone is more serum-sensitive

than the L92-pDMAEMA-P123 complex, when used as a transfection reagent. Addition

of FCS to the transfection medium at a 10% level resulted in 2.8- and 1.3-fold lower P-

gal expressions when compared to the serum-free medium, when L92-pDMAEMA alone

or L92-pDMAEMA-P123 complex was used, respectively. Pluronic P123 increased the

transfection activity dramatically and at the same time reduced the serum-mediated

inhibition of the DNA transfer.
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Figure 6-12: Effect of Pluronic P123 on reduction of the serum-mediated inhibition of
transfection. The CHO cells were transfected with L92-pDMAEMA/pCMV j-gal (4:1,
w/w) complexes with or without added Pluronic P123 (0.005; 0.05 or 0.5%). The results
are presented via FCS concentration resulting in 50 % inhibition of transfection activity
of L92-pDMAEMA-pCMV-03-gal complex without adding P123 in serum-free conditions
(IC50, %)

Figure 6-12 shows the effect of Pluronic P123 on the transfection activity of the

L92-pDMAEMA-DNA complex in the serum-containing medium. The results were

reported as the percentage of FCS in the transfection medium necessary to cause 50%

inhibition of the transfection activity of L92-pDMAEMA-DNA without Pluronic in

serum-free conditions (IC 50). Remarkably, as little as 0.005% Pluronic P123 helped to

increase the IC50 from 7 to 22%. This certainly proves shielding of the copolymer-DNA
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complexes from the serum by added Pluronic species. One might attribute this protective

effect to a steric barrier that Pluronic assemblies with the copolymer-DNA complex

create toward the complex-serum interaction. 63

6.6 Conclusion

A simple synthetic procedure for the free radical polymerization of DMAEMA

initiated by polyether radicals that are generated by cerium(IV) has been developed. The

procedure results in block copolymers of pDMAEMA and polyethers with high yields.

The copolymers of Pluronic L92 with pDMAEMA are highly surface-active at pH 5.0

and 7.0, whereas the PEO-pDMAEMA copolymer is slightly surface-active only at pH

7.0, at which it is sufficiently hydrophobic. The complexes of the L92-pDMAEMA are

larger than those of the PEO-pDMAEMA throughout the polymer/DNA range studied.

The new block copolymer L92-pDMAEMA combines the surface activity of Pluronic

L92 and the strong affinity for DNA of pDMAEMA. The self-assembly of L92-

pDMAEMA is promoted in the presence of DNA. Judging by the lower CAC and greater

saturation concentration and interaction energy (e.g., -7.2 kJ/mol vs. -1.3 kJ/mol at pH

5), the L92-pDMAEMA copolymer is more prone of forming polyplexes with DNA than

its more hydrophilic counterpart, PEO-pDMAEMA copolymer. Therefore, the

microenvironment of the cationic DMAEMA units, provided by the nature and structure

of the polymer to which they are attached, plays an important role in the DNA binding

process. Since the ionization of L92-pDMAEMA is pH-dependent, the copolymer

affinity for DNA can be modulated in the physiological range, the interaction being

stronger at pH 5 than at pH 7. The presence of P123 promotes the interaction process and

enhances the solubility of the polyplexes. In the polyplexes, the neutral pDMAEMA-

DNA complexes and PPO segments may form a core; the PEO and protonized

pDMAEMA segments being oriented towards the aqueous interface. These results

explain the high in vitro efficiency of L92-pDMAEMA based-polyplexes, compared to

the PEO-pDMAEMA ones, as non-viral gene vectors.

The results shown in Figure 6-10 demonstrate that the L92-pDMAEMA enables

transfection efficacy of the plasmid DNA comparable to that achieved with lipid-based
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formulations such as Lipofectamine. Furthermore, the addition of Pluronic P123 further

increases the carrier efficacy and reduces serum-mediated inhibition of DNA transfer.

The new L92-pDMAEMA carrier evaluated in this study has demonstrated analogous or

better in vitro properties compared to cationic polymers conjugated with nonionic

amphiphilic polymers such as PEI-Pluronic. In addition to this, our polymer is a product

of a one-step, robust polymerization procedure, which represents a significant advantage

compared to the PEI-Pluronic carriers that are produced by a complex and poorly

controlled conjugation chemistry.
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Chapter 7

Conclusions and Future work

7.1 Summary of Research

Amphiphilic nonionic copolymers of 4-methacryloyloxyazobenzene and N,N-

dimethylacrylamide (MOAB-DMA) were synthesized by simple synthesis method. The

copolymers are strongly surface active, an uncommon observation for random

copolymers, and exhibit pronounced photoviscosity effects at higher concentrations. An

order of magnitude changes in photoviscosity in aqueous medium which was difficult to

obtain in aqueous medium1' 2 was seen here. The concentration dependence of the kinetic

parameters for the reversible polymer rearrangement upon photoisomerization, as

determined by electronic absorption spectroscopy, was seen and attributed to steric

hindrances. Trans-to-cis isomerization under UV light leads to partial dissociation of the

azobenzene aggregates that cross-link the polymers, thereby significantly affecting the

polymer solution rheology, with a consequent loss of viscoelasticity upon irradiation,

especially in concentrated polymer solutions.

In the attempt to enhance the photoviscosity effect further, physical blends of

Pluronic F127 and MOAB-DMA were made. The nonionic surface-active polymer

MOAB-DMA was seen to interact strongly with the triblock copolymer Pluronic F127.

This is a surprising observation in the sense that under normal circumstances it is

generally accepted that nonionic surface-active polymers have little or no affinity toward

nonionic polymers, particularly at room temperature.3'.4 But the strong interaction is due

to the azobenzene solubilizing in the PPO core of the Pluronic F127 micelles. The light-

induced trans-cis isomerization of MOAB-DMA alters the interaction of this copolymer

with F127 micelles and, as a consequence, modifies the sol-gel temperature of the

system. Therefore, it is possible to prepare a liquid system of low viscosity in the dark

and to increase the viscosity rapidly when UV light is applied at room temperature. The



dual light- and temperature-responsiveness of the MOAB-DMA:F127 blend can be used

as matrix for delivery as well as for separations.

The electrophoretic mobility of solutes were studied in both sol and gel system.

The reduction in the electrophoretic mobility of solute in the gel was found to range from

0.75 to 0.3 times depending on the size of the solute for solute size in range of 2 to 6nm.

The reduction in the electrophoretic mobility was less as compared to the viscosity

changes on gelation as given by Stokes' law. Hence a theoretical prediction of

electrophoretic mobility of solutes in both sol and gel system was obtained and compared

with experimental data. The blend matrix system containing of micelles was modeled as

spheres in different configurations and the solute properties were studied. The model

helps to predict the change in electrophoretic mobility for different solute size. The use of

the model can be extended to similar sol-gel system such as different Pluronic systems or

Pluronic-PAA systems.5

The numerical simulations were done to see the effect of change in solute transport

properties on the resolution and yield of solute as compared to the conventional non-

modulating matrix. The three dimensionless independent parameters defining the

separation process were identified. The parameters are Peclet number, the ratio of the

velocity of two solutes in the matrix in sol state and the ratio of change in velocity on

application of stimuli. The theoretical predictions of the performance variables i.e. yield

and resolution were done for different ranges of the parameters. It was seen that the

performance variables for parameter ranges studied improved over the conventional non-

modulated matrix when proper velocity of light front was used to obtain selective

gelation of the matrix for hindering only one of the solute. The improvement ratio was

seen to be higher in cases where the peaks are not well resolved to begin with. The

numerical simulations were promising to show that alongwith the fact that the responsive

matrix can be easily loaded/replaced in microchannels, the separation can be carried out

in shorter time or length with improved efficiency using dynamic modulation of the

matrix. Separation experiments were done for the proof of concept. For the same length

of column and time of electrophoretic separation, the resolution of separation is seen to
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be improved over the non-modulating matrix as well as conventional method using

polyacrylamide.

Another self-assembling system containing triblock copolymer Pluronic was

synthesized for the application in gene therapy. The careful design modification

(attaching cationic polymer pDMAEMA) and selection of Pluronics (L92) was done to

obtain surface active properties as compared to commonly researched PEO-based

polycations. A simple synthetic route was developed for easier and cleaner preparation of

polymer for transfection studies. Pluronic L92 polycationic copolymer showed to have

similar transfection efficiency as cationic lipid industrial marker Lipofectamine®. In the

polyplexes, the neutral pDMAEMA-DNA complexes and PPO segments can form a core;

the PEO and protonized pDMAEMA segments being oriented towards the aqueous

interface. The presence of Pluronic P123 promotes the interaction process and further

enhances the solubility of the polyplexes alongwith reduction of serum-mediated

inhibition of DNA transfer. Hence the addition of Pluronic P123 to Pluronic L92-

DMAEMA improves the DNA transfection efficiacy even higher than the current

industrial marker.

7.2 Future work

The concept of using dynamically modulated system can be further extended to

improve the resolution. The electric field can also be modulated such that after a certain

resolution is obtained, the polarity of electric field is changed. The stimulus is applied

now after electric field reversal to solute 2 such that it is within gel matrix and its velocity

is hindered causing a further enhancement in the resolution. The frequency with which

the electric field needs to be modulated can be theoretical predicted using numerical

simulations. This concept can be applied to magnetic field responsive particles. The

chaining of magnetic particles can be brought out by turning on the magnetic field as

demonstrated by Singh et. al. 6 The chained magnetic field can form as obstruction barrier

for the transport of solutes. If this is done selectively for only one of the solute, this can

lead to enhancement of separation. Electromagnets can be used for this purpose as then

the control of magnetic field will be easier. The matrix in this case will be of lower
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volume fraction and can be potentially used for separation of particles of sizes above

100nm.
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